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Defining Requirements 

INTRODUCTION 
Previou!> vcr:.ion!> of the Nutrient Requirements of Dairy 

Ca11/e (e.g.. RC. 2001) reported requirement for ,·ariou-.. 
nutrient!'. in dairy cattle without l>pecifically defining what the 
term .. nutrient requirement .. actuall> meant A simple defini
tion of a dietat} nutrient requirement~ the daily amount of a 
nutrient nece:-.:-.ary to meet a healthy animaJ':. need for main
tenance. acti\.ity, growth, reproduction, and lactation without 
any change in body rc:-.en.e!-t or statui.. That definition implies 
that the requirement for each nutrient i!> based on phy iologi
caJ facton. and environmental conditions that drive the need 
for that nutrient. Nutritional need. dilTer when animals are not 
in good health but adequate data arc generally not available 
to quantify a '"heallh·' requirement: therefore. preservation 
of good health i s considered a component of maintenance. 
Cows, similar to moi.t mammal::.. must mobili1e body reserves 

to ::.upport lactat.ion during the early poslpartum period. Later 
i.111 lactation. mobili1ed nutrients must be replenished, and 
tho::.c need:. \hould be coni.idcred a requirement. 

Conceptually. the tenn "requircmenC suggest" that there 
is a fixed amount of a nutrient required by an animal '"here 
no further increa.-..c in performance" ill occur'' hen an animal 
b fed an additional amount of that nutrient. This principle 
is the basi-.. for the uo.,e of breakpoint anal}i.i to determine 
a nutrient requirement (Robbins cl al.. 2006: Pesti et al .. 
2009). However. animal pcrfonnancc response. to a nutrient 
seldom follO\\ that puuem. Rather. the typical performance 
responi.es to increao.,ing nutrient intake are cun ilinear. ''here 
increases in animal perfonnancc occur at a diminishing rate 
to increa.,ing nutrient intake (Bath. 1975: Pe.<,ti et al .. 2009; 
Liu et al., 2017). In thi!> ca-..c, the dci.ired amount of nutrient 
intake would likely be based on the economic return to an 
increment in nutrient intal..e rather than a fixed requirement. 

The requirements for individual nutrients provided in prc
viow~ edition. o f the N11trie111 Req11ire111e11ts of Dail)' Cattle 
actually represent the a\erage rci.poni.es of individual dairy 
cattle or group. or dairy cattle that were fed varying amounts 
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of nutrient'>. Within an) given group of dairy cattle. inherent 
variability exist in the response or individual animals to a 
gi\en increment in nutrient intake. Source or this \'aTiation 
include mca-..uremcnt error. stage of lactation. mill production, 
bod> weight, and numerow. o ther dilTcrence.'> among indi

' idual cattle\\ ithin a group. a_., ''ell a true differences among 
individual cattle that are phenotypically. imi lar. Because of the 
inherent variance in the requirement!> among dairy cattle. the 
use of the tenn ··minimum rc4uiremenc· has become ob ... olete. 

To overcome some of the problems with the u. e of 
minimum requircmenL ... thc National Academic of Sciences. 
Engineering, and Medicine's Food and Nutrition Board 
within the Institute of Medicine (10M)1 has adopted a new 
. et of nutrient standards ( IOM. 2006) collectively referred 
to ai. Dietary Reference Intake (DRJ ). In that system. the 
following terms and definitions arc used: 

I. The ei.timatcd average requirement (EAR) ii. defined 
as the overage dail } nutrient intake el>timatcd to meet 
the requirements of hnlf of the healthy indi' iduals in 
a particular life Mage and gender group. 

'.?. The Recommended Dictar) Allowance (RDA) il> the 
daily dictar} nutrient intake sufficient to meet the 
requirements of nearly all (97 to 98 percent) healthy 
indh ic.luah in a particular life tage and gender group. 

3. Adequate Jnt:\l..e (Al) i. the average dail) nutrient in
tal..e that a panel of expcru determined should meet or 
C\.CCC<l lhc requircmenb of a specific group (or group<.) 

blbcd on limited e;\pcrimental data: Al is ui.cd v.hcn 

an ROA cannot be determined. 
4. Tolerable Upper Intake Le,el (UL) b the highest a\cr

ag.e daily nutrient intake that i!. likely not to po~e a ri!>k 
of advcri.e hcallh elTcclb to almo. L aJI individual:-. in the 

general population. 

'A~ of Murch 2016. 1he Hcahh llnll Mwicine Di\ i:.ion con11nues 1hc 
com•!ll!>U' Mud..:~ und \.·on,emn~ ac1ivitte' previou.'I> carried ou1 b) 1hc 
Jt1,111u1e of Medicine (IQM). 

PREPUBLICATION COPY-Uncorrected Proofs 



DEFINING REQUIREMENTS 

In lhe DRT system, an RDA can only be determined if the 
EAR and lhe variability of lhc EAR (typically expressed as a 
coefficient or variation) can be determined. Determination of 
an EAR requires many feeding experiment. in which varying 
nulrient intakes have been used. The RDA is the EAR plus 2 
standard devi alio n . . o that 97 to 98 percent ofLhe individuals 
i11 a populalion that consume the RDA will have sufficient 
nulrient intake lO meet their individual needs. By feeding 
to meet the need. of 97 to 98 percent o f the population. the 
possibility that an individual will be underfed i s almost nil, 
but the maj ority o f individuals w ithin the population will 
consume exce .. nutrient In the DRT system, the only excep
tion to feeding to meet 97 LO 98 percent o f the population is 
for energy requurements, in which even a moderate excei. 
il11 energy intake over lhe long term can have evere negative 
impacts on health such as obesity and type 2 diabetes. For 
many nutrients. adequate daia are avai lable Lo establi h an 
EAR, but because of fac tors suc h as different response mea
surements and different experimental de. igns among studies, 
i111adequate data are available to obtain an accurate estimate or 
the standard dev ialion. In lhosc silualion , the ROA i equal 
10 1.2 times the EA R because the coeffic ient of variation in 
energy metabolism in similar human L about 20 percent. and 
variation in metabolism of other nutrients was assumed to be 
similar to that of energy. ln the ORJ system. requirements ex
pressed as A l are reserved for situations when an EAR cannot 
be detennined. Typically, this is where insufficient numbers 
of feeding experiments have been conducted with the target 
species, and the variabiliLy of Lhe response to a nuLrient i 
so great that an EAR and hence the RDA cannot be deter
mined. Finally. the UL is conceptually similar to maximum 
tolerable level s (MTL ) reported for mineral (NRC. 2005) 
and vitamins (NRC, 1987) in anjmal nutrition. However. UL 
i111cludes an ·'uncertainty factor·· so Lhal the UL is below the 
level (sometimes much lower) at which an adverse effect may 
be observed. The MTL is Lhe level at which an adverse (but 
not necessarily toxic) effect was observed. 

The committee adopted an approach imilar to lhc DRJ 
system in establishing the nulrient requiremenlS for dairy 
cattle. When Lhe Lenn " requirement" is used in this publica
tion, it i equivalent to the EAR used in the ORI system and 
reserved for nutrients in which the average requirement is 
known with confldence. When possible. mea. ure. of variation 
were included i 111 the texL The variation might be determined 
among treaunent means, among animals w ithin studies. or 
from a mela-anaJysis or by regression analysi s where the 
m ean predicted response and the 1andard error of thee timate 
of the predic ted response have been determined. Similar ly, in 
Lhis report. when a suggested feeding amount of a nu1rient is 
expre sed as an ' A dequate Intake," it means that insufficient 
data have been collected to determine an estimated average 
requirement. For some of the vitamins and trace elements. 
there are currently insufficient data available to tleterminc an 
average requirement. In many ea. es, this is due lo the wide 
variability in nuLrient availability ortJ1e lack of sufficient tud-
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ies with mulliple feed ing levels to detennine an EAR and its 
variance. T he committee does nol specify an equi valent to an 
RDA (i.e., a. afety factor of 2 standard deviations) for dairy 
catUe becau. ·e of' limited data and because of the economics 
of dairy production. For several nutrients, inadequate data tu-e 
available to estimate the standard deviation of tbe response 
lO nutrient supply. Furthermore. meeting the equivalent or an 
RDA ( i.e., re(1uiremenl plus 2 standard deviations) may cause 
the diet to ex.ceed Lhe MTL for some nutrient.. 

Feed is the largest single expense in raising and caring for 
dairy caule. T he ingredients used and the nutrient composi 
Lion of diets have large effects on the economic of dairy 
production. For some nut:rien ts lhat are relatively inexpensive 
to supplement, such as certain vitamins and trace minerals, 
the cost or feeding to meet 97 to 98 percent of the animal 
in a group would be minimal. However, for macronutrients 
such as energy. protein. and ome of the macrominerals, the 
cost o f such an approach would be high. Depending on the 
nutrient. feeding sufficient amounlS to cover 97 to 98 percent 
of the cows within a group would likely be uneconomical. 
may cause environmental issues by excess excretion or the 
nutrient in the manure, and. in the case of energy, result in 
overcondilioned cows. 

REPORTING AND APPLICATION 
OF THE REQUIREMENTS 

The maj ority o f the requi rements in this publication .u·e 
reported a absorbed (mineral. ) or metabolizable (energy. 
protein, and amino acids) nutrient intakes. Examples include 
metabolizab le energy, metabolizable protein and amino 
acids, and absorbed minerals. When nutrient are expressed 
this way, a reliable means to estimate nutrient supply in 
the same term. is required. For some feed ingredients and 
nutrient c lasses, the ability to predict nutrient availability is 
inadequate, and lhis is djscussed in tJ1e chapters on individuaJ 
nutrient . 

Similar to prev ious reports (NRC, 1987, 1989, 2001 ). a 
factorial system has been used to express 1he requirements 
for most nutr ients according to physiological function and 
the amount and compo ition of production. This is discussed 
in detail in various chapters, but using energy requirements 
as an example, m aintenance energy requirement. are based 
on an animal ·s body weight and include a fixed adjustment 
assumed to account for nonnal activity for caule that are 
not grazing. A n activity allowance based on topography and 
distance lo the milking cenler is included if cows are grazing. 
Energy requirements for growLh are based on ::in animal's 
growth rate and the composition of growth. Energy require
ments for reproduction are based on the stage o f gestaLion 
and size of l hc fe1us and uterus. Finally, energy require
menlS for milk production are based on the amounts and 
composilion of the milk produce<l. The animal 's Lola! energy 
requirements are the sum of the individual requirements for 
maintenance. growth. reproduction. and milk produc1ion. 
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By inclusion of bolh the average requirement and, when 
po sible, measures of i ts variabi lity, the commiuee has laid 
the groundwork for incorporating some of the principle. 
identi fied in Lhe human DRI system. This variability may 
or may not have been captured if the average requirement 
had been based on group means or pen feeding experiment. 
reported in the literawre as compared to using individual 
animal data. Even when experimental treatments were ap
plied to individual animals, the experimental design impacts 
reported variation. Reported variation is greater from experi 
ments using completely randomized designs as compared 
to design s in which individual animal variation is removed 
(e.g .. Latin square designs or designs wi1h covariance in the 
statistical model). This has Lhe greatest impact when an index 
of variance is used in weighting study effect. in the meta
analysis to determine the respon e to a nutrient Tn addition, 
reported variation include not only Lrue animal-to-animal 
\•ariation but also measurement variation, whic h for some 
responses can be quite nigh. 

In addition to variation in requirements among individual 
animals, uncertainty wilh respect to diet composition needs 
to be considered before an RDA approach can be used. 
Recent publicat ions have documented Lhe unceriainty in 
our knowledge o f feed ingredie1111 composition. Some of the 
uncertainty in feed composition is due to the mislabeling of 
feeds being submitted for analys i. to reed analytical labora
tories Lhat were used as a source or data for feed composition 
tables (see discussion in Chapter 19). The degree of variation 
in nutrient composition varies greatly among feed ingredi
ents; . ome ingredients are consi stent enough Lhat sampling 
is not required, whereas compo. ition or other feeds is . o 
variable Lhat frequent sampl ing is needed LO ensure that the 
nutrient coment of the diet can be verified (S t-Pierre and 
Weiss, 20 15). Day-to-day variation was the greate t ource 
of variability in diet dry maucr concentration., whereas indi
v idual farm, monlh-to-month, and sampling was the greatest 
source of variation for other nutrients (St-Pierre and Weiss. 
2015). Because of Lhe expense of feed analysi s, strategies 
f,or ingredient . ampling and analysis have been propose(! 
(St-Pierre and Coba.nov. 2007) such Lhat feeds and nutrients 
w itJ1in feeds that have high inherent variation in composition 
are ana lyzed more frequently. 

Estimates or variability in nutrient requirement. and feed 
composition could be incorporated into mulliobjecLive diet 
formulation procedures in the future so that users can set a 
specific probability that dietary nutrient constraints (require
ments) are met { i.e .. stochastic formulation). Diet fonnula
tion procedures based on the cost and uncertainly of ingre
d ienl nutrient composition have been identified (St-Pierre 
and Harvey, l 986a,b: Tozier and Stokes, 2001). ln general, 
tbcscapproache. result in grcaLer numbers of individual feed 
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ingredients and selection of feeds with lower inherent vari
ability in nutrient composition being incorporated into the 
diet (St-Pierre and Harvey. l 986a.b) and often increa. e the 
cost of the diel depending on Lhe ri k (or probability of meet
ing requirements) one is willing to accepl Some or the in
creased cost could be balanced against increa. ed production 
because of reduced variability in diet nutrient concentra1ions. 
111e optimal amounts of nutrient to be fed depend on the 
production respon e. to nutrient intake. in relation to their 
cost, Lhe uncertainty in the knowledge of the actual nutrient 
concentrations of the feeds wiLhin a diet, and the variability 
in the requirement. among dairy cattle within 1he group 
(SL-Pierre and Harvey. l 986c: Cabrera and K ala111ari, 20 16). 
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Dry Matter Intake 

INTRODUCTION 

The conLrol of dry matter intake CDMI) is complex. "ilh 
mechanism-. to ensure an adequate supply of energy as well 
as to pre,cnt 1L-. overconsumption. Various slimulatol) and 
inhibitory signals are integrated in feeding centers of the 
brain to alTect feeding bcha' ior. which determines DMI. 
Stimulatory signals arc related to energy sLalU a! well as 
various ... cn-.ory. social, circadian. and habitual factors: in
hibitory signal!. include thm.c related 10 ruminal distension. 
rumen o. molarit). endocrine elTect:-.. and fuel .eruing by 
tissue-.. Whereas DMI b related 10 energy required for milk 
production, maintenance, and change in bod) reserves, it 
is also affected by the interaction of diet and physiological 
state. Understanding factors affecting DMI is es. ential to 
optimal ration formulation. 

Physiological state and nutrient requirements vary greatly 
as dairy caulc cycle through lactation.111eir <liets include for
age. for proper rumen function. and forage fiber digest and 
passes from the rumen more slowly than other dietary com
ponenL-.. Therefore. DMI by dail) caulc can be limited b) 
dbtention of undigested re-.iduc:-. in the gru.troinLestinaJ Lract. 
In the immediate postpartum period. CO\\ s are in negaLi'e 
encrg)' balance, but neither the fill ing effect nor the energy 
content of rations can be altered to eliminate this. Distcntion 
likel> begins to control D~l l when milk yield (MY) and 
energy requirement<., increase in the weeb following partu
rition and likely limits D~ll through peal.. lactation. As MY 
decline.-. through lacLation. distcntion usuaJI> becom~ lesi. 
Limiting. and mechanism'> related to !.pecific fuels dominate 
control of DMI. 

PHYSICAL LIMITATIONS 

Early investigations or Lhc control of OM! in dairy Callie 
rocuscd on physical limitationi, as Lehman ( 1941) suggested 
that DMI i., limited by the ballastofundige.,ted feed re idues 
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in the ga.-.trointestinnl tract. Re.earch related Lo ph)sical 
limitations to OM I has focu .. ed on forage characteristic!. that 
affect gut fi ll. lhe site of distention. and Lhe mechan~m b) 
which distention limit!. 1ntal..c. Feed imake wa.-. po'iitivcl) 
related to forage digestibility with a decrea ed re.,pon!.e 
m, digestibility incrca!.cd (Blaxtcr et al., 1961) !.uggc!.Ling 
that distention from gut fill limit DMI less as digeMibility 
increases. The reticulorumcn is generally regarded as the -.ite 
within the ga'>trointe'>tinal tract at .,., hich di. tention limits 
DMI (Campling. 1970: Baile and Forbe . L97-t). Ten-.ion 
receptors that respond to di.,tention are located primarily in 
the reticulum and cranial sac (Leck, 1986). The mechanism 
by which di tcntion limits DMI is like!)' via Lransmis:;ion of 
. ignal!. from these tension receptor. to brain feeding ccnters 
mther than a limitation by volume per se. This is supported 
by dose-dependent decreases in DMI from additions of inerL 
fi ll (water or air-filled bladdc~. plastic cubes, etc.) into the 
reticulorumen in !.Cvcral experiments. as reviewed by Al
len ( 1996). Cn addition. distension in Lhe rcticulorumen is 
determined b> both volume and "eight or contenti.: DMJ 
\\US reduced 112 g for each kilogram of \\eight and 157 g 
for each liter of \Olumc that Y.a!. added to Lhe reticulonimen 
a..-. inert fill (Sche11ini et al.. 1999). Furlhennore. Dado and 
A lien ( 1995) reported a reserve volume of 16 L in the rc
ticu loru mcn of lactating cows consuming a fill-limiting diet, 
indicating that additional capacity for volume may exist even 
when distention in lhc rcticulorumen limit!> DML 

The aboma~um might abo be imolvcd in Lhe physica l 
limitation or D~ll. Aboma!>al infu:.ion or melhylccllulosc 
decrea..\cd D~ll by '>hccp (Grovum and Phillips. 1978>. 
and distention of the abomasum of. heep "ilh "ater-filled 
bladder:. resulted in a do. e-depcndent reduclion in DMI 
(Grovum, 1979). In addition, increasing aboma.-.al emptying 
rate by suppressing the p)iloric gate by pylorectomy and py
loroplasty increased DM I by sheep (Malbert and Ruckcbw,h. 
1989). /\bomasal distcntion might generate a satiety signal 
becaufie mechanoreccptors in the abomasal epithelium hn'e 

PREPUBLICATION COPY- Uncorrected Proofs 



8 

been described Lhat discharge w ith distention (Harding and 
Leek, 1972). Alternatively, restr icted now from the aboma
sum might limit DMI by decrea ing now from the rumen and 
il1creasing ruminal dislention. Regardless of the site at which 
Lhe signal is generated. it is c lear that DMT can be limited by 
distention within the gastrointestinal trac t 

The fi lling effect of forages was reported to be related 
to fiber mass (B alch and Campling, 1962), and intake of 
forages wa. more highly related to their neutral detergent 
fiber (NDF) concentration than to other chemicaJ measur~ 
(Van Soest. 1965). Although NDF concentratio n has been 
used as the only ration characteri. tic to predic t DMI by dairy 
caule consuming mixed rations of forages and concentrates 
(Mertens, 1987, 1994). there is substantial evidence that 
NDF alone is inadequate. Forag,e NDF ha a longer ruminal 
retention time Lhan other dietary components, including 
NDF from other sources. Retention time is longer becau e 
of longer initial p article size and greater buoyancy in the ru
men over time (Allen, 2000). Although most sLUdies report 
a significant decrease in DMI as forage NDF increased. the 
DMI response was variable, likely depending on the degree 
to which intake was limited by undigested feed residues in 
lhe rumen and the filling efTect of lhe forage NDF (Allen. 
2000). 

Increasing ration NDF content by sub. lituting non forage 
fiber sources (NFFS) for concemtrate reeds has shown liule 
effecL on DMl (Allen. 2000). NFFS inc lude by-producl 
feeds such as soyhulls, beet pulp, and distillers grains. Fiber 
in NFFS i less filling than forage NDF because iL is les 
filling both initially (smaller particle size) and over lime 
because iL passes from the rumen more quickly and i o flen 
more quickly digested. Therefore. the forage NDF contenL 
of rations containing both forages and concentrates is a more 
important measure relaLed to DMI than total N:IDF content. 

Digestibility or NDF varies among forage type (e.g., 
grasses versus legumes) and decreases ~ forages mature 
and become mo re lignified. GreaLer NDF digestibility of 
forage measured in viu·o or in situ wa related positively to 
DMT and MY of lactating cows; a one-unit increase in NDF 
digestibility corresponded to a 0.1 7-kg/d increase in DMI 
and 0.25-kg/d increase in fat-corrected milk (Oba and A llen, 
l 999b ). Within a forage Lype, NDf' that is more rermcntable 
c lears the rumen faster and is less filling. allowing greater 
DMJ when limited by di. tention. However, this applies only 
within forage Lype: NDF from perennial cool- eason grasses 
is generally muc b more digestible Lhan NDF from legumes 
but is also more filling and more likely to limit DMl, a. 
discussed below. 

The filling ellrect of forage NDF is also affected by initial 
particle size: decreasing particle size of forages by grind
ing and pelleting generally increases DMJ with a greater 
inLake response by pelleting low-quality forages compared 
with high-qua Ii ty forages (M inson, 1963). Long-forage 
particles are required to form lhe rumen mat that function. 
lo . electively retain small fibrous particle in lhe reticuloru-
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men, increasing their dige ti biliLy (Grant. 1997). However. 
experiments that have evaluated c fTect. o f rorage partic le size 
have generally shown only small effects on DMI of lactating 
cows (Allen, 2000), probably because initial particle ize wa 
sufficient to form a rumen mal. 

The filling effect o f forage NDF is arrected by the rragil 
ity o f forage partic les, which affec ts the rate of reduction 
in particle ize from chewing during eating and ruminating 
(Poppi et al., 1981 ) . Faster partic le size reduction will in
crease the mass of partic les below the thre. hold size Lo pas, 
from the reticulorumen as well as decrease the ability o f the 
rumen Lo se lectively retain those particle. by decrea. ing the 
size of the rumen mat. Although NDF of perennial grasses 
is less lignif1ed and more digestible than NDF of legumes, 
DMl is generally lower for perenniaJ gras es than .legume 
(Oba and A llen, I 999b). Grasses are more filling because 
retention time in the rumen i greater (Voelker-Linton and 
Allen, 2008: Kammes and Allen, 2012a,c). Forage fragility 
is likely a more important factor affecting DMI than in vitro 
NDF digestibiliLy when comparing legumes and grasses. 
However. wilhin forage type, in vitro NDF digestibility is 
likely related to forage fragi lity. lncreased alfalfa maturity 
decreased passage rate of imdigestible NDF and increased 
ruminal NDF pool size, which became a greater limitation 
to DMl as MY of cows increased ( Kammes and Allen. 
20 I 2b). Becau. e in vitro NDF digestibility is not related to 
DMl across forage family (i.e., grasses, legumes), in vitro 
NDF dige tibility should be used to compare w ithin forage 
type only. 

The extent to which ruminal distention l imits DMJ of 
lactating cows is related lo their energy demands determined 
primarily by MY (Oba and Allen. 1999a: Voelker et al.. 2002): 
DMI is also affected by factors unrelated lo the filling efTecl 
or raLions, as discussed below. 

METABOLIC CONTROL 

Conrad et al. ( 1964) proposed that as diet dige tibility in
creases, there is a breakpoint in digestibility at which limita
tion ofDMl by physical fill in the gastrointestinal u·act is re
placed by satisfaction of energy demand. The "energostatic" 
control of food intake proposed by B ooth ( 1972) sugge. te<.I 
lhat animal eat to balance energy con umed with energy 
required. L ater, We ton ( l 996) proposed that the strength 
of hUJ1ger signals is related Lo the magniLude or the energy 
deficit. However, Lhese theories fail Lo explain the negative 
energy balance in lhe peripartum period when distenLion i s 
not a factor Ii mi ting DML The concept that DMI is limited by 
energy supplied in excess of energy demand has some merit. 
but the mechanism is complex and only loosel y conLrolled 
when based on energy per se. 

Mayer ( 1953) proposed Lhe glucostalic theory of the con
trol of food illlake based on research with nonrnminanL spe
cies. However, glucose has little errect on DMI of ruminants; 
gluco e infused inLravenou ly in cows . .intraperitoneally in 
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hei fers, intracerebroventricularly in calves. abomasally in 
lactating cows, and intraponally in sheep had no effect on 
DMl (Allen, 2000). However, various fuels derived from 
the fermentation and cligestion of feeds can affect DMI of 
ruminants. Hypophagic effects o f propionate infusions have 
been documented extensively for ruminants (Allen. 2000). 
Propionate is more hypophagic Lhan acetate or butyrate when 
i111fused into the portal vein of sheep (Anil and Forbes, 1980) 
o r mesenteric vein or steer. (Elliot et al. , 1985). Although 
propionate might be expected Lo decrease DMI compared 
w ith acetate because it has a higher energy content. pro
pionate linearly decrea ed total mctabolizable energy (ME) 
imake (diet plus infusates) compared with acetate in lactating 
cows when infused intraruminally as iso-osmotic mix tures 
(Oba and Allen. 2003d). These studies suggest that animals 
probably do not consume feed to meet their energy require
ments per e but rather have fuel-specific mechanisms affect
ing satiety and hunger. 

Signal from the Liver 

Russek ( 1963) introduced the idea that the liver is involved 
in the control o f food intake. The Liver is in a unique po i 
tion lo monitor changes in fuel metabolism to control eating 
behavior because of its central ro le in energy metaboli. m of 
animals (Friedman and Stricker, 1976). his likely involved 
i:n regulation of intake because hepatic vagotomy eliminated 
hypophagic effects of propionate infusion in sheep (Ani 1 and 
Forbes, 1988) and hypophagic effect of fatly acid oxidation 
i:n rats (Scbarrer, 1999). Research wilh nonruminants sug
gests that meals can be terminated by a signal carried from 
the liver 10 the brain via afferents in the vagu nerve that 
are affected by hepaLic oxidation of fuels and generation of 
adenosine triphosphate (ATP: Langhans and Sclnarrer, 1992; 
Friedman, 1995) . The l iver is likely LO be the primary sensor 
or energy staLUs because it is a key anabolic organ w ith the 
unique advantage of sensing energy. upply relative 10 energy 
demand (AJlen and Bradford. 2012). The . ignal from the 
ljver can be both stimu lato1y and inhibitory. depending on the 
!i ring rate of vagal afferents: firing rate is increased as energy 
status decreases, sLimulating feeding, and is decreased when 
energy SLallls increases, inhibiting feeding (Friedman, 1997). 
Energy requirement o f the liver vary over the l ong Lerm of 
weeks to monLh. to meet needs for growth and lactation. 
H owever, hepatic oxidation o f fuels and production of ATP 
can vary greatly over minute., affecting feeding behavior 
and DMI. Normal fluctuations i n liver energy stalu. within 
days might sLimu laLe both hunger and satiety depending on 
tile balance between energy production and utilization. A llen 
et al. (2009) applied this metabolic control mechanism 10 

ntminant animals and called it the hepatic oxidation theory 
(HOT) o f the control o f DMI. B ecause the liver utilizes 
fuels from the diet as well as those mobilized from Lissues. 
the control o f DMl and energy partitioning are inextricably 
lfoked (Allen. 201 4). 
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Acetyl-CoA is the metabolic crossroad that all fuels must 
be converted lo for complete oxidation. However, some 
fuels are also anaplerotic and can stimulate oxidation o f 
acety l-CoA in Lhe tricarboxy lic acid (T CA) cycle. Wherea 
some are obligatorily anaplerotic (e.g .• propi onate, lactate, 
glutamate), alternate path ways exi. l for other. (e.g .. g lyc
erol). Propionate Oux to the liver increases greatly during 
meals (Benson eL al.. 2002) and is likely a primary satiety 
. ignal. Wherea propionate is ex ten. ivemy metabolized 
by the ruminant liver, Lhere is lillle net metaboUsm of ac
etate (Reyno lds, 1995). Ruminant liver has high activity of 
propionyl-CoA synLheta. e but not aceLyl-CoA synthcta e 
(Ricks ancl Cook, 1981: Demigne et al., 1986) neces ary for 
activation and subsequent metabolism, thus explaining dif
ference in hypophagic efJ'ecl s of infu ion o f propionate and 
acetate in ruminants. Glycerol, like propionaLe, is a 3-carbon 
gluco e precursor but is less likely 10 enter the TCA cycle 
and stimulate oxidation because it cnLcrs the gluconeogenic 
pathway at gEyceraldehyde-3-phosphate. Abomru al infusions 
into lactating cows o f propionic acid reduced DMl compared 
w ilh glycerol infusion (Gualdr6n-Duarte and Allen, 201 7). 

Carbohydrates 

Cereal grains that are highly rermentable i n the rumen can 
depres, DM I or lactating cows: DMJ is reduced when less 
fennentable grain are replaced with more fennentable grain 
(A llen. 20001; Oba and Allen , 2003b) . Depression of DML 
by highly fermentable starch sources likely occurs because 
greater ruminal propionate Oux to Lbe liver stimulates hepatic 
oxidation and generation or ATP, reducing meal size. Jn con
tra. I, when i teof tarch digestion i shifted postruminally. a 
positive response in DMI is likely. This is because the fuels 
absor bed do not stimulate hepatic oxidation LO the same 
degree as propionate and because the transit time from Lhe 
rumen LO Lhe intestines significantly delays rue! absorption. 
Starch escaping Lhe rumen i s digested 10 glucose. which i 
ab. orbed and partially metabolized 10 lactate. DMl was re
duced by both propionic acid and lactic acid treatments but 
not by glucose, and only prop ionic acid decreru ed ME intake 
when isocaloric solutions were infused to the abomasum of 
cows in Lhe postpanum period (Gualdr6n-Duarte and Allen. 
2018). Whereas both propionate and lactate are anaplerotic. 
liver uptake o f lactate i lower than propionate (Reynolds 
et al., 2003) , which mighL explain different hypophagic 
elTects. 

Sugar. are highly fermentable in the rumen. but hypopha
gic effects have not been reported. and Lhey often increase 
DMI (Oba. 20 1 I). Sugar are generally fermented to butyric 
acid. which is preferentially oxiclized by ruminal epithelia 
(Weigland et al., 1975). The pectin content o f feeds i s low, 
and its effect on DMI is unknown. Whereas pectin i. highly 
rcrmented in the rumen, most slrains of peclin degrading ru
men bacteria produce acetic and formic acid. and relatively 
liLLle propionic acid (DehoriLy. 1969). 

PREPUBLICATION COPY-Uncorrected Proofs 



10 

Fat 

11ircc review papers were available to examine the effect 
of ,ariou. fat sourcci. on DMI (Allen. 2000: Rabiee et al.. 
2012: Weld and Annentano. 2017). These partially O\erlap
ping reviews arc coni.i-.tent in demonMrating that supplemen
tal fats can decreru.e DMl, bu1 the elTccti. Vat) by source. A 
meta-analysii. by Weld and Annentano (20 I 7) indicated 1hat 
saturated fat. containing long-chain fatly acids (LCFAs) 
tended to increa!>e dail) DMI (0.7 kg/3 percent added fat). 
""hcrea. mo-.t other fats significant!> decreased DMI (-0.8 to 
-1.3 kg/3 percent added fa1). Ex.ceptioni. were saturated fati. 
with high palmitic acid content. ''hich did not affect DMI. 
and medium-chain rutty acids (MCFAs), which decreased 
DMI 3.5 kg/3 percent added fat. Increased DMI by saturated 
faL' minht be from decreased propionic acid if fats are -.ubsti-e . 
tutcd for cereal grains in rations. Gremer decrea~ em DMI for 
unsaturated compared "ith saturated fah i-. coru.istent "ith 
pre' ious meta-analyses (Atlen. 2000: Rabice et al.. 2012). 
Infusion of fatly acids (FAi.) into the duodenum depress 
DMI if oleic. linoleic, and linolenic ucidi. are pr~ ent in the 
mixture but not when pal mi tic and Mcaric acid predominate 
(Drackle} et al.. 1992): therefore. the effect' Of feeding 
unsaturated FA ma) be e~plained b) po.,truminal elTects 
(A lien. 2000). Intake deprc.-.sion by unsaturaicd f.A might 
be related to greater release of cholecy&tokinin (CCK: J\ lien, 
2000). great;r extraction and oxidation in the liver (Allen, 
2000). or greater oxidation in enterocytes (Langhans. 2008) 
compared with l>atumted FA. The gut peptide CCK ma)' 
alTect satiety centrnll) or b) decreasing rumen emptying. 
increa. ing distcntion. Unsaturated f.A incrcru cd plasma CCK 
concentration and dccrea. ed DMI compared "ith saturated 
FA (Retting and Reynold .• 2007; Bradford et al., 2008). and 
a CCK receptor antagonist prevented intake depression by 
a diet high in unsaturated FA (Choi et al.. 1000). The large 
reduction in OM I h> MCFAs go directly to the liver from the 
portal-drained , ii.cera. whereas LCFAs arc ab orbed in ~he 
I) mphatic sy tern. and unlike LCFAs. MCFAs do not require 
protein-mediated transport 10 cross the mitochondrial mem
brane (Paprunandjttris et al.. 1998). However, MCFAs also 
reduce NDF digestion and could enhance rumen fill effects 
to limit DMI ai. well. 

Protein 

Effects of dietary crude protein (CP) concentrations on 
DMI are variable and likely from a combination of physical 
anti metabolic mechanisms (Allen, 2000). Increased ration 
CP increased dail> DM I an a\erage of 0.6 kg per percentage 
unit of CP in 7 or 25 comparisoni. reported in Lhe literature 
(Allen, 2000). Rofncr et al. (1986) evaluated treatment 
means from the litcruturc and reported that the marginal 
rc:-,pon c in DMI declined as the CP content of the rationi. 
increa ed. Positive responses in Df\11 from increased ration 
CP content is likely partly due to effect of increased rumen 
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degraded protein clTccts on ruminnl digestibility of feeds 
(Oldham. 1984) and a reduction in tlistention as NDF and dry 
mailer (OM> digestibility increase. Although the marginal 
re ponse in <.Jiet DM digestibility from incrca.-.ed ration CP 
content decrca. ed a.' the CP content of the ration exceeded 
15 percent. it remained posi the when ration CP content ex
ceeded 20 percent (Oldham. 1984). lmprovement in tlige. t
ibility or NDF and DM arc Ii kcly to have greater effects for 
cowi. in which control of DMI is dominated by di'itention. 
HO\\C,er. po.,itive elTects of ration CPcontent on Df\11 might 
also occur when DM I i limited by hepatic oxidation "hen 
protein is substituted for starch (Allen. 2000). In addition. 
if hi"her CP increases MY this will increase clearance of 
meta::.bolic fuels from the blood. delaying hcpa1ic ox idation. 
potentially increasing DMl (Allen. 2014). 

Higher dietary CP can increai.c DMI: however. excessive 
nonprotein nitrogen can reduce Df\11 (Conrad et al., 1977). 
In addition, excess amino acid (AA) and AA imbalances ''ill 
increase deamination of AA as well as anaplerosis. l>timulat
ing oxidation of acetyl-CoA. potentially suppressing DMl 
(A lien. 20 14 ). Supporting this, a meta-analysis showed that 
abomasal infusion. of cai.cin reduced DMI of cows \\hen 
supply of mctaboliL.able protein (f\1P) balance \\US po'>ili\e 
and increa-.ed DMI of cows when MP balance "a" nega
tive (Martineau et al., 20 16). Excess AA (when MP supply 
was positi\e) likely re. ullcd in greater deamination or AA. 
stimulating hepatic oxidation and satiety. which was much 
less likely "hen M P supply was negative. Besides increased 
anaplerosi'> from the AA carbon skeleton . the ammonia from 
deamination requires detoxification by urea synthesi. , which 
generates an additional carbon ... keleton. further contributing 
~o oxidative metaboli m in the liver (Oba and Allen, 2003e). 
Consistent with this. ammonium. compared with sodium. 
increa ed the h) pophagic effects or propionate when infused 
intraruminally in lactating CO\\ s (Oba and Allen. 2003e). 
Meta-analy'e" have sho\\ n that supplementation of rumen
protected methionine has had variable effect-. on D~l 1 depen
dent on its chemical fonn and the main forage source of the 
diet (Pauon, 2010: Zanton cl al., 2014). Supplying limiting 
AA will likely decreru e anaplcrosii. and potential!} increase 
DNU depending on the next most limiting AA and the extent 
to which hepatic o~idation i., limiting. DMI (Allen, 2014). 

Interaction with Physiological State 

Feeding bchavior response to diet is also affected by 
phyl>iotogicul i.tate. Variation in the hypophagic effect. of 
propionate might be related lO the balance bCL\\CCn ~UX Of 
propionate to the liver and rate of utilitation of propionate 
for gluconeogene!.i!.. alTectcd b) glucose (i.e .. lactose S) n
thesis) demand (Allen. 2000). The maximum rate of gluco
ncogcnesis at any poinl in 1ime is regulated by hormone~ 
i,uch a1> in'lulin and glucagon. and increac;ed glucose demand 
is expected to increase gluconeogenic capacity (McGrane. 
2000). According to Lhc llOT. \\hen glucose demand is 
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high, gluconeogenesis increases, and this should decrease 
'fCA cycle activity and oxidaLion or acctyl-CoA, resulting 
i111 greater meal size. Conversely, when glucose demand is 
low, TCA activity is increased, generating ATP. resulting in 
satiety and smaller meal s ize. In support o r this, the marginal 
depression in DMI from propionate infusion was positively 
re lated to plasma glucose concentration or cows (Oba and 
Allen, 2003c). 

Hyperlipidemia in the periparturient period is common, 
and uptake or nonesteri tied rauy acids (NEFAs) by the 
liver increases g reatly (Reynolds e t al., 2003), resulting in 
increased FA ox idation. build up or acetyl-CoA. and hepatic 
export or ke tone bodies. Intake might be suppressed by he
patic FA oxidation and generation or ATP. The negative as
sociation between body condition score (BCS) at parturition 
and DMJ in the postpartum period reported by most studies 
(Roche e t al.. 2009) is likely related to suppl y or acetyl
CoJ\. Jn addition, cows with greate r fat mobilization during 
the postpartum period had a greater depression in DMl and 
greater negative energy balance compared with cows with 
less rat mobilization (Weber et a l., 2013). 

The primary source or acetyl-CoA is from mitochondrial 
~-oxidation or NEFA, but all fuels (lactate. glycerol. AA) 
that are compleLely oxidized in the mitochondri a must enter 
the TCA cycle via metabolism to acetyl-CoA. Hypophagic 
e fTects or anaplerotic metabolites appear to be dependent 
on the availability or acetyl-CoA to be oxidized (Stocks 
and Allen, 20 12, 2013). Consistent with this, lower doses 
o r propionate were more hypophagic, reducing total ME 
intake for cows in the postpartum period that were in a 
I ipolytic state compared with cows in mid-lactation (Oba 
and Allen. 2003a). The concentration or acetyl-CoA in he
patocy tes varies with changes in ph ysiological state over the 
long term as we ll as diurnally (Piantoni e t al.. 2015). The 
postprandial reduction in NEFA supply to the liver, affected 
by insulin secretion and sensitivity or adipose tissue, likely 
a fTects reeding behavior by reducing acetyl-CoA available 
for oxidation. Following the initiati on or meal. . plasma 
insulin concentration increases and plasma NEFA (Allen 
e t al., 2005) and liver acetyl-CoA concentrations decrease 
(Piantoni et aJ. , 2015). DMI by cows in the postprandial pe
riod was positively related with the extent to which plasma 
NEFA and hepati c aeetyl-CoA concentrations decreased 
following the initiation of meals following feeding (Piantoni 
e t a l., 201 5). 

Cows in the postpartum period require glucose precursors. 
primarily from dietary starch, to satisfy glucose demand from 
the rapid increase in MY while DMI is depressed. However, 
ruminal rermentation or starch results in increased propio
nate production that can result in satiety. Several experiments 
have red rations difTering in starch content in the postpartum 
period (Andersen et a l., 2003: Rabelo e t aJ.. 2005: Dann and 
Nelson, 2011: McCarthy et al. , 20 15: Albornoz and Allen, 
201 8). Tncreasing ration starch content increased DMI and 
MY in experiments reported by Andersen et aL (2003) and 
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Rabelo et al. (2005), but in those experiments, cereal grains 
were substituted for forage, decreasing the forage NDF con
tent or the ration and the contribution or ruminal distention 
to satie ty. especially as lactation progressed and the lipolytic 
state diminished. Substitution o r corn grain for NFFS that 
have much less filling elTect than forage NDF had different 
efTects in other experiments. Dann and Nelson (2011 ) sub
stituted corn meal for NFFS lo increase ration starch content 
from 21 percent to 25.5 per<:ent, and the higher starch diet 
decreased DMI 1.5 kg/d, whereas McCarllhy et al. (2015) 
substituted ground corn for NFFS to increase ration starch 
content from 2 1.5 percent to 26.2 percent. and the higher 
starch diet had no effec t on DMI (kg/d) overa ll but interacted 
with time; treatment did not affect DMI during the first 2 
weeks postpartum. but the higher starch diet began to in
crease DMI slightly by the third week postpartum.Albornoz 
and Allen (201 8) reported that high moisture corn reduced 
DMI compared with dry ground corn with a greater reduc
Lion when red in 28 percent starch rations compared wiLh 
22 percent starch raLions. Increased ruminal fermentability 
or Slarch also decreased DMl or cows in the postpartum 
period when steam-naked corn was substituLed for cracked 
corn (Dann et a l., 1999) and when barley was substituted 
for corn (Sadri et al.. 2009) but did nOl arrect DMJ when 
high moisture corn was substituted ror dry ground corn in 
a high (27 percent) forage NDF ration (Rockwell and Al
len. 2016). It is likely Lhat DMI by cows i11 the postpartum 
period is controlled by hepalic oxidation as well as ruminal 
distention and that the dominant mechanism is dependent on 
the availability of acetyl-CoA for oxidation , ruminal Slarch 
rermentabiliLy. and the filling effect or the diet. Feeding a 
moderately fermentablestarch source (e.g., dry ground corn) 
will likely a llow higher starch rations to be red, restoring 
euglycemia sooner. 

Decreased DMJ from excessive rumina l fermentaLi on 
might also be caused by an innammat0ry response to Lipo
polysaccharide re leased from ruminal microbial lysis (Brad
ford et al., 2015). lnsulin resistance is induced by inOamma
tory signals comributing to lhe lipolytic state (Bradford et al .. 
2015). The reduction in DMI might be from central effects of 
acute-phase proteins (Sartin et a l., 201 l ) as well as increased 
anaplerosis from propionate and increased availability or 
acetyl-CoA for hepatic oxidation. 

INTEGRATION OF SIGNALS 

The signal from the liver and other peripheral signals are 
relayed to brain-feeding centers by sensory nerves and inLe
grated to affect reeding behavior. The re lative contribution or 
difTerent signals likely varies temporally, within and across 
days. lntake is likely limited by distention of undigested feed 
residues in the gastrointestinal tract when energy require
ments are high and by mechanisms related to specific fuels 
from the diet or body reserves in the immediate postpartum 
period and as MY declines through lactation. Signals related 
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Lo distension and metabolism have synergistic efTects on 
DMI by rumjnams. Addi1ive effects have been reported for 
i111traruminal infusion of short-chain FA. on DMI of lactat
i111g cows when rumens were distended by balloons (Mbanya 
et al., 1993) and forage NDF concen1ra1ion of the diet (Choi 
and A llen. 1999). Therefore, mechanjsms are not mutually 
exclusive, and different mechanisms can bolh contribute to, 
or domina1e, contro l of feeding within days. 

Homeorhetic mechani. ms tha1 affect DMI and energy 
partilioning over lhe long Lenn of weeks or months. such ru 
those related to insulin. growth hormone. and leptin. innu
ence hepatic ox idation by afTecting the. upply of NEFA, 
g lycerol, and AA to the liver and therefore short-term contro l 
ofDMI by hepalic oxidation (Allen. 2014). Whereas many 
of leptin's efTect on DMl are thought to be mediated cen
LJ·ally (Houseknecht et al., 1998), its Iipolytjc effects increase 
NEFA avai lable for hepatic o;<lda1ion. likely conu·ibuting 
to satiety (Allen, 2014). Leptin concentration in blood was 
positively rela1ed to BCS o f lactating cows (Bradford et al., 
2006), and its effects on atiety are consistent w ith the Lipo
s.tatic theory of body weight (BW) maintenance (K ennedy, 
1953). Therefore, mechanisms control ling energy intake and 
partitioning are entwined and inseparable and are affected by 
both diet and physiological state of cows (A llen. 2020). The 
domi11anL mechanism affecting DMI will vary among cows 
red the same ration. affecting their responses to changes in 
ration composition and providing an opportunily to optimiz.e 
reeding strategies for cows fed i111dividually or in groups (Al
len and Piantoni. 20 14). 

Con istenLly accuraie prediction of DMI in ruminants has 
been clifficulL lo achieve bccau e or an incomplete under
standing and availability of data to describe the interactions 
among dje1 composilion, physiological slate, environment, 
and management factors alTecfrng DMI. For additional dis

c ussions and reviews on in1ake. see Baile and McLaughlin 
( 1987), NRC ( 1987). Forbes (2007), Roche et al. (2008), and 
A llen (2014). 

EQUATIONS FOR PREDICTING DRY MATTER INTAKE 

Lactating Cows 

ln lactating dairy caule. milk production (energy expen
di1ure) u. uaUy peaks 4 to 8 weeks pos1partum, and peak 
DMl (energy intake) Jags until about I 0 weeks postpartum 
(NRC, 1989). Earlier editions of Nutrient Requireme11ts of 
Dairy Cattle used various approaches to predict DMl. The 
last ed ition or this report (NRC, 200 I) included an empirical 
equation to eslimate DMI of lactating Holstein cows with 
the inclusion or only animal factors !hat could be easily 
measured or known. Several equa1ions were evaluated using 
weekly data from both published and unpublished studies. 
The best overall prediction equation was the equation of 
Rayburn and Fox ( 1993), multiplied by an adjustment for 
week of lactation to accou11t for depre sed DMl dw"ing early 

NUTRIENT REQUIREMENTS OF DAIRY CA7TLE 

lactation developed by Roseleretal. ( 1997). Ra1ion composi
tion was noL included because the model was evaluative, and 
it was a .. lnned cows were con. uming feed relative to their· 
energy requirements (except in early lactation). Therefore. 
the estimated DMJ represents the mean effects or diets used 
in the studies and their inleraction wilh animal factors. No 
published DMI data were available for developing or modify
ing the equal ion for use w ith breeds olher than HoL 1ein, and 
readers were referred to Holter et al. ( 1996) for the predic
tion of DMI or Jersey cattle. The DMI predjction equations 
(NRC, 2001) for primiparous and multiparous cows were 
similar, .o no adjustment w.as made for parity per se (BW 
and MY will account for most parity effects). 

An empirical equaLion (Equation 2-1) derived by de 
Souza et al. (2019) from a data set compo ed or 3 L635 
weekly observations for 3, 143 lactations ( 1,462 primipa
rou and 1,681 multiparous) on 2.791 cows (de Souza 
et al. , 2019) is used to estimate DMI in the model. Data 
were collected from cows al 11 research s1a1ions across the 
United Slates from 2007 Lo 2016. The da1a se1 includes ani 
mal factor. only for cows between I and 368 days in milk 
(DTM) fed a range or ra1ions with mean± s1andard devia1ion 

(SD) of I 05 ± 50 days pos1partum. 24.3 ± 4.55 kg DMI. 
29.9±6.23 Mcal/d milk nel energy (Mi lkE), 624±80.2 kg 
BW, 3.03 ±0.459 BCS, 0.021±1.22 kg/dBW change, and 
149±5.28 cm height. All cow. were housed in confinement 
and fed a Lolal mixcd ralion (TMR) once per day and mjJked 
1wo or Lhree times per day. To predict DMI for lactating 
Holstein cows, Equation 2-1 includes MilkE, BW, BCS. and 
parity, with a nonli11ear adjustment lo account for depressed 
DMJ in early lactation: 

Dr..1rr (kg/d) = f3. 7 +Parity x 5. 7) + 0.305 
x Milk£ (Mcal/d)+0.22xBW (kg) 

+ (-0.689- 1.87 x Parity) x BCSl x 11 - (0.2 12 
+ Parity x 0.1 36) x e1-o.o53 x DIM!] 

(Equa1ion 2-1) 

where parity equals zero for primiparous and I for all muhip
arous and BCS is scaled from I ( thin) 10 5 (obese). The equa
tion predicted DMl w ith a small mean bias arnd high accuracy 
and precision; the fit statistics for the cross-validation across 

studies or the equation using the mode ling data se1 were root 
mean squared error or prediction (RM SEP)= 2.61 kg, mean 
bias=0.008 kg, mean bias, percent or mean squared error 
(MSE)=6.9, slope bias, % MSE=2.28, and concordance 
correlation coefficient= 0.80. 

EquaLion 2-1 was validated against the eguaLion recom
mended in 1he previous report (NRC. 2001) using an inde
pendent data set comprising 9,050 weekly observatjons (de 
Souza et al., 2019). Equation 2- 1 was superior for predict
ing DMl compared with the equation recommended in the 
previous report. especially for cows past peak lactation. 
Improved prediction ofDMI in mid Lo late lactation is l ikely 
becau e parity. B CS. and 1heir in1eraction were included in 
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Equation 2-1: as BCS increases, DMI is reduced by 0.70 and 
2.6 kg/d per unit of BCS for primiparous and multiparous 
cows, respectively. In addition. the adjustment for the depres
s.ion in DMI in early lactation was affected by parity in Equa
tion 2- 1 with a greater reduction for multiparoL1s compared 
w ith primiparous cows. Compared with the previous equation 
(NRC, 2001 ), Equation 2- 1 has a lower DMI per unit o f milk 
energy output and a similar coefficient for the energy required 
for maintenance (de Souza et al., 2019). The lower DM I per 
unit of milk energy output is likely because of improvements 
in production and feeding over the two decades between the 
data set used to develop the equations. 

Equation 2-1 was developed using data exclusively from 
Holstein cows and is most appropriate to predict DMI for 
Holsteins. However. the equation predicted DMl reasonably 
well for Jersey and Holstein crossbred cows in a limited data 
set of treatment means reported in the literature (de Souza 
et al., 2019). 

Ration Effects 

Equation 2- 1 predicts DMT of cows consuming rations 
w ith a wide range of composition. Accuracy of DMI pre
diction is limited by the potentially large effects of ration 
composition on DMJ that are not accounted for when using 
animal factors only. Ration factors include those that affect 
DMI by their filJing effects through distention as well as by 
metabolic effects. Including these factors should improve 
accuracy of DMJ prediction, but accuracy is ultimately 
limited because of the many interactions among ration 
factors and physiological state. In additio n. diet can limit 
or stimulate MY that can then alTect DMI. increasing the 
complexity of DMI prediction. However, lim ited recom
mendations can be made to adjust predicted DMl for some 
ration characteristics. 

This report includes an equation that combines factors 
related to the filling e ffect of rations and MY to help as
sess the effects of ration composition on DMl of lactating 
cows during ration formulation (Allen et al., 20 I 9). The 
data set used includes 134 treatment means from 34 experi
ments reported in 32 peer-reviewed articles published from 
1990 through 2015. rt includes data for cows ranging from 
60 Lo 309 days postpartum with a mean±SD of 107±48 
days postpartmn, 23.0 ± 2.8 kg DMI, 32.0 ± 7 .5 kg/d MY 
within study, 643 ± 59 kg BW. and for ration concentrations 
(percent ofDM) of 17.8±1.6 for CP. 34. 1 ±4.6 for NDF, 
20.5 ±4.0 for acid detergent fiber (ADF), and 23.9± 5.7 
for forage NDF (INDF). as well as ration ADF/NDF of 
0.600± 0.083 and a laboratory measure o fNDF d igestibility 
( in vitro or in silu, INDFD) for the sole forage or major for
age of 52.0± 12.3. The ratio of ADF Lo NDF was included 
as a proxy for forage fragility (Allen and Piantoni. 20 14); 
legumes. with an ADF/NDF of -0.8, are more susceplible to 
comminution than perennial grasses with an ADF/NDF typi
cally -0.6 or less (Voelker-Linton and Allen, 2008: Kammes 
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and Allen, 2012a). The full model included the linear and 
quadratic effects of ration CP, ADF, NDF, fNDF, ADF/NDF. 
and INDFD, as well as the linear and quadratic interactions 
among ration factors. BW. and the mean MY for each study 
and its interaction w ith the ratio n factors. The mean MY for 
each study was included because distemion likely becomes 
a more dominant mechanism limiting DMI as MY increases 
(Oba and AU.en. I 999a; Voelker el aJ., 2002). The full model 
was reduced by backward stepwise regression to select the 
model with the lowest Bayesian information criterion and 
evaluated using a 5-fold cross-va lidation. The fina l equa
tion was 

DMJ (kg/d) = 12.0-0.107 x INDF + 8.17 x ADF/NDF 
+ 0.0253 x INDFD-0.328 x (ADF/NDF -0.602) 

x (INDFD -48.3) + 0.225 xMY + 0.00390 
x(INDFD-48.3)x(MY-33. l ) 

(Equation 2-2) 

where DMI =dry matter intake. kg/d; INDF= forage NDF 
content of diet. percentage: ADFINDF=ADF as a fraction of 
NDF in the diet; INDFD=digestibility o f forage NDF mea
sured in vitro or in s.itu, percentage: and MY= milk y ield. 
kg/d. The observed DMI versus predicted DMI had an in 
tercept o f -0.05 kg and a slope close to unity ( 1.006), with a 
mean bias or 0.00 kg/d, a root mean square error (RMSE) or 
1.55, and concordance correlation coefficient of 0.83 (Allen 
et al., 2019). 

DMJ was positively related with MY and ADF/NDF and 
negatively related with INDF. DMl and INDFD were related 
positively for cows with high MY but related negatively for 
cows with low MY, diminishing the overall elTect of INDFD 
on DMI. In addition, DMJ increased with MY to a greater 
extent for high INDFD compared with low INDFD. DMI and 
INDFD were related positively for low-ration ADF/NDF but 
related negatjvely for bigh-ration ADF/NDF. Also, DJ\IU and 
ration ADF/NDF were re lated positively when INDFD was 
low, but DMI was not affected by ration ADF/NDF when 
INDFD was h igh. 

The primary equation to predict DMI in the present report 
includes animal factors only (Equation 2-1 ). Equation 2-2 is 
included to eva luate DMJ response LO ration changes with 
certain limitations as mentioned by the authors (Allen et al.. 
2019). The equation should be limited to cows past 60 days 
postpartum because data from cows earlier in lactation were 
not included in the data set and because the control of DMI 
is likely dominated by metabolic mechanisms rather than 
distension for cows in 1he pos1par1um period. The data set 
included data from Holstein cows only. A It hough BW among 
cows ranged from 497 to 765 kg and was eliminated by s tep
wise regression, its suitability for smal ler breeds such as Jer
seys and Holstein crossbreds is unknown. The data set did not 
include treatments with NFFS or ground or finely chopped 
forages. Whereas inclusion of NFFS in rations has been 
shown to have liule effect on DMI of lactating cows (A Lien, 
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2000), the ADF/NDF of NFFS varies widely, so evaluating 
effects o f large changes i n NFFS on DMl is nol recom
mended. ln addiLion. ground. pet leLed, or very finely chopped 
forages should not be c lassified a forage for Lhe purposes 
o f predic ting DMI w ith this equation. The raLions included 
i111 the data set comained a sing le forage. or other forage. 
contributed liule Lo lhe ration. It is suggested that a weighted 
average be used for INDFD when this equation is used for 
rations with multiple forages or that the mean INDFD of 
the data set (52.0 percent) be used if a measure of fNDFD 
is not available. In addition, because iL is a biologi cal assay 
w ith expected variation across runs, fNDFD for all forage 
comparisons should be measured with the same method and 
i;ncubation time and preferabl y within the same run o r cor
rected using the ame laboratory standard. 

B esides adjusting for the filling effect of rations. fat 
sources containing unsaturated fats (e.g., o i l, tallow. calc ium 
sails palm, calcium sails L CFA) depressed DMJ w ith a mean 
reduction of -0.41 kg/ I percent added fat (Weld and A rmen
Lano. 20 17). Whereas DMI can be inc reased b y increasing 
the protein concentration of rations and reduced by propionic 
acid produced from ruminal starch fermentation, variation 
i11 respon e by plhysio logical !.tale and lack o f sufficient data 
preclude recommendations Lo adjust DMI using these inputs. 
Diets also a!Tecl milk energy output and BW gain,. o dietary 
adjustments Lo DMI hould be u. ed with caution. 

Growing Heifers 

The previous report (NRC. 2001) evaluated equations Lo 
predict DMr of growing heifers. including those developed 
by StalliJ1gs et al. (1985) using animal factor only, a well 
as equations lhal included both animal and ration factors de
veloped by Quig ley et al. ( 1986) and Lhe calf equation from 
the Nitflient Requirements of Beef Cal/le (NRC, 1996). After 
an ini tial evaluation using a smal l data set, the NRC equation 
fo r beef caule was selected and validated with a larger data 
set o r 2,727 individu<ll ob ervations on growing heifer rang
ing from 58 Lo 588 kg. However, validaLion statistics were 
not provided, and v isual observation of the plot of observed 
versus predicted DMl indicates Lhal Lhe equalion increasingly 
underpredicts DMI as DMf increases from 2 to 12 kg/d. Anele 
et al. (2014) reeval uated the equation from the previous edi lion 
o ftheNutriem Requirements of Beef Cattle (NRC, 1996), w ith 
a much larger database of growing and finishing beef caule 
and developed alternative equations Lo predict DMI. B ased 
on the result of that evaluation. the Committee on N utrient 
Requirements or Beef Caule (NASEM. 2016) recommended 
continued use o f the calf equation from the previo us report to 
predict DMI of growing-finishing beef cauJe, although they 
also presented altemative equations. 

Ho fTman et al. (2008) evaluated the equation recom
mended in the previous edition (NRC. 2001) and the equa

Lion developed by Quig ley et al. ( 1986) using a database of 
daily pen Dl\111 from 44 pens of Hot Leins and 30 pens of 
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crossbred heifers collected over 28 months (M allecca et al.. 
2006). They determined that both equations were reason
ably accurate but had sign ificant DMl x BW prediction bias. 
over- or underpredic ling DMl o f light or heavy heirers. They 
developed alternative exponential or mixed models using 
BW only. or BW and ration NDF content, as well as equa
tions using BW, ration NDF content, and temperature for 
H ot tein and for crossbred heifers. The exponential model 

w ith a single BW (kg) term has similar precision compared 
with Lhe equations reported by NRC (200 I ) and Quig ley 
et al. ( 1986) but decreased DMI predicLfon bia . . The equa
tion for Holstein. from Ho!Tman et al. (2008) wa modified 
to include mature BW (MaLBW) so that it could be applied 
lo all breeds (Equation 2-3). H olsteins were assumed to have 
a M atBW o f 700 kg: 

DM 1. kg/d = 0.022 x Ma LBW 
x( l -e(-LSh tBW/MmB\\') I) (Equation 2-3) 

where MatBW i the expected mature BW o f the heifer. 
When HoITman et al. (2008) included ralion NDF in the 

DMJ equation, it modestly increased R2, decreased stan
dard errors o f prediction, and eliminated bi as compared to 
the equation that only used BW. The Holstein-based NDF 
equation was mod ified Lo include M aLBW . o that it could be 
applied 10 all breeds (Equation 2-4): 

DMI , kg/d = [0.0226x MalBW x( l - expl-1.47 
x (BW/MalBW)})l- f0.082x(NDF - (23. 1 + 56 

x (BW/M aLBW)-30.6 x (BW/MaLBW)J })1 
(Equation 2-4) 

w here NDF is the NDF concenlralion (DM basis) o f the diet. 
Whereas the temperature e ffect on DMI was significant, 

its cfTect was small and prediction bias was observed for 
both l ight and heavy heifers. EquaLion 2-3 i s recommended 
to predict DMT for heifer. w hen diet NDF concemrations 
~tre not known. Equation 2-4 i recommended to estimate 
DMT when ration NDF i. known w ith confidence. However. 
because of the diversity in diets, environments, and numerous 
olher factoL. user. are encouraged to measure actual DMI 
rather Lhan re lying on esLimmed values. 

FEEDING MANAGEMENT, FEEDING BEHAVIOR, 
AND ENVIRONMENTAL FACTORS AFFECTING 
FEED INTAKE 

The goa l o f any feeding system is to provide the op
portunity for cows to consume the amount of feed specified 
in a formulal ed ration. Considerations in choosing a feed 
ing system should inc lude housing fac ilities, equipment 
necessities. herd size. labor availability, and cost NutrienL 
can be effectively supplied by feeding either a TMR or 
individual ingredients. A TMR allows for tlhe mix ing of all 
feed ingredients together ba ed on a prescribed amount o r 
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each ingredient. When consumed as a TMR without sorting 
of ingredients. more even rumen rcrmentaLion and a better 
use or nutrients should occur than when feeding ingred ients 
separately. ElecLronic feeders reduce the labor involved in 
individual-concenLrate feeding and provide an opportunity 
L<> feed concentrates through severa l feeding of smaller 
amounts each day. Feeding forages and concentrates sepa
rately l imit the accuracy or ration formu lation when forages 
are provided free choice and the amount fed i usually 
unknown or individual cow amounts are calculated from a 
group average intake. A partially mixed ration provides some 
of the advantages or a TMR whi le allowing concentrate to 
be fed according to the needs of individual cows. 

Eating Habits and Cow Behavior 

Early lactation cows (63 days in milk) producing 23 to 
44 kg or milk per day fed a TMR ad libitum ate an average of 
5 hours per day (D ado and A llen, 1994 ). Cow in that study 
were housed in tie-stalls. were fed tw ice per day. and had 
access to feed 22 hours per day. M eal frequency ranged from 
9 to 13 (mean of 11 ) eating bouts per day that averaged 29 

minutes per bout. Mean DMI al each eating bolllt was about 
IQ percent of the total daily DMI. which ranged from 15 to 
27 kg/d. However, meal size was highly variable within day. 
with larger meals rollowing feeding and smaller meals al 

night. DMl and NIY data from multiple studies were posi
lively related to eating time and ruminating Lime per day as 
well a meal frequency (Johnson and Devries. 20 18). Eating 
Lime can be affected by over an hour per day by differences 
ii i concentration. of forage NDF, rorage NDF digestibility. 
and particle size, which might limit DMI under competitive 
feeding situations (Grant and Femueuo. 20 18). 

Behavior at lhe feed bunk is often affected by social 

dominance. Dominant cows, usually older and larger, tend 
Lo spend more time eating than do cows with a lower social 
rank in a competi tive situation, such as w hen bunk space is 
re. tricted (Albright, J 993 ). Socially domfoant animals, not 
necessarily the highest producers, tend LO consume more 
feed al the bunk in these situations (Friend and Polan, 1974). 
Competition al t!he feed bunk increased meal size and length 
and decreased meal frequency. with no effect on DMI or to
ta l eating time in one study (Hosseinkhani et al.. 2008). but 
reduced eating time and increased eating rate. w ith a slight 
ii1crease in DMI in another study (Olofsson, 1999). M artins
son ( 1992) and MarLinsson and Burstedt (J 990) found that 
limiting the access to feed to 8 hours per day decrea. ed mi lk 
production o f cows averagi ng about 25 kg/d by 5 to 7 percent 
compared with cows that had free-choice access to feed. 

A lbright (1993) recommended at least 46 cm of bunk 
space per cow. However, Lhe oplimaJ or critical feed bunk 
space needed probably varies depending on competition 
among cows. the total number of cows having access to the 
feed space, and the avai lability of feed over a 24-hour period. 
Friend et al. ( 1977) evaluated bunk . paces of 50. 40. 30. 20. 
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and JO cm per cow. for eairly lactation cows with mature 
equivalent productions of7,700 to I 0,000 kg/y. Average time 
spent at the feed bunk (3.7 hours/d) did not decrease until 
only 10 cm of space per cow wa available. When there wa 
20 or I 0 cm per cow. the correlation or dominance to dura
tion of eating periods increased. For growing dairy heifers. 
feed-bunk space requirement varies w ith age. Longenbach 
et a l. ( 1999) round that rapid growth in growing heifers fed 

a T MR cou ld be maintained in young heifers (4 to 8 months 
old) with 15 cm of bunk space. But, by the age of 17 to 21 
months, feed bunk space needed to be simi lar (47 cm) to that 
recommended for lactating cows. 

Cattle prefer mangers that allow them to eat off a smooth 
surface in a natural grazing position. A lbright ( 1993) cited 
evidence showing cows eating with their heads down pro
duce 17 percent more saliva than cows eating w ith their heads 
in a horizontal position. Feed-wasting activities associated 
with elevated bunks, such as feed tossing. are eliminated 
when cows eat with their heads down (Albright, 1993). 

Feeding Frequency 

Wberea several studies have reported effects or feeding 
frequency on milk production and on feeding and sorting be
havior, few studies have reported elTects of feeding frequency 
on DMI. Potential benefits or increased feeding frequency 
might be from metabolic responses from a more consistent 
nirninaJ fermentation and supply of absorbed fuels. However. 
Hart et al. (2014) reported that frequency o f feed delivery 
had no efTecL on DMl by primiparous cows and lillle effect 
on DMT by rnultiparous cows (30.6. 29.7, and 31. I kg/d 
ror one. two. and three Limes per day feeding. respectively) 
and did not affect MY for either group when housed in 
free stalls. In addition, DMI and MY were not affected by 

feeding twice per day compared with feeding once per day 
(Niu et al.. 2014), and increasing frequency of concentrate 
feeding from two or six times per day had no effect on DMJ. 
yield of milk and milk components, or ruminal fermentation 
characteristics (Macleod et a l., 1994). Increased frequency 
of pu, hing up feed to cow. did no t affect lying time, yield or 
milk and milk components, or feed sorting for cows housed 
in tie-stalls (Miller Cu. hon and DeYries, 20 17) and had 

litlle elTect o n feeding time or diurnal pauern of feed alley 
auendance for cows in free stalls (DeVrie et al., 2003). De
livering feed once per day to cows ad Ii bi tum in the morning 
(0830 h) compared w ith the evening (2030 h) affected daily 
rhythms of feed ing and lying behavior in both the winter 
(Niu et al., 2014) and summer months in Pennsylvania (Niu 
and Harvati ne, 20 18) but did not a~lter MY or composition 
in either study or DMI during the winter months. However. 
delivering feed in the evening decreased DMI and d igest
ibility of DM and NDF compared with delivering feed in 
the morning during Lhe summer months. Delivering reed to 
cows between milking. (twice per day) tended Lo decrease 
DMI compared w iLh delivery at milking time (P <0. 10. 
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27.2 versus 26.5 kg/d) w ith no effect o f milk or milk com
ponents, increasing efficiency o f milk production (4 percent 
rat-corrected mi lk/DMl, 1.83 versus 1.67; King et al.. 2016). 
Cows ale . mailer mea ls more slowly and more frequently. 
possibly promoting a more stable rumen environment. 

Sorting 

Sorting of rations is affected by frequency of feeding and 
ration charac teristics and varies among cows. Sorting was re
duced by increasing frequency o f feeding from once to twice 
per day (DeVries et al.. 2005) and by addjng a molasse -
based liquid feed (DeVries and Gill. 2012). 

Supplementing a mola ses-based liquid feed in high-
traw, dry cow diets improved DMJ and reduced sorting 

against long par ticles but increased sorting against short 
particle (Havekes et al., 2020a). A ddition o f w ater to de
crease the DM concentration o f a ration from 8 1 percent 
to 64 percent reduced sorting and tended to increase NDF 
imake and milk fat percentage but did not affect DlvlJ or MY 
(L eonardi et al., 2005). ln addiuon. adding water to a high
sLraw diet improved DMI and reduced sorting agrunst the 
longest ration particle by cows in the dry period (Havekes 
et al. , 2020c). However, addition o f water during summer 
months to decrease the DM comcenLration of a ration from 
56 percent to 51 percent or 44 percent increased orting and 
the temperature of feed in the hours after feeding and de
creased DM [,suggesting that adding water during high ambi
ent tcmperalures mighL have accelerated spoilage (Felton and 
D eVries, 2010). Feeding shorter chopped wheal straw in a 
high-straw diet improved DMJ and reduced sort ing by cows 
i:n the dry period (Havekes et aL 2020b). A dding long hay 
lo rations increased selective consumption of fine particles 
but also increased inLake of longer partic les because of their 

greater concentration in the ration. bul quality of hay had no 
e lTect on sorting (Leonardi and Armemano, 2003). Whereas 
cows consistentl y sorted against long particles in favor o f fine 
particle , . orting was highly variable among cow s (Leonardi 
and Armentano. 2003). Primiparous cows sorted more than 
multiparous cows. but sorting was not affected by . tage of 
lactation (De Vries et al.. 2011 ). 

Grouping Cows 

Grouping cows according to tl1eir nutrient requirements 
can help optimize MY and efficiency of milk production. 
M echanisms controlling DMI aind energy partitioning vary 
across a lactation, and ration composition should be altered 
to maximize energy intake in early lactation and partition 
energy to MY and limit gain in body conrution later in 
lactation (Allen and Piantoni, 2 014). Fresh cows should be 

grouped separa~ely and offered a more filling raLion with 
moderately fem1cnlable starch sources until distemion be
gins lo limit DMl. The more filling ration will likely reduce 
risk of displaced abomasum and help maintain rumen pH by 
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bulTering rumen contents. However, control of DMl by cows 
in early to mid-lactation is dominated by ruminal distension. 
and they benefit from rations Lhat are less filling w ith higher 
starch contents lo achieve and maintain high MY. Cows in late 
lactation wiU likely gain excessive body condition i f o lTered 
this ration. w hich might compromi e heallh when the cows 
cat ve. Therefore, once cows replete body reserves past peak 
lactation. Lhey should be offered a ration with less starch con
tent to maintain body condition and MY (Allen and Piantoni, 
201 4). Primiparou, cows do not peak in DMl as early in lacta
tion, but they are more persistent in DMJ after peak Lhan are 
mulliparous cows. rr possible, primiparous and multiparous 
cows . hould be grouped separately because or differences 
in DMI and social hierarchy. Primipar ou. cows are usually 
more timjd a:nd or lower social rank in the herd initially. but 
they gradually rise in soci al rank as more cows enter Lhe herd 
or as older cows leave (Wierenga, 1990). Phelp and Drew 
(1 992) reported an increase of 725 kg in milk over a 305-day 
lactation for first-lactation animals when grouped separately 
inslead of being mixed in with older cow .. However, although 
primiparous cows grouped alone visited the robotic milking 
unit and feed troughs more frequently, they spent less time 
eating with l1iO effect on DMl or MY than w hen housed in a 
group of 30 percent primiparous and 70 percent multiparous 
cows (Bach cl al., 2005). Production respon. e to grouping 
primiparous cow eparately likely varies depending on group 
size and bunk space per cow. 

Weather 

The thermal neutral zone o f dairy caule is about 5 to 20°C 
but varies among <Ulimals. Temperatures below or above that 
zone alter intake and metaboljc activity. Ruminants adapt lo 
chronic cold stress conditions by increasing thermal insula
tion, basal metabolism, and DMI (Young, 1983). Rumination 
activity, reticulo-rumcn motifoy, and rate of passage are also 
increased (Young. 1983). However. in extreme cold, increased 
DMI may no t compensate for Lhc increased metabolic rate. 
so animals may shift energy use from productive purposes to 
heat production. A rise in ambient temperature above the ther
mal neutral z.one decreases DM Land milk produc tion. Acute 
heat stress wiiLh average temperawre humidity index (THJ) or 
72 decreased DMl of lactating cow 11.5 percent compared 
wilh when they were in a thermoneutral environment wilh an 
average THI of 57 (Col I ier et al., 2018). However, heal stress 
can decrease DMl by cows more than 50 percent compared 
with a thermoneutral envirommcnt (NRC. 198 1) and the re
ducLion in DMl to acute heal stress increases for cows with 
higher MY (Collier et al. , 2018). Water consumption by cattle 
increases with ambient temperature, but acute heat stress can 
decrease water intake along w ith DMl and milk synthesis, ru1d 
the reductioll in water intake increases for cows with higher 
MY (ColUer eL al., 2018). 

Collier et al. ( 198 1) suggested that the e lTecLs o f heat 
. tress on MY had a lag o f 24 to 48 hours. and West et al. 
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(2003) reported that DMI was most sensitive to mean air 
te mperature 2 day~ before. declining 0.85 kg/d for each 
degree C increase in mean air temperature over Lhe range 
of 25 10 32°C. whereas MY was mosL en itive to THI. 
declining 0.88 kg/d for each unit increase in THJ over tbe 
range in T HI of 73 to 83°C for Holstein cows. Further
more. the dec lines in MY and DMI were sub. tantially les 
w he n evaluated with climatic measures on the same day 
compared with those measured 2 days earlier. lgono et al. 
( 1992) reported that the d iurnal pall cm o f temperature 
during the day affected MY and that a cool period of les. 
than 2 1°C will minimize the decline in MY. The equalions 
used for predicting DMJ of lactating cows in this report do 
not include a temperature or humidity adjuslLtnent factor 
because of in. ufficicnt OMl dnta outside of the thermoneu
tral LOne to validate equation modifiers . During period. of 
heat stress, actua l DMI will lit..e ly be greater than predicted 
from the reduction in MY: the reduction in DMl accounted 
for o nly SO percent of heat stress-induced decrease in MY 
{Wheelock et a l.. 20 10). 
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Energy 

ENERGY UNITS 

Energy requirements for maintenance and milk produc
tion are expressed in net energy for lactation (NB..) units. 
The NEL system has been used by the National Research 
Council (NRC) for uairy cattle nutrient requirements for 
several editions because it u e a ingle energy unit (NEL) 
for both maintenance and millk production. The classical 
energy now system u cd in animal nutrition for decade. 
is as follows: gm s energy (GIE). digestible energy (DE). 
metabolizable energy (ME). and finally net energy. In lhe 
current version. the DE, ME, and NEL values of feeds arc 
all considered as the actual amount of energy that wou Id be 
provided based on lhe animaJ and diet; in other words, DE 
and ME are not the potentially maximum digested or me
tabolizable energy but lhe DE and ME expected in a given 
situation (cow and diet). Thus, the mode l is for evaluation 
and should be u ed with caution for rormulalion. 

Based on wor-k from the USDA Energy Metabolism Unit 
at Beltsville 50 year ago. the efficiency of u. ing ME for 
maintenance (0.62) and milk production (0.64) was consid
ered es. entiaJly the same (A au e t al.. J 965: Tyrrell and Moe, 
E972). Using only the last two decades of work m Beltsville. 
as reported in Moraes et al. (2015). the conversion of ME 
to milk is 0.66, and the convers ion of ME Lo body reserves 
10 milk is similar. Therefore, one feed energy value (NEL) 
is used 10 express the requirement for maintenance. preg
nancy, milk production. frame gain (growth), a nd changes 
in body reserves (tissue that is lost and gained during Limes 
of nutrient excess or deficiency in the life of ai1 animal) of 
adult cows. The e fficiencies of u. ing NEL for pregnancy, 
frame gain, and changes in body reserves are adju ted to 
lit within this system for adult cows. as discussed la ter. The 
energy requirements for callle before their first parturition 
are given on an ME basis (see Chapter 11). As discussed in 
the . evenlh revised edition, one nutrient can aJter U1e digest
ibility of other nutrients, and the conversion of DE Lo ME 
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is ahered by the composition of the diet; therefore, ME and 
N EL values are no longer considered accurate or valid for 
individual feeds and should only be caJculated for total diets. 

ENERGY VALUES OF FEEDS 

The method u ed to estimate feed and die tary energy val
ues in lhi edition i. similar Lo that used by NRC (2001) but 
includes significant modifications. The seventh edition did 
not give fixed NEL values for a feed; rather, NEL values or 
diets were based on the composition of feed and diet and 
level of intake. In this edition, modifications were made to 
improve accuracy and account for more source of variation 
than in the seventh edition. De ficiencie. with the seventh 
revised edition that were addressed include the fo llowing: 

• The digestibility discount as intake increa<>ed was too 
great (Huhtanen et al., 2009: White et al. , 2017: de 
Souza et al., 20 18). ln NRC (2001), the digestibility 
discount was larger in diets that had higher basal total 
digestible nutrient (TDN) concentrations; TON wa. 
e. sentiaJly a proxy for dietary starch content. and diets 
with more starch often are consumed at greater imakes . 
The structure of this equation resulted in exaggerated 
negative efTects on digestibility a.;; starch content and 
intake were bolh increased. 

• The digestibility di. count was applied LO the entire 
diet: however, intake does not affect digestibility of all 
nutriem fractions similarly. 

• Protein was appropriately given a higher DE value than 
starch (5.65 compared 10 4.2 Meal/kg), but the ME 
va lue of excess protein was not correct. When protein 
is used as a fuel source, its ME value is similar LO 
starch. The previous version overestimated the energy 
value of protein when fed in excess of requirement. 

• The equations used Lo convert DE at produc tion intakes 
Lo ME and ME lo NEL had negative intercepts, which 
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like ly resu lted in under estimating the conversion 
e ffic iency o f low-energy diet. and when diet were 

consumed at high ini.ake . • 

• L evel o f intake wa calculated as a multiple o f main
tenance energy, which results in a circular argument 

Intake ofNEL altered the efficiency of converting DE at 

m aintenance intake to NEL, which in tum altered NEL 
intake. 

Other improvements made from the seventh revised edition 
include thefollowing: 

• Nonfiber carbohydrate and TDN arc no longer used. 

M any of the factors that affect tarch dige, tibility have 

been quantified ; therefore, including starch in the equa

tion and adju ting for those factor should improve ac

curacy. The negative associative efTects of starch on fi bcr 

digestibility have been quantified. and these are used in 

place ofTDN to estimate digestibility discounts and DE. 
• The base for DE calculations was . et as a cow con um

ing d ry matter (DM) at 3.S percent of body weight (BW) 
and fed a diet w ith 26 percent starch. These values are 
Lhe averages in the data set used to generate digestibility 

values. In Lhe previous edition. the base wa a cow fed at 

m aintenance (approx imately 1.2 percent ofBW), which 

required substantial extrapolation of digesti bi lily value .. 

• Rather than using an essentially constant efficiency for 
converting DE to ME, energy lost via urine and meth
ane is now calculated using diet and animal character

istics. re ulting in more variable efficiencies. which 

should increase accuracy over a wider an·ay or diets. 

• The energy values for protein are calculated using 

value derived from the protein sy. tern ( i.e., rumen 
degraded protein fRDPl, rumen undegraded protein 

fRUPI. and digestibility or RUP). Ln the previou. ver

sion, the energy value of protein was calculated inde
pendently of the protein system. 

OVERALL ENERGY SCHEME 

The overall approach (see Figure 3- 1) u ed to estimate 

diet energy vah tes is as fol lows: ( I ) feed is separated into 
fracLion thaL m ostly approximate uniform fractions, (2) 
gro. s energy value are calculate<.! ba. ed on these fraction . . 
(3) base digestibilities for each feed fraction are calculated 

assuming dry matter intake (DMI) al 3.5 percent or BW and 
a dietary starch content at 26 percent. (4) adjustments are 

m ade to ba,e d igestibility values for level of intake on a DMI/ 
BW bas is and for die tary starch, and (5) estimates of urinary 
energy (UE) and ga energy output are calculaned ba ed on 
diet and animal characteristics. Feed NEL values are no lon

ger provided, even in the table., as diet NEL supply must be 
based on the whole dieL and thus NEL va lues fo r individual 

reeds arc misleading. The same is true for ME and, Lo a 

le ser extent, DE. B ase DE values ( i .e .. DMI = 3.5 percent 
o r BW and diet contains 26 percent starch) for feeds are in 

NUTRIENT REQUIREMENTS OF DAIRY CAITLE 

Table 19-1: however. the DE of a diet fonnulated using table 
values likely will di!Ter from one formulated using the model 

even if Lhe composition o f the ingredients is the same. 

FEED FRACTIONS 

The summative approach Lo estimating DE in the seventh 
revi. ed edition was retained. but feed wac; separ ated into more 

fractions: neutral detergent flber (NDF). tarch. fatty acids 
(FAs), crude protein (CP) (N x 6.25), ash. and residual organic 

mauer (ROM). The FA fract ion includes FAs with more Lhan 
4 carbons and specifically d oes not include the . hort-chain 

volatile FA. or lactic acid. The ROM fraction is DM not ac

counted for i n the main feed fracUons (Equation 3-1). This 

by-difference fraction contain water- oluble carbohydrates, 

ingested fennentation and other short-chain FA (e.g., acetic, 

butyric. and lactic acid.). glycerol (both free and the glycerol 

moiety or triglycerides), soluble fiber (pectins and gums), and 
any components not accounted for in the main feed fractions 

(e.g .. tannins and waxes). The FA content of triglyceride (TG) 
includes an extra water molecule for the hydrolysis of each FA 
ester bond. Thus, the to tal mass of hydrolyzed FA and glycerol 

i I 06 percent of the original TG mas. for typical feed lipids. 

To estimate the amount of ROM (glycerol) in a TG. the mass 

of FA must be divided by I .06. This correction may not ac

count properl y for the ROM content or some lipids. such as 
TG with shorter-chain FA. phospholipids, and g lycolipids, but 

these fractions are not generaU y measured. and any error wou Id 
be mall. In addition. the correction is not appropriate for FA 
from nonesterified sow·ces as shown in Ec1uation 3- 1. The CP 

equivalent from supplemental nonprotein nitrogen (sNPNCPE) 

is separated from CP when estimating energy values. The 
concentration of ROM is also adjusted ( i.e., 181 / 28 1 = 0.64) 
to correctly account for the mass or supplemental nonprotein 

nitrogen (NPN) (Equation 3- 1). Without this correction, urea 
(28 1 percent CP and - 181 percent ROM) would have a GE 

value of 8.6 kcal/g instead or 2.5 kcal/g. Detailed information 

regardfag a says for these fractions i given in Chapter 18. 

ROM = 100-Ash-NDF-Starch 

-(FA I FalFactor)-(CP-0.64xsNPNCPE) 
(Equation 3-1) 

where FatFactor = 1 if Feedt ype= fatty acid o r FA soap and 

1.06 for all other feeds, and values are a percentage of DM. 
The NDF fraction is a heterogeneou rn ixture of carbo

hydrates. lignin, nitrogen-containing compound., and a h. 
B ecause bolh ash and CP are inc luded as unique fractions 
in the ROM equation. any ash and CP contained in the N DF 
fraction will be counted tw ice and will result in an under

estimation of the ROM frac tion with an equal overestima

tion o f the NDF fraction. For most feeds, CP comprises 

< 10 percent of NDF (blll can approach 20 percenL in some 
feeds), and ash compri. es <2 percent of NDF but can be 
> 7 percent in some feed (Crocker et al.. 1998). For mixed 
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FIGURE 3-1 Feed energy supply syslem for dail)' catlle. Eacb feed (Fi) is fraclioned i nto neutral detergent fiber (NDF). starch, fatty acids 
(>4 carbons. FAs), residual organic mauer (ROM: mos1ly sugars, pectins. gums. 1he glycerol moiery of 1riglycerides. and fermemation ac
ids). rumen-degraded protein ( RDP). and rumcn-undcgradcd protein (RUP). TI1cse are converted to digested nutrients (dNDF. dStarch. dFA, 
dROM. and dCP) using base digestion coefficients for each individua I feed. Starch and N OF digestion are adjusted for level of intake, and 
dNDF is further adjusted for the conlent of starch in the whole diet. The RDP that is from supplemental nonprotein nilrogen (NPN) on a 
crude protein (CP)-cquivalcnt basis (sNPNCPE) is separated from dCP because it has a lower digestible energy (DE) value than dCP. The 
digested fractions are then converted to an apparent DE value by multiplying each digested fraction by its enthalpy of combustion and then 
subtracting endogenous fecal energy. which includes undigested microbial protein and endogenous fecal ROM lefCP. efROM). The amounc 
of urinary energy (UE) is estimated based on urinary N (UN). with UN a function of apparen1ly digested CP and N captured. Gas energy 
(GasE) is a function of dry matter intake (DMI) and the content of FA and digested NDF in the diet. metabolizable energy (ME) is calculated 
a DE minus UE. and GasE and is converted to net energy for lactation (NEL) using a c-0nstant efficiency. 

diets. the sum o f ash and neutral detergent insoluble CP 
us ually comprises 6 to 7 percent of Lhe NDF (Tebbe et al., 
2017), so that the ash and CP-free NDF in a diet average 
about 94 percen t of the NDF value. 

Altho ugh the double subtraction of neutral detergent 
insoluble ash and CP is incorrect. NDF. rather than ash- and 
CP-free NDF. is u ed in energy supply equations because: 

I . Data on the concentraliorns of a. h- a nd CP-free NDF 
for many feeds are limited. 

2. Most publications that reported in vivo dige. tibility 
values for NDF djd not subtract CP or asb from NDF: 
there fore. estimated NDF digestion coefficients of the 
current model can be compared directly to in vivo data. 

3. Neutral detergent-insoluble CP and ash are usually 
quantitatively smaJI fraction. , and analytical preci. ion 
is likely less for ash- and CP-free N DF than fo r NDF. 

4. The lrue ROM digestibiJity and endogenous fecal 
ROM estimate are more preci. e when NDF is used 
rather than ash- and CP-free NDF (Tebbe et al. , 20 17). 

5. The CP and ash correct ions are not qL1antitatively 
important for estimating energy values for most diet. 
because lhe errors largely cancel each o ther out. ln 
Tebbe et a.l. (20 17), dieL<> with lhe greatest difference 
belween ash- and protein-free NDF and NDF resulted 
in a differe nce o r <0.1 percent in the sum of digested 
NDF and digested ROM. 

Gross Energy Values of Feed Fractions 

Estimated GE of a feed or diet is calculated by multiplying 
lhe proportion of each fraclion by its respecti ve GE value and 
summing (Equation 3-2). This GE vaJ ue serve. as a usefu~ 
reference for animal ex.periments. 

Starch: 4.23 Mea l/kg 
FA: 9.4 Meal/kg 
NDF: 4.2 McaVkg 
ROM: 4.0 Meal/kg (commiuee estimate assuming this frac

tio n is predominantly sugars, organic acids [moslly lactic 
and aceLic l. glycerol. and soluble fiber) 

CP (excluding supplemental NPN): 5.65 Meal/kg 
sNPNCPE: 0.89 Meal/kg (calculated fro m the enlhalpy or 

combusLio n of urea at 2.5 McaVkg or 0.89 Meal/kg CP 
equjvalent) 

The GE of a diet or feed (Meal/kg) i, calcuJated as 

GE_DM of feed=0.042xNDF_DM +0.0423 
x Starch_DM + 0.040 x ROM_DM 

+0.094xFA_DM+ 0.0565 x(CP _ DM 
-sNPNCPE_DM) + 0.0089 x NPNCPE_DM 

(Equation 3-2) 

where feed rraction are expressed as a percentage of DM. 
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ESTIMATING THE DIGESTIBLE ENERGY 
VALUE FOR FEEDS AND DIETS 

True Digestibility Coefficients of Feed Fractions 
for Base Conditions 

In the previous edition (NRC, 200 I), DE of dicLc; wa. 
estimated for a cow fed at maintenance and lhen discounted 
as DMI increased and as the energy concentration of the 
diet (expressed as TON) increa. ed. In this version. the base 
condition is for an animal wilh a DMl of 3.5 percent of BW 
and fed a diet with 26 percent starch. All diets are assumed 
to have adequate RDP lo meet microbial requirements and 
adequate roragc NDF to promo'le proper rumen conditions. 
The DMI and starch concentration for base conditions renect 
the mean of lhe dmaba. e. Inadequate data are available to 
accurately estimate effects ofRDP or forage on digestibility. 
Under practical conditions, RDP is usually adequate. but 
if diets do not supply adequate RDP (see Chapter 6), diet 
energy values may be overestimated. Diets wilh inadequate 
rorage NDF (see Chapter 5) can cause ruminal acidosis. 
resulting in lower than estimated NDF and energy digest
ib ilities. Some of the negative effects or inadequate forage 
NDF on digestibility . hould be accounted for by the . Larch 
adjustmenL Although most or the digestibility data used to 
develop equations are from Holstein cow., digestibility is 
u ually notdiITerent between Holstein and Jersey cow (A ik
man et al., 2008: Knowlton et al, 2010; Uddin e t al.. 2020). 

Neutral Deterge:nl Fiber 

Becau e there is no endogenous feca l NDF. apparent and 
true J igestibility ofNDF are lhe same. NDF can be expressed 
as NDF, NDF on a CP-free basis, on an ash-free basis. or on 
a CP-and ash-free basis. Based on limited data (Tebbe et al., 
2017), the digestibility or CP- and ash-free NDF i. slightly 
greater than the d igestibility of NDF, but the NDF concentra
tion in the reed i le. s, o concentrations of digested NDF and 
digested CP- and ash-rree NDF are simi lar. Thus. digested 
NDF is u ed Lo estimate energy. In the model, two methods 
can be used to estimate ba e djgestibility of NDF: one is 
the lignin-based equation (Equation 3-3a) from the seventh 
revised edition, and the other uses 48-hour in vitro NDF 
digestibility (IVNDFD; Lope et <ll.. 2015. Equation 3-3b). 
J ncubations for 48 hour were more accurate at estimating in 
vivo NDF digestibility by lactating cows fed ad libitum (ea. 
24 kg DMl/d) than were 30-hour incubations (Lope et al., 
20 15). Inadequate IVNDFD data from published studies 
that measured in vivo digestibility were avai lable LO make 
a robust comparison of the two methods. The evaluation in 
Chapter 20 is based on the lign in equation, and the lignin 
method is the default method used in the model: however. 
the user has the option of using lhc IVNDFD equalion or 
direclly entering an NDF digestibility value. 

NUTRIENT REQUIREMENTS OF DAIRY CAITLE 

Digested proportion of NDF at base (dNDF _NDF _base) 
= (0.75 x (NDF _DM - Lignin_DM) 

x (1- (Lignin_DM I NDF _orvn°·667]} I NDF _DM 
(Equation 3-3a) 

where nutrients are ex pre. sed a. a percentage or DM. 

Digested proportion of NDF at base 
(dNDF _NDF _base)=0. 12+0.6 1 x IVNDFD 

(Equation 3-3b) 

where NNDFD is 48-hou r in vitro dige. tion expre. ed as a 
proportion of NDF. 

For the common macronutrients. the in vivo digestibility 
of NDF is the mo t variable, and more research is needed to 
improve its estimation using commercially applicable labo
ratory method . This research must include compari ons of 
laboratory-ba'ied estimates Lo in vivo measurements in dairy 
cows fed typical diets (e.g., Kendall et al. , 2009). 

Starch 

Starch digestibility is dependent on innate properties of 
starch granules in grains. on the Liming of harvest, and on 
mechanical processing that occur. postharvest (see Chap
ter 5). Starch dige. tibilitie of the major tarch sources are 
shown in Table 3-1, and these values are used as base starch 
digestibilities in the electronic feed library. 

Protein 

The digestibility of protein is based on the protein model. 
so that the true total-tract digestibility of tbe protein in a feed is 
the sum of RDP and the digested portion ofRUP (dRUP). The 
proportion of protein degmded in the rumen and proportion 
of RUP that is digested arc not dependent on level of intake; 
therefore, protein digestibility in the model is not affected by 
intake. The committee recognizes lhc pos ible error in thi. 
assumption. However, given that most potentially degraded 
protein that is undegraded becau e or a high pas. age rate will 
probably be digested in lhe total Lmct, this error is likely small 
when calculating DE. A recent meta-analysis by White et al. 
(20 17) upports the idea that the total-tracl digestibi lily of 
protein i. Jess affected by intake lhan that of other nutrients. 

Proportion of digested CP (dCP _CP)= (RDP _DM 
+ dRUP _DM) I CP _DM (Equation 3-4) 

where RDP, dRUP, and CP arc a percentage of DM. 

Residual Organic Matter 

Based on tbc Lucas test. ROM is a unifom1 feed fraction 
with a high true dige. Libility and an endogenou feca l frac-
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TABLE 3- 1 Proporlion or S1arch Digested at Base 
(dSLarch_SLarch_ basc) for Various SLarch Sourcesa 

Feed 

Default 
Corn groin. dry. line grind (<1.250 µm)1' 
Corn grain. dry. medium grind 

( I .SOO 10 3 .250 µm) 
Corn g.ra in. dry. coarse grind (>3.500 µm) 
Corn grnin. high moisture. fine grind 

(<2.000 µm. mean = 1.450 µml 
Com grain. high mois1ure. coarse grind 

(>2.500 µm. meun = 3.630 µm) 
Com grain. s1ea111 lfoked 
Sorghum grain. dry. ground 
Sorghum grain. •leam Hak.::d 
Com >ilage <30 percent OM 
Com silage 32-37 percent OM 
Com silage >40 percent OM 
Groin ~orghum !>ilag.e' 
Barley, steam rolled 
Barley. ground 
Whe:u 

dStarch_Slarch_base 

0.91 
0.92 
0.89 

0.77 
0.% 

0.90 

0.94 
0.83 
0.9-t 
0.91 
0.89 
0.85 
0.85 
0.9..J 
0.91 
0.93 

u Coefficiems were derived rrom experiment~. reviews. and meta-analy~es 
u.sing lac1n1ing dllir) cows (Bal e1 al.. 1997: Cammell e1al..2000a.b: Firkin• 
et al .. 2001; Femiretto el al .. 2013). 

11 Because of incomplete darn. panicle size cla-;sifica1ions for corn gra.in 
are no1 continuou~. Por corn wi1h particle ~i 1.e.' no1 li~1ed. in1erpolmion cnn 
00 IL~ed. 

' Ba.\cd on daia from beer caule (GuLiemtt et al.. 1982; Hart. 1987). 

Gon whether calcula1ed using the sLandard NDF value or 
a h- and CP-free NDF (Tebbe et al., 2017) . The true dige t
ibility or ROM calculated with NDF was 0.96 and was set 
as the base d igestibil ity (dROM_ROM_ba e) in the model. 

Fatty Acids 

The base digestibility of FAs (dFA_FA_base) is set at 
0.73 for most feeds; however, for supplemental fat sources, 
true dige. tibility is dependent on the source o fFAs ancl was 
ba. ed on published digestion data ( ee Table 4-1: Chapter 4). 
Digestibi l ity for FAs is affected by FA saturation and length 
and perhaps by inLeractions among different FAs and can 
be depressed by high- fat diet.. Because the FA profile of 
total diet, will vary less than Lhe FA profile or reed., the 

trne dige. tibility o f FA among basal diets is also likely le. s 
variable. Therefore, the committee decided 10 as. ign all basal 
Feeds (excluding rat supplements) the same true digeslibilily 
for FAs, which represents the average Lruc FA digeslibil ity of 
mixed diets. Digestibility or FAs from difTerent fat sources 
and supplements is discussed in Chapter 4. 

Adjustments to the Base Digestibilities for Intake 
and Diet Composition 

The digestibHitics of NDF am.I starch are adjusted for level 
o r intake, and NDF digestibi l ity i. also adju Led for . tarch 
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content or the total diet The depression in digestibility as 
intake increases ha long been recogniLed (Tyrrell and Moe, 
1975) and wa. included either implicitly (NRC, 1989) or 
expl icitly (NRC. 200 I). In NRC (2001 ), the intake discount 
was greater w ith higher baseline digestibilimies. The overall 
depression im DM dige. tibi l ity with increasing inLake wa 
overestimated in NRC (2001 ) (Huhtanen et a l.. 2009; White 
et al. , 2017: de Souza et al.. 201 8). One likely reason for this 
overestimation was tha1 level of intake and baseline digest
ibilitie are confounded. 

Neutral Detergent Fiber 

The commitLee con, idered several approaches but adopted 
the adju tment to NDF dige tibi]jty from a meta-analysis of 
individual cow data from multiple studie. at multiple loca
tions conducted by de SouLa et al. (2018) w ith modifications. 
In de Souza et al. (201 8), digestibility of NDF in response to 
intake was curvilinear with a maximum at 3.5 percent or BW. 
Decreased estimated dige. tibility at lower intakes is counier 
to discounts in previou NRC versions, and the data set was 
limited in that range o f intake, and many or the low DMT in 
the da1a et were fro m an experiment that red low-quality 
(low digestibility) diets. Their data set also did not include 
any observal ion with DMI greater than about 5.5 percent of 
BW. Thererore.1he comminee decided to modify the equation 
to remove Lhis depression at l ower intakes while retaining the 
depression at higher intakes. This was done by calculating the 
marginal slope ( fi rst derivative of 1he DMT curve o f de Souza 
et al .. 201 8) from a DMJ or 3 .5 percent of BW 10 the limit of 
the data (5.5 percent of BW) and averaging those vaJues. The 
resulting average slope wa l.l, which was used a the linear 
discount faclor for NDF as DMr (percentage ofBW) increased. 

On Lhe basis or meta-data. White et al. (201 7) derived an 

equation with a 7 percentage unit decrease in NDF digestibil
ity per unit increase of DMJl/BW. However. in their deriva
tion, sLarch had no effect on NDF digestibility. In contrast. a 
meta-analysi of literature mean. by Ferrareuo et al. (201 3) 
csLimated that increasing starch by I percentage unit linearly 
decreased NDF digestibility by 0.5 percentage units, but they 
reported DMl did not significantly affect NDF digestibility. 
Ln contrast w ith those meta-analyses, the negative effects 

o fDMl and Larch have been demonstrated in experiment 
specifically designed to test for those eITects. Therefore, the 
commiuee adopted modi fied equations or de Souza et al. 
(20 l 8). which inc ludes bolh a starch and DMI lerm (Equa
tion 3-5a). Although this equation likely should include a 
fo.ctor to account for the fermentability o f the s t~rch, data 

were insufficient to do so. 

Digested proporLion or NDF (dNDF _ NDF) 
= dNDF _NDF _base -0.0059 x (Starch_DM - 26) 

-I .I x(DMl_BM-0.035) 
(Equation 3-Sa) 
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3.1 -

1--Base -- DMI = 3.5% 
3.0 - DMI = 4.5% Base-SH 

~ r • SH DMI = 3.5% _ ... - - -_: :: 
! -::-- .e- --
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Dietary starch concentration,% of OM 

FIGURE 3-2 Effects of increasing dieLary starch content on the digestible energy value or example diets with and without adjusting neu
lrnl detergem fiber and starch digestibility for dietary starch concentration and dry marter intake <DMf) (Equations 3-Sa and 3-5b) where 
s.larch replaces cilhcr forage fibcr or soyhulls (S lis). In all diCL'>. the conccmration of NDF +starch ww. 62 percent. and the diets co111aincd 
16 percent crude protein (CPl. 3 percent fatty acids (FAs). and 14 percent ROM with apparent digestibilitiei. of0.65. 0.73. and 0.70. re!-.pec
li,·ely. and 5 percent ash. In one set of diets (black lines). ba'\C NDF digestibility and starch digestibility at 26 percen1 dietary starch and 
DMf of 3.5 percent of body weight (BW ) were 0.-16 and 0.9 1 (typical values for a fomge-based diet). The solid line n:pn:sents the tlietary 
DE content i r no adjustment!. in NDF or starch digestibility were made for intake or die tary starch concenLration. The line with shon dashes 
shows DE contenL after adjusting for dietary starch concentration but keeping DMT at 3.5 percent of BW. The line with IC>ng dashes shows 
DE contcm after adjusting for dietary s tarch with a constant DMI of 4.5 percent of BW. In the second set of diets (gray lines). all conccntra
Lions and digestibilities were the same as above. except changes in dietary sLarch were achieved by exchanging ~Larch with NDF ofSHs. The 
diet with 35 percent starch had no NDF from SHs. but the diet with 15 percent srnrch had 20 percent NDF from SHs. Assumed digestibility 
of NDF (without discount) from Slb was 0.60 so that total diet NDF digestibility (without discount) ranged from 0.46 (35 percent s1w·ch 
and no SHs) to 0.52 with 15 percent starch and 20 percent SH NDF. ln both set of diets. note that the increased DE content expected from 
replacing NDF with starch is diminished by the drop in NDF dige~tibili ty caused by March. Thus. if voluntary feed inrnke is not altered by 
diet. the value of starch is les1> than expected. Also note that i111af...c ha-; less impact on DE comcm than d1>e~ starch. 

where starch is as a percentage of diet DM and DMf_BW 
= DMJ/BW (kg/kg). 

The digestibi lity of NDF in d iets with sub. tantial NDF 
from librom. by-product reeds often decrea:.es al a faster rate 
with increasing DMI than NDF in diets where most of lhe 
NDF is from long-forage particles (Pous et al.. 2017; While 
cl al., 2017): however, exceptions exist (Edionwe and Owen, 
1989). The concentration oflong-foragcNDF likely affccu lhc 
digestibility ofNDF from. horter particle .. With adequate long 
particles, small-pruticle NDF may be trapped in the rumen mat 
and be digested. whereas with imadequatc long particle , the 
small particle!. now from the rumen quicker without extensive 
digestion. lnadequale data are available to model Lhcsc elTects: 
therefore, particle siLe of lhe NDr: source is not included in lhc 
model. The committee also recogni1.e. that NDF diges1ibility 
could be depressed if diell> contained inadequate RDP: how
ever, data were deemed inadequate to derive an equation, and 
est.imates are based on the assumplion tha1 RDP is not limiting. 
which i usually the case in practical situations. 

Starch 

In Lhcir 2018 article. de Sou.£<1 et al. reported that . Larch 
digestibility decreases by 1.0 percentage unit for every I -unit 
increase in DMl ill> a percentage or 13W. rcrrurctlo Cl al. 
(2013) al. o found a negative re lationship bet we en DM I and 
starch digestibility. but the elTect was 0.2..J. percentage uni~ 

per IJlogram of DMl (approximately equal to a - 1.3 percent 
decrease per unit increase in DMl_BW). The data for both 
• tu dies arc bia~ed heavily toward dry ground corn grain, and 
it ccm likely that digestibility of starch from more ferment
able sources of stctrch (e.g., bigh-moislure corn, barley, and 
wheal) would be affected less by intake: however. inadequa1e 
data were available to quantiry a source o f starch elTecL. In the 
model. when DMJ_BW >0.035 (i.e .. 3.5 percent of BW). the 
proportio n of starch that is digested decreases by 1.0 percent
age units per unit DMl_BW. and v. hen DNU_BW <0.035. the 
proportion of . tarch digested inc reases (Equation 3-5b). This 
adjustmenl may underestimate starch diges.tibility of highly 
fenncntab le s tarch source. when fed al high OM l. 

Digested proportion of Starch (dStarch_Starch) 
= dStarch_Starch_base- 1.0 x (DMl_B W - 0.035) 

(Equation 3-5b) 

Examples of the eITect of altering starch and NDF digest
ibility based on DMI and dietary s tarch concentrations o n 
dietary DE a.re shown in rigure 3-2. 

Other Considerations tor Changes to 
the Base Digestibility 

Almost no data ex ist to determine whether ROM dige. 1-
ibility i1> depressed with greater intake. but most components 
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o f ROM are like ly not a trccted by intake. As discussed above. 
dige tibility of prote in i. not alTectcd by DMI. The committee 
recognizes that 1he method of predic1ing e1Tec1s of intake on 
digestibility in Lhe current version was based on the inherent 
differences in ad libitum intake among cows or gro ups of cows 
sometimes fed die ts of varying composition (e.g ., Huhtanen 
e t al.. 2009: While e t a l. , 201 7: de Souza et a l., 2018) rather 
than on designed experiment where intake was a u-eatmenl 
uch as in studie by Tyrre ll and Moe ( 1975). However. the 

firsl approach was cons idered more re levant ror commercia l 
applications where cows are generally fed ad libitum. Thus, 
these eq uation may not be accura te in s ituatio n. where 
anima l , especia lly heifers, are fed at res1ricted intake, and 
digestibility of NDF, . tarc h. FA, and organic matter (OM) 
m ay be greater in re tricted-fcd animal than predicted by the 
c urrent equations. However, de Souza et al. (2018) reported 
that 1heir equation were rea onably accurate for predic ting 
the digestion o fNDF and starch in restricted-fed dairy heifers. 

Estimating End01genous Fecal Material 
and Apparent Digestibilities 

T he ma o f fecal maucr from endogenous source cannot 
be measured in mminants; it can o nly beestimaled using sla
Listical methods. Thi endogenous (or metabolic) fecaJ. matter 
i mainly bacteria and bacte rial resid ue comprising mostly CP 
and ROM. Endogenous CP and ROM are substantia l and mu t 
be considered when converting truly digested nutrients into DE. 
which is calcula ted from app~u·ent digestibility. In addiLion. 
these values are necessary for esLimating the apparent digest
ibilily values o f C P and ROM for comparison Lo digestibility 
d ata collecLed in experiment . Appar\!nt and tnie digestibilities 
are considered the same for NDF. starch, and FAs. 

Endogenous recal CP (Lo be consislent with termino logy 
i111 Chapter 6, Lhis will be referred to as metabolic fecal CP 
o r MFCP), whiclh represents s lo ughed endogenous cells and 
secre tions . and undigested mic robia l CP are d escribed in 
d etail in Chapter 6. 

MFCP, g/kg DMI = 11.62+0. !34 x NDF _DMI 
(Equation 3-6a) 

where die ta ry NDF is as a percentage of DM. 

Fecal microbia l CP (fMCP), g/kg DMI 
=(.Microbia l CP (g/d)x0.2) I DMI 

(Equation 3-6b) 

T he endogeno us masses were multiplied by the appropri
a te enthalpies (5.65 for CP and 4.0 Meal/kg for ROM) Lo 
o bta in endogcno u. fecal energy, whic h is ubtracted fro m 
the sum of Lhe DE from nutriemts as discussed above. The 
DE values in the feed composilion table (Chapter 19) were 
calculated with die t NDF set at 30 percent . o that e ndogenous 
Fecat CP = 15.6 g/kg DM or 0 .088 Meal/kg DMl. Und igested 
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bac1e ria.I C P was set as 16.5 g/kg DM I or 0 .093 Meal/kg 
(based on the average quanLity of microbia l protein synthe
sized and average DM1 in the data set), and endogenous fecal 
ROM (efROM) was set a t 34.3 g/kg DMI or 0. 137 Meal/kg 
DMJ (Tebbe e t al., 2017). To ta l e ndogenous feca l energy was 
0.088+0.093+0.1 37=0.3 18 M eal/kg DML 

To estima te apparent dige:stibilitie. of OM, CP. and ROM. 
which i. useful in compari ng model generated data LO in 
vivo digestibility da ta, estima ted e ndogeno u. output and 
estimated tme digestibili ty o f lhe frac tions are u ed. 

App arently Digested Proportion of ROM 
(adROM_ ROM) = I (ROM x 0.96 - (3 .43) l / ROM 

(Equation 3-7a) 

where ROM is a percentage of DM. 

Apparently Digested Proportion o f CP (adC P _C P) 
= f(RDP + dRUP)- (IMC P + MFCP)l / CP 

( Equalion 3 -7b) 

where all variables a re kg/d. 

A pparently Digested Proportio n or OM 
(adOM_OM)={NDFx dNDF_NDF + Starch 

x dStarc h_Starch + FA x dFA_ FA + RDP + dRUP 
+ 0.96x ROM - MFC P - IMCP-efROM)/ OM 

(Equation 3-7c) 

where NDF. Starch , FA, RDP. dRUP. ROM, OM IMCP. 
MFCP, and e fROM are in kg/d. 

Estimating the Digestible Energy of Feeds and Diets 

DE was calculated by multiplying the estimated tru ly 
digested nuLrienL concentrations for each teed by the ir respec
tive heaL'I o f combustion and Lhen subu·acting the energy in 
the endogenous fecal excretions ~md undigested bacteria. To 
estimate DE from CP. the CP equivalent from supplemental 
NPN is subtracLed from RDP. The NPN is as: umed to have 
the energy vaJuc of urea, which i Lhen added. As can be seen 
in Equation 3- 1, ROM is corTected for supplemental NPN. 

Digestible Energy 

Digestible Energy (DE_ DM: Meal/kg of DM) 
=0.0'42x NDF _DM x dNDF _NDF+0.0423 

x Starch_ DM x dStarc h_ Starch + 0.0940 x FA_DM 
x dFA_FA +0.0565 x(RDP _ DM 

- sNP NCPE_DM + dRUP _DM) + 0 .0089 
x sNPNCP E_DM + 0.040 x ROM_DM x 0.96-0.00565 

x M FC P -0.00565 x fMC P -0.0040 x e rRO M_ DM 
(Equatio n 3-8) 

where feed frac tions are a percentage of OM, e ndogenous fmc
tions are g/kg. and dige tibili tie are expressed as proportion .. 
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Estimating the Metabolizable Energy of Diets 

Energy lost in urine and via meLhane is subtrac ted from 
DE to obtain ME. Gas e nergy (methane) is calculated a. 
described in Chapter 14 as 

Gas Energy Los (GasE_ DM: Meal/kg DMI) =(0.294 
xDMl -0.347 xFA_DM +0.0409xdNDF_DM) / DMI 

(Equation 3-9) 

where DMr is kg/d and FA_DM and dNDF _DM are a per
centage of diet DM. 

Urinary energy (UE) i. calcumatcd from estimated urinary 
niLrogen (N excretion): 

UN (g/d) = g Urinary N per day= (DMJ x CP _DM 
xadCP_CP - Milk CP-Body gain CP)x l ,000/6.25 

(Eq uation 3- 1 Oa) 

w here DMI. milk CP. and body gain CP are in kg/d. and 
CP _DM and adCP _CP are proportions. 

If the animal is not lactating and within 60 days of par
turition. Lhe ' 'Milk CP" tenn in Equation 3- IOa is replaced 
w ith '·0.000 14 x Mature sw:· Thal term was derived by cal
c ulating the amount or protein retained (kg/d) in Lhe gravid 
ute rus at 250 days of ge. tat ion based on an average Holstein 
a nd Jersey calf bi rthweighL (see gestation requirements in 
L11is chapter andl in Chapter 6)_ For Equation 3-lOa, body 
protein gain in lactating cow. can be ignored because the 
e ffect is like ly less than Lhe imprecision associated with I.be 
equation . . For example, a I 00-g/d increase in body protein 
would change average estimated ME by <0.5 percent. For 
growing heifers. body protein gain is estimated as described 
iJ1 Chapter I I. 

Urinary energy (Meal/kg DMI) was estimated from uri 
nary N excretion (g/d) as 

UE_DM (Meal/kg DMI)=(0.0 146xUN) I DMT 
(Equation 3- 1 Ob) 

The coefficient (0.0146 Mcal/g of urinary N) was calculated 
from recent experiment that measured urinary energy and 
urinary N excretion (Morris et al., 2021). 

Metabolizable energy was then calculated by subtracting 
gas and urinary energy from DE: 

ME_ DM (Meal/kg DMI)= DE_DM 
- Ga E_DM - UE_DM (Equation 3- 1 I) 

ln previo us NRC edition., the conversion of DE to ME 
was considered o n an individual feed basis. The current 
equation uses whole-diet estimates of urinary energy and gas 
energy, and thus it is only valid for the to tal diet. In NRC 
(200 1), a correction was added 10 increase the efficiency or 
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converting DE to ME for diets with higher fat so that the ef
fective conversion for Lhe fat was I 00 percent In Lhe current 
equation. dietary FAs are used 10 estimate methane losses: 
therefore, the efficiency of converting DE lo ME is greate r 
for high-fat diets. 

Estimating the Net Energy Lactation of Diets 

The conversion of ME to NEL (Equation 3- 12) is pre
dicted on a whole-diet basis based on the average efficiency 
measured between 1974 and 1995 ( eeTable 3-2) in studies 
at the Beltsvi lle Energy Metaboli!.m U nit as reassessed by 
Moraes et a l. (20 15). T he mean was 0.66 w ilh a 95 percent 
con fidence interval or 0.64 to 0.69. No cor-rect ion for con
cenLra tion of dietary fa t i. u eel with thi. equation: 

Net Energy of Lactation per kg DM (NEL_DM: 
Meal/kg)= 0.66 x ME_ DM 

(Equation 3-12) 

ENERGY REQUIREMENTS 

Changes from the sel'entll revised edition inc lude tlte 
followi11g: 

• The maintenance requirement is increased from 0.08 
10 0. 10 N.lcal per kg of metabolic BW. 

• The e fficiency or using NIE for lactation is increased 
from 0.64 Lo 0.66. 

• Growth requirements have been s imp lified and are now 
explicillly related Lo the size of an animal relative Lo its 
mature BW (MatBW). The composition of gain does 
not change with diet and growlh rate at a given BW_ 
with Lhe assumption Lhat animals will be fed for rates 
or gain that maintain body conditio n. 

• The composiL ion of body conditi o n score (BCS) 
change is not dependent on Lhe sLarting BCS, so Lhc 
energy requ ired per kilogram or BW for body condi 
tion gain (or avai lable from lo s) i a constant. 

• Requirements for p hysical aclivity have been updated. 

The basic uniL of dielary energy for dairy callle is NEL 
and all energy requirements are adjusLed lo be equivalent 
10 this unit. E stimale for convers ions or ME and changes 
in re ta ined energy (RE) in Lhe . eventh ed ition (and everal 
previou versions) were based on data from Moe et al. ( 1971) 
at the USDA Energy Metabolism Unit at Beltsville, Mary
land. Recently, Moraes et al. (2015) reanalyzcd the data from 
that laboratory, and the NEL requirement for maintenance 
was increased partly in response Lo thi. reanalysis and is 
biased toward the late. l decade of work at Beltsvi lle. Thus. 
Lhe efficiency or us ing ME for reple nishing body reserve 
and Lhe efficiency of using mobilized body reserves for milk 
produc tion a l. o are now biased toward the later years o f this 
reevaluation of the Beltsville data, as shown in Table 3-2. 
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TABLE 3-2 Energelic Parameters from Reana lysis of Data Over Several Decades from Beltsville Energy Metabolism Unit 
(Moraes et al., 2015) and Values for Sevemh (NRC, 2001) and Current EdiLions 0 

P;1rame1er 

ME for main1enance (Mcal/kg0·75 BW/d) 
NEL for main1enance (McaVkg0.7) BW/d) 
Conversion efticiencie!. 

ME to NEL 
ME to RE during lactation 
NEL 10 RE during. lac1a1ionb 
RE 10 NELb 
ME 10 RE when <lryb 
NEL 10 RE when dryh 

1963- 1995 

0. 14 
0 .086 

0.63 
0.70 
I. I I 
0.89 

1974-1995 

0.16 
0. 10 

0.66 
0.74 
1.12 
0.89 

Seven1h Edition 

0. 13 
0.080 

0.64 
0.75 
1.17 
0.82 
0.60 
0.94 

Eigh1h Edi1io11 

0.15 
0.10 

0.66 
0.74 
1.12 
0.89 
0.60 
0.91 

" All energy requi remem~ musl be converted 1? diet N~L equivalent~ for u.'e in the model. NEL for maintemu1ce i:!. calculated as ME xconversion of ME 
lO NEL. RE i~ retained energy. or 1he energy of tassue gain or loss. . . . . ME.. ed 

"The NEL required for RE during l:ictaiion or when dry h 1heconversion of ME 10 REd1v1ded by the conversion of ME toNEL. Becau~e f ~~on~cn 
10 tissue ene , more efficiemly ihan 1o milk energy. these values are greiner than I. so it takes less than I Meal of feed ~EL 10 s~ore. I Meal o Y ll~s~e. 
Tue lowere~ency for dry cows likely j~ because dry cow diet~ are higher in fiber. resulting in gre:uer heat of fem1entat1on and d1e1-111duced lhennogene~1~. 

Maintenance Requirements 

The NEL requirement for maintenance (NELmainl) of 
adult dairy cattle is 

NELmaint (Mcal/d)=O.lOxBW kg0•75 

(Equation 3-13) 

Based on Moraes et al. (20 15), this value would have 
a 95 percent confidence interval of about ±0.06. This is a 
substantial increase from previous versions and adds about 
2.5 Meal of NEL lo the energy requirement of the average 
Holstein cow. Given the intensive selection for milk pro
duction in dairy caule over the past 50 years with average 
milk production now three times that of the 1960s, it seems 
reasonable that modem dairy cows have metabolic rates for 
maintenance Lhal are greater Lhan Lhey were SO years ago. 
Cows of similar s ize and breed and in s imilar conditions may 
vary as much as I 0 percent in their maintenance requiremenL'i 
(Van Es, 1961 ). This is consiste nt with more contemporary 
data from s tudies of residual feed intake showing that the 
i111 take for cows of similar BW and production varies by 
7 percent a fter accounling for parity, localion. di.e t, and other 
e nvironmenta l effects (Tempelman et al., 2015): some of this 
variation could be caused by genetic variation in maintenance. 
Measured fasting heat productio n (Flau et al.. 1965) in dry 
nonpreanant dairy cows averaged 0.073 Meal/unit metabolic 
BW (MBW), and estimated fasting heal p roduction of dairy 
cows using regression analysis suggested an identical value 
(NRC, 2001). Because these measurements were made with 
cows housed in tie-stalls in metabolic chambers, NRC (2001) 
added a 10 percent aclivity allowance to account for normal 
voluntary activity or cows that would be housed in dry lot or 
free-stall systems, such that the NELmaint wa'i set at 0.080 
Meal/kg MBW for mature dairy cows. This value has been 
used since NRC ( 1978). However, newer data and reevalu-

ation of older data all derived maintenance coefficients that 
were greater than 0.09. with some as high as 0.14. Moraes 
et al. (2015) re.analy:t.ed the data from the Beltsville Energy 
Metabolism Unit and found that the apparent maintenance 
requirement for adult dairy cows increased with year of 
measurement. Maintenance requirements were 0.073, 0.087. 
and 0. 122 Meal/kg MBW for the years 1963 to 1973. 1974 
to 1983, and 1984 to 1995. respectively. based on respective 
efficiencies of converting ME to NEL of 0.60, 0.62, and 
0.69. Even with a lower efficiency of converting ME to NEL. 
the NELmainl o f cows from 1984 to 1995 would be greater 
rhan O.IOxMBW. As with all requirements, maintenance 
requirements are not known with certainty. For example, 
assumino conversions of ME to NEL of 0.66. other studjes e . 
have yie lded NELmaint (per kilogram of metabolic BW) 
o f 0.096 (Kirkland and Gordon, 1999), 0.09 (Birkelo et al., 
2004 ), 0.1 I (Xue et al., 20 I L ), 0.11 (Dong et al., 2015), and 
0 .14 (Foth et al.. 20 l5) for lactating cows; NEm coefficient 
was 0.098 for fasted non lactating cows (Birnie et al., 2000). 
The committee chose 0.10 x BW kg0

·
75 because it is s imple 

and within the bounds determined by Moraes et al. (2015) for 
the lasl two decades of d ata in their sludy. 

The most recent revision o f Lhe Nutrient Requirements for 
Beef Ca11/e (NASEM, 2016) also supports the higher value 
for dairy cattle. Converling their equation to BW (instead 
of shrunk BW) and adjusting for dairy breeds resu lts in a 
NELmainl of 0.095xMBW. In addition. NASEM (2016) 
suggests that maintenance requirements per unit MBW do 
not decrease with age, they are 20 percent greater for lactat
inn than non lacLatin Q cows across beef breeds, and mainte-e ~ 

nance energy requirement is correlated positively with the 
genelic potenlial for mi lk produc tion. Based on Table 19- 1 
o f NASEM (2016), NELmaint should bc0.095xMBW for 
non lactating and lactating dairy cows. The current commiuee 
recognizes that maintenance requirements could be consid
ered greater for lactaling than nonlactating cows because 
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(1) lactating cows generally have a greater mass of liver and 
o ther internal organs as a proportion of BW, (2) the c organ. 
produce more heat per unit mass Lhan skeletal mu cle. and 
(3) high-producing cows seem to require more ME for main
tenance than low-producing-cows (Moe et al., 1970; Baldwin 
et al., L 985; Ellis et al., 2006). H owever, the current commit
tee considers that the increased mass and heat production or 
internal organs in lactaLing cows is a cost o f milk production 
and should be assigned as part o f the incremental heat loss in 
the conversion o f ME to NEL for an animal that is digesting 
and metaboliz ing more feed nutrients. 

The Beef committee (NASEM, 2016) appl ied a breed 
adjusunem factor for maintenance of 1.2 for Holsteins and 
Jerseys (compared to British beef catLle breeds). Whether 
dairy cattle breed alter mai111enance requirement or energy 
metabolism is no t clear. Tyrrell et al. ( 1991) compared non
lactating and lactating Holstein and Jer. ey cow s. Although 
actual milk yields were greater for Holstein cows than for 
Jersey cows. energy output in milk as a function o f mctaboUc 
BW wa. similar, and there was no evidence Lo suggest that 
energy requirements for maintenance or produc tion differed 
between breeds once adjusted for metabolic BW. The com
millee con idcred . elling maintenance requirement ba ed 
on BW adjusted lo a standardiLed BCS and 10 a 111onpregnan1 
tatus. Such an adjustment has been used for maintenance 

requirement in dogs and cat (Hand et al.. 2000) and i 
consistent with the idea o f setting maintenance energy re
quirements as a proportion o f body protein m ass (Agnew 
and Yan, 2000). Birnie eL al. (2000) examined fasting heat 
production of 12 <lry cows Lhat w ere fed to be eiLher thin or 
fal (mean BCS I .3 versus 4.7 with BW or 467 versus 692 kg) 
and determined Lhat daily NELmainl per cow wa essentially 
the same. The NEL maint per unit MBW was also the same 
if BW was adju ted lo a BCS o f 3.0. assuming I BCS was 
lO percent of BW. The committee recommends that future 
research examine the relationship between conrution .core 
and maintenance requirements but did not make any adjust
m ent in the current requirement because mo t or the chamber 
data w ith dairy cows did not inc lude information on body 
condition. 

lactation Requirements 

The NEL concentration i n milk i equivalent to the 
sum o f the heat. of combustion or individual milk compo
nents. N o changes have been made 10 NEL requirements 
except for minor changes to equation. for composition 10 

account for Lrue protein and NPN fractions. A s with Lhe 
seventh edition. the heat o f combustion of rnilk fat, true 
protein. NPN CP equivalent, and lactose are 9.29, 5.71, 
2 .2 1, and 3.95 kcal/g, respectively. Milk CP. when estimated 
as 6.38 xN. contains 5 to 6 percent NPN (D ePeters and 
Ferguson, l 992). Assuming mil k CP is 6 percent NPN and 
94 percent true protein, then the NEL value of milk CP is 
5.5 kcal/g. if the CP content of milk is known and the true 
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protein content is no t known, the NEL concentration of milk 
is calculated as 

NEL (Mcal/kg) = 9.29 x kg Fat/kg Milk+5.5 
x kg Crude Protein/kg Milk+ 3.95 x kg Lactose/kg Milk 

(Equation 3- I 4a) 

[f true pro tein is measured, Lhe energy or 1rue protein L 
adjusted up to account for the energy or NPN, w hich was 
assumed Lo equal 5.5 percent of milk CP and Lo have heat of 
combustion o f urea (2.5 Mcal/kg)or5.7 I +0.055x2.5= 5.85. 
. o the NEL concentration of milk is calculated as 

NEL (Meal/kg) = 9.29 x kg Fat/kg Milk + 5.85 x kg 
True Pro tein/kg Milk + 3.95 x kg L actose/kg Milk 

(Equation 3- 14b) 

Milk lactose content is the least variable milk component 
and is generally about 4.85 percent or milk and varies only 
slightly with breed and milk protein concentration. If milk 
lactose is not measured. it hould be set al 0.0485 kg/kg milk 
in the above equations. 

When milk rat is the only milk constituent measured. NEL 
concentration can be calculated using the formula of Tyrrell 
and Reid ( 1965): 

NEL (M eal/kg of milk) = 0.360+0.0969 x Fat (%) 
(Equation 3- I 4c) 

The NEL system in this edition is based on y ield of total 
energy in mi Lk and does not account for many or the ruffer
ences in metabolic transactions or the sub trates required 
for synthesis of i11dividual milk components. A ttempts to 
assign differential erficiencies o f' converting feed ME to the 
NEL or indiv idual milk components have been made (Bald
win, 1968; Dado et al., 1993 ); however. these calculations 
ignore energy losse. in metabolic transaction. outside o f the 
mammary gland and tbu are higher than those measured by 
calorimeLry (M oraes et al.. 2015). The measured calorimetric 
inefficiency o f use or ME for milk includes los es associated 
wilh metabolic transactions for conversion o f absorbed nuLri
ents into milk components, Lhe energy required for nutrient 

ab. orption. and increased rates or metabolism in visceraU 
Lis. ue required for support of increased milk production. 
Currently, data are lacking 10 confidently assign unique ef
ficiencies o f converLing ME to the NEL of individual milk 
components. 

Activity Requirements 

The maintenance requirement is as. umed to provide 
adequate energy for normal activ ity o f cows in confine
ment On many confinement farms. the distance between 
the hou ing area and milking center can be sub. tantial. but 
this probably has liule elJecL on overall energy expenditures 

PREPUBLICATION COPY-Uncorrected Proofs 



ENERGY 

(. ee Chapler 13). Energy expended for walking over a level 
surface is approximaLely 0.35 kcal of NEUkg of BW per 
kilomeler walked (Bro. h et al., 2006; Aharoni el al.. 2009: 
Brosh el al.. 2010). H the milking cenler was 200 m from 
the pen and a 650-kg cow was milked three times per day, 
the NEL expended for walking would be aboul 0.3 Mcal/d 
(about 2 percent of her maintenance requirement). Grazing 
cattle expend much more energy walking and gathering 
food; di cussion and equations for graz.ing can be found in 
Chapler 13. 

Environmental Effects 

Equations for the energy requiremenlS of thennal regu
l aLion have been devel oped and are used for beef cattle 
(NASEM, 20 16). In general , lactating dairy cows Lypically 
operale al much higher merabolic activily level and produce 
more heat per day than do beef callle. In addition, dairy 
cows are generally housed in environments that provide 
some shelter from cold conditions. Thu , cold stress i. nol 
as important for dairy cows as beef cattle. For lactating cows 
ill1 cold environments, the change in energy requirement is 
probably minimal because of the normally high heal pro
duction of cows consuming large amounts of f eed, and they 
likely require very liule extra d ietary energy LO counleract 
cold environments if they are kept dry and are not exposed 
directly to wind. Young ( I 976) summarized experiments wilh 
ruminant in which an average reduction in DM digestibility 
of 1.8 percentage unit!> was observed for each 10°C reduction 
i!l1 ambient temperature below 20°C. Much of lhis lowered 
digeslibilily under cold stress wa related to an increased rate 
of pas age through Lhe digeslive Lrac1 (Kennedy et al.. l 976). 
Because of Lhe effects of low Lemperalure on digeslibility. 
under exu·emely cold weather condition . feed energy values 
could possibly be lower than ex peeled. 

Dairy cow are often heat-stressed, and lactating cows pro
ducing Lhe mos1 milk are the most likely 10 be heal-stressed. 
However, Lhe commiuee determined 1ha1 in u flicient data 
were available to quantify these efTeclS accurately in dairy 
cows and Lo account for all importam factors such as ambi
ent temperature, relative humidity, radiant energy exposure, 
night-cooling, air speed, and level o f production. Heat stress 
may increase 1he maintenance requirement of dairy cattle 
by 7 to 25 percenl (NRC, 1981), but these values are based 
on very liule direct data. Measured by indirect calorimetry, 
fasting heat production increased about S percent and ME 
r equirement for maintenance increa. ed about 10 percent 
when dry cows were housed at 36°C compared with I 8°C 
(Kurihara. 1996). Hea1 stress induces behavioral and meta
bolic changes in cattle (West, 1994: W heelock et al.. 20 10). 
Some changes, such as increased respiration rate. panting. 
and immune activation. likely i rncrease energy expenditures. 
but the most important responses to heal stress arc the physi
o logical responses thal result in decreased milk production 
and feed consumpLion. W hen cow eating ad libitum in Lher-
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moneutral ily (temperature humidi ty index of75) were either 
heat-strcs ed (tcmperalure humidity index o f 65) or pair-fed 
a1 1hermoneutrality, heat production per unit of metabolic 
BW wa decrea. ed similarly. likely due to decreased feed 
intake, and no increase in Lhe maintenance requirement was 
detected (Lamp e1 al., 20 15). Heat-slressed animals employ 
novel homeomelic strategies that decrease milk production 
and decrease feed intake without a change in lipid mobi
lization (Baumgard and Rhoads, 2013). The decrease in 
DMl induced by heat slress is greater than what would be 
expected based on the decrease in mi lk y ield: therefore. 
equation. developed 10 estimate DMT under thennoneutral 
conditions will likely overestimate DM r under heat stress. 
and u ers may need Lo modify LheDMI estimate . . U ltimately, 
these change dccrea e tbe need for heat di sipation and are 
important for survival. However, they are difficult to model. 
Becau e of Ii mited data. adjustments for heat stress have not 
been included in the calculation of maintenance requirements; 
further research is needed. 

Pregnancy Requirements 

Energy requirements for gestation in NRC (200 I ) were 
calculated from a linear func tion of day of gestation starri ng 
at day 190 and . caled Lo calf birth weight ba ed on serial 
laughter data (Bell, 1995: B ell et al.. 1995). However. over 

a longer gestation period. the gravid uterine growth is bet 
ter described by a logistic or decaying exponential growlh 
function (Koong et al.. 1975: Ferrell, 1991 ). The function 
was r~manged so thal birthweight of the cal f was an input 
rather than an output. Gravid ulerine weight at partu ri tion 

(GrU ter_ W l(i • porturitiun>) and uterine weight immediately 
after calving (Uter_ Wlci~P:imiritiml) were estimated from calf 
birlhweight using dala from Bell et al. ( 1995) and House and 
Bel l ( 1993) data: 

GrUter _W t(, 8 pam.rition) =Calf birthweight X 1.825 
(Equation 3- J Sa) 

Uter _Wt(, .. Pan..-iuon> =Cal r birthweighn x 0.2288 
(Equation 3- 15b) 

Average birth weight (kg) o f calves born from multiparous 
cows are 44 (Holstein), 26 (Jer ey), 38 (Ayrshire), 48 (Brown 
Swiss), 36 (Guernsey), and 36 (milking shorthorns), and 
birthweight o f cal ves born from heifers averages 9 1 percent 
of those wejghts (Legault and Touchberry. 1962; Olson 
et al., 2009; Dhaka! et al., 201 3: Kamal et al.. 2014). Calf 
birthweight also c<m be estimaLed from MalBW: 0.063 times 
M atBW for a cow and 0.058 tjrnes MatBW for a hei fer. For 
these calculations, rull Lenn is as. umed to be 280 days or 
gestation, which is al o used in the software. 

Nonlincar regression (i.e., a logistic runction) of lhe data 
from Bel I et al. ( 1995) and House and Bel I ( I 993) was used 
to deri ve Eqlllalion 3- I 6a. T he model also predjct uterine 
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involution postpartum (Equation 3-16b) to maintain mass 
balance and predict relea. c or tissue energy and amino acids 
for productive u e in early lactation a. de. cribed by Hanigan 
et al. (2009): 

GrUter wt= (GrUter Wt1 . . > 
- - t .:s ~nunuoo 

X e C0.0243 - (0.00002.+S x DayG.,...1)) x 1280- OnyC".,.\I) 

(Equation 3-16a) 

UterWt =((Uter_ W1,1 . P:lnuri1i<ml -0.204) 
xe O.!xDayl.uc1)+0.204 (Equation 3-16b) 

where DayGest =day of gestation (day of gestation must be 
between 12 and 280), and Uter Wtc . . >=estimated - t • p:inunuon 

weight (kg) or uterus immediately postcalving (Calr birth-
weight x 0.2288). The involution rate is not !known with 
cenainty, but the value or 0.2/d will result in essentially 
complete involution by day 21 or lactation. 

Daily rates or wet tissue depo ition (kg/d) are derived 
from Equatjons 3-16a and 3-16b as (variables defined above): 

During gestation: GrUter_ WtGnin = (0.0243 

- (0.0000245 x DayGest)) x G rUter_ Wt 
(Equation 3- l 7a) 

During involution: GrUter_ WtG:un =
1 
--0.2 x DayLact 

x(Uter_Wt-0.204) (Equation 3-17b) 

The NEL gestational (Gest) requirements were calcu lated 
from the rate of change in gravid uterine tissue mass and by 
assuming tissue contained 0.882 Meal of energy/kg (House 
and Bell, 1993; Bell etal., 1995), an ME to gestation energy 
efficiency or 0. 14 (Fe1Tell et al., 1976; NRC, 200 I), and an 
ME 10 NEL efficiency or 0.66. 

Gest_NEL (Mcal/d) = GrUter_ Wt,,in x (0.882/0.14) 
x0.66= GrULer Wt . x4.16 

- gom 

(Equation 3- 18) 

Over a 60-day dry period. NEL requirements are essentially 
the same whether calculated using NRC (2001) or the new 
model ; however. calcu lated NEL requirements will be 
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lower for rar-ofT dry COWS and greater in prefresh COWS LIS

ing the new model as compared to 1he previous model (sec 
Table 3-3). Protein i. discussed in Chapter 6. 

Changes in Body Weight and Composition During 
Growth and Lactation 

In the seventh edition. body compo. iLion equations were 
ba. ed largely on data from beer caule w ith the standard rerer
ence anima l having aMaLBW of 500 kg. Modern Holstein 
have a MatBW of -700 kg (Tempelman eL al., 20 15), and 
dairy breeds are generally les. muscular than beef breeds. 
Several publications have reported the composition of grow
ing and mature Ho! teins in the past 20 years, and the com
mittee deemed that sufficien L data were avai I able to develop 
equations for Holsteins. Details on the data set and model 
can be found in de Souza et al. (2018). 

Tn this edition, body energy change is partitioned as (I) 
body frame gain (i.e., true growlh). (2) body reserves or 
condition gain (or loss). and (3) pregnancy-associated gain 
(considered a pregnancy requirement). Frame gain i nom1a~ 

skeletal growLh, the nom1al body gain Lhat occurs as animals 
mature from birth to adult, and includes the normal gains in 
skeletal muscle, adipose tissue, bone, organs, intestinal tract. 
and gut contents. Frame gain is the gain in BW without over
night fasting, a suming an animal maintain. a constant BCS 
and is not pregnant. A ll re<tuirements in the current model re
lated to growth assume BW gain is frame gain. The tissue that 
is lost and gained during times of nuu·icnt excess or deficiency 
in the lifo of an animal is body re. erves. Changes in body 
reserves are generally. bul not always, observed as changes in 
BCS. Condition core changes arc expected during a normal 
lactation cycle but can also occur in growing heifers if fed more 
or less than needed ror normal growth. Pregnancy-associated 
gain includes the growing fetus and associated tissues, includ
ing placenta and rnanunruy g land that increase as gestation 
progresse and are consiuered a pregnancy requirement. 

BW can be ilivided into empty BW (EBW, Lhe actual tis
sues of the an imal) and gut fi ll. Ba. ed on data or lactating 
dairy cows, g ut fill is about 5.2 timesDMI (Gibb et al., 1992: 
Andrew et al.. 1994). Forthe typical cow.eating at 3.5 percent 
or BW, gut fill would be 18 perccm (5.2 x 3.5 percent) orBW 

TABLE 3-3 Comparison ofGe. tation Energy and Protein Requirements Calculating Using NRC (200 1) 
and Current Model (Assumed Binhweight or Calr = 44 kg) 

Ge.o;ia1ion NEL. Mcnl/d Ge.~u11ion MP. g/d 

Uay ol liestmion NKC (2001 ) Current NRC (2001) Current 

50 0 0.04 0 3 
100 0 0. 1 0 13 
150 0 0.5 0 43 
200 2.7 I.~ 199 125 
220 3.0 2.0 245 185 
250 3.4 3.5 '.'06 320 
275 3.8 5.4 357 489 
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similar to N RC (200 1) anti NASEM (2016). Thus, I kg or 
rrame gain for a cow includes 0.82 kg of EBW and 0.18 kg 
of gut fill. The committee recognizes that gut fill may not be 
18 percent of BW gain in all cases, especially ir animals arc 

red at restricted intake or feel diets of mostly poor-quality 
forage. 

Energy of Tissue Mobilization and Repletion 

The tissue that is lost and gained during a lactation cycle 
or during other Limes of nutrient deficiency or excess in the 
IHe of a cow b mostly lipid anti considered body energy re
serve . Like most mammals. a dairy cow typically mobiliLcS 
body reserves du ring early lactation and repletes them during 

later lactation and the dry period. Optimum management of 
body reserve. improves the health and profitabi lity of dairy 
cows. Overly fat cows, e!>pecial ly those around the time of 
calving, have lower feed intake and increas.ed risk for dysto
cia and health problems. Conversely. overly thin cows have 
i11sufficient reserves for maximum mm. production and often 
do not conceive in a timely manner. 

Changes in body energy reserves are usually observed as 
changes in BCS. Although evaluation of BCS is subjective 
iil1 nature. it is the only practical method to evaluate body 
energy stores or dairy cows 0111 most f~u-rns. ln the United 
States. the most common systems of BCS use a 5-point scale 
originally proposed by Wildman eL al. (1982) with a BCS of 
1 being extremely thin and a score or 5 being extremely faL. 
Edmonson et al. ( 1989) developed a BCS system using a 
5-point scale based on visual appraisal of eight separaLe body 

Body 
condition 

score 

1 
Severe 

Vertebrae at Rear view 
the middle of (cross-section) 

the back of the hook bones 

,.4.. ~ 
underconditioning 

2 ~ ~ Frame obvious 

3 & ~ Frame and 
covering 

well balanced 

4 ~ (~ _j_ ~) Frame not 
as visible 

as covering 
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locations (see Figure 3-3). Analysis of vaiiamion due to cows 
and to individuals assessing BCS suggested that visual ap
praisal of just two locations (belween Lhe hook. and between 
the hooks and pins) had the smallci.t error due lo assessor 
and accounted for the greatest proporLion of variation due LO 

intli vidual cows. 
Despite the emphasis on measuring BCS over that past 

30 years. <lat.a are. urprisingly lacking on the mathematical 
relationships between BCS, BW change, gul fill, and bo<ly 
composiLion changes of dairy cows. Much of the available 
data are from transition cows during whichl time BCS and 
feed intake are changing in opposite directions so that actual 
BW loss is masked by increases in gut fill as feed intake in
creases during early lactation. Studies are needed in this area. 

BW Change per BCS 

ln NRC (200 I). each BCS unit was associated with a 
change in BW of -14 percent, or about 80 kg for a typical 
Hol Lein cow, and the weight gain or los!. associated w ith 
changes in BCS was considered to be 18 percent gut fill. 
Using deuterium oxide dilution, Komaragiri and Erdman 
( 1997) ob~crved a change of 63 kg per unit BCS in cows 
with an average BW of 667 kg. and Komaragiri and Erdman 
( 1998) observed a change or 59 kg per un ii BCS in cow. 
with an average BW or 634 kg. Other studies found BW 
per BCS values o f 56 kg ror 640-kg cows (Chillard et al .• 
1991), 56 kg for 558-kg cows (Otto et al., 1991. which was 

inco1Tcctly interpreted in the seventh edition). and 56 kg for 
597-kg cows (Waltner cl al., 1994). A summation of the data 

Side view of the line Cavity between tailhead 
between the hook and pinbone 

and pinbones Rear view Angled view 

~~~ 
~ir-~ 
~irf? 
-~ ~(if 

5 ~ ie.. i~~ VfT Severe 
overcondltioning 

FIGURE 3-3 Body condition scoring chan. 
SOURCES: M'hamdi et al. (2012): adapted from Edmonson et al. (l989). 
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across these studies suggests a mean BW change per unit of 
BCS of 9.4 percent of BW. This BW change is assumed to be 
entirely empty BW change; in other words, changes in body 
mass that are due to gains or losses in BCS are not associ
ated with changes in gut fill. ln the seventh edition, gut fill 
was set al 18 percent of BW, and therefore, the mass of gut 
fill changed with BW as BCS was lost or gained in lactating 
cows. ln growing animals. gut fill increa e. proportionally 
as an animal matures, but this is not true for cows. in which 
gut fill varies wilh the changes im DMI (Andrew et al., 1994) 
during the lactation cycle. Therefore, changes in BW associ
ated with changes in BCS are assumed to be all body tissue 
(EBW) with no change in gut Ii II per unit BCS: hence, I kg 
of live body gain is I kg of empty body gain ror changes in 
BCS. Cows do not eat more as they gain BCS: in fact, BCS 
is inversely associated with DMI (Garnsworthy, 2006; de 
Sou.ta et al., 2019). Assuming gut fill is 18 percent of BW. a 
change in I BCS unit would be equal Lo 11.5 percent of BW 
r:or a cow at a BCS of3. This value should be slightly higher 
r-or a thin cow and slightly lower for a fat cow. 

Composition and Energy Content of Changes 
in Body Reserves 

In the seventh edition. the composition of changes in body 
reserves was dependent on the starting and ending BCSs, 
w ith a greater proportion of fat im the change as average BCS 
increased. With that system, the RE of empty booy changes 
associated with reserves varied from 5.1 M eal/kg in very thin 
cows Lo 9.6 McaJ/kg in very fat cows. However, based on the 
constant fat content per unit BW change cited earlier, this is 
not supported by evidence. The current commiuee deemed 
the difference Loo small Lo warrant the increased complexity 
of differential energy values for BCS changes for cows with 
BCS ranging from 2 Lo 4. Most cows on fanns are within 
these bounds: hence, the composition of B W change for BCS 
changes is considered a constant. 

The energy value of a kilogram of true body tissue that is 
lost or gained is dependent on the relative proportions of fat 
and protein in the tissue and their respective heat of eombus
tjon. As in the seventh edition. the committee chose 9.4 and 
5.55 M eal/kg for retained body fat and protein. The current 
committee estimates that gain or loss of empty body in lac
tating cows between BCS of 2 and 4 contains 62.2 percem 
fat, 27.6 percent water, 8.1 percent protein, and 2.1 percent 
ash and has an energy value of 6.3 Meal/kg. 111ese values are 
based on L11e fat content of EBW from Chillard et al. ( 199 1 ), 
Komaragiri ~nd Erdman ( 1997, 1998), Ollo et al. ( 1991 ), and 
Waltner et al. ( 1994), as well as the protein and ash content 
of fat-free mass of Waldo et al. (1997). Because gut fill does 
not change with BCS. the composition and energy value or 
BCS gain or loss is the same on a BW as an EBW basis. 
Assuming that I BCS unit equals 9.4 percent or BW, a I-unit 
change in BCS for a 650-kg cows equals 61 kg of body 
mass containing 385 Meal of emergy and 5.0 kg of protein. 
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Because ME is used more efficiently for gain of reserves than 
for production of milk during lactation (74 percent versus 
66 percent), a I-unit gain in BCS (385 Meal of reserve RE) 
requires 520 Meal of ME, and this equates to only 343 Meal 
of feed NEL Conversely. a l oss of I BCS unit for a 650-kg 
cow would equal a loss of 385 Meal of RE and provide 343 
Meal of NEL (equivalent to the energy in 490 kg of milk 
with 3.S percent fal). 

Based on the values from Table 3-2, the energy require
ment in NEL units for body reserves gain is as follows: 

If lactating: 

NEL (Meal/kg gain)=6.3 Meal RE/kgx0.89 
=5.6 Meal NEL/kg BW gain 

(Equation 3- I 9a) 

If not lactating: 

NEL (M eal/kg gain) =6.3 Meal RE/kg x 1.10 
=6.9 Meal NEL/kg BW gain 

(Equatjon 3- l 9b) 

ThcNELava.ilable from mobilization of body tissue and thus 
not needed in the diet is 

NEL available (Meal/kg loss)=6.3 Meal RE/kg 
x0.89=5.6 Meal NEL/kg BW loss 

(Equation 3- I 9c) 

Mobilization of body tissue is normal during early lacta
tion to support the energy needs for lactation, as it is i11 many 
mammalian species. A loss ofO.S BCS unit typically occurs 
during the first 60 days postpartum in dairy cows. 

Energy Requirements for Frame Growth 

rn NRC (2001 ). energy requirements for growth were de
veloped for heifers using the Beef NRC ( 1996) system. The 
RE associated with gain was dependent on where Lhe animal 
was in its growth curve relative to a standard reference animal 
with 498 kg MatBW and on the animal's average daily gain 
(ADO). The effecr of ADO on Lhe composition of gain was 
very small, with ADO taken to a power of 1.097. Published 
reports in lhe past 20 years w ith widely divergent nutrition
ally induced changes in rate of gain of Holstein heifers show 
that the composition of gain can change much more than that 
previous equation estimated (Radcliff et al., 1997: Brown 
et a l .. 2005; Meyer, 2005; Davis Rinckeret al., 2008). Jn stud
ies where BCS was measured, diets that cause different rates 
of gain can cause large difTerences in BCS (RadclifT et al., 
1997): however, in studies w ith younger heifers, diets thal 
cause divergent rates of gain resulted in very little change in 
the composition or gain (Meyer, 2005). ldeally, the changes in 
body composition due to fast or slow dai ly gain from dieta1y 
manipulation of heifers should be assigned to changes in body 
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reserves and not to frame gain. but data on the effects of diet 
on gain and BCS are lacking. Thus, due to insufficient data, 
no allowance was made for rate of gain to alter the fat content 
of growing heifers in the current model. For growing heifers. 
BCS is not used!, but the assumption is that the heifers will 
be fed to maintain moderate body condition. Th.e commiuee 
recommends that funher studies be conducted so that body 
gain of heifers can eventually be pa.rt.itioned into frame gain 
and condition change, using a sy. tern to a .. ess change in body 
fatness such as body condition scoring or ultrasonic fat depth. 

The commitlee reemphasizes that frame gain assume. 
appropriate gain of lean and fat ti sue. for an animal main
taining a BCS of 3. An animal can gain frame mass while 
losing body condition. The seventh edition allowed for cows 
in their fir t and second lactation 10 gain frame ma. s and 
change condition simultaneously, but the growth equations 
ror cow were not included in the computer model. The cur
rent version supports both frame gain and body condition 
changes for cows but includes only frame growth for heifers. 

[n the current version. both BW and the gain in BW 
for frame growth in heifers are 85 percent tissue and 
15 percent gut fil l. For immature cows, gut fill j s calculated 
a 18 percent of BW or BW gain. Requirements for frame 
growth are described and justified in Chapter I I. The equa
tions are as follows: 

Fat in Frame ADG (Fat_ADG), g/g=(0.067+0.375 
x (BW/MatBW)) x EBG/ADG 

(Equation 3-20a) 

Protci 11 in Frame ADG (Protein_ADG) 
=(0.201 - 0.081 x(BW/MatBW))x EBG/ADG 

(Equation 3-20b) 

RE of Frame ADG (RE_FADG), Mcal/kg=9.4 
x Fat_ ADG + 5.55 x Protcin_ADG 

(Equation 3-20c) 

The efficiency of converting feed ME to neL energy for 
gain (NEg) using NRC (200L} equations averaged abouL 
().40. The effic iency of converting NEL to NEg is based on 
conversions of0.40 ror ME to NEg and 0.66 for ME to NEL 
and is thus 0.40/0.66 = 0.61; Lherefore. 

ME for Frame ADG (ME_FADG, M eal/kg) 
= RE_FADG/0.4 (Equation 3-20d) 

NEL for Frame ADG (NEL_FADG, Meal/kg) 
= RE_FADG/0.61 (Equation 3-20e) 

Comparison of New Energy System to the 2001 System 

A variety of diets lhat differed in forage quality and con
centrations of . larch, forage NDF. tolal NDF, fa!., and CP fed 
at DMis or 3.5 and 4.8 percent of BW were evaluated using 
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the NRC (200 I) equations and equaLions in this version. 
Two dry cow diets were also evaluated. The concenu·ation 
of NEL (M eal/kg) in lactating cow diet. averaged about 
8 percent higher (range, 6 to 12 percent) using lhe new 
model, and dry cow diets were about 10 percent higher. Us
ing the 2001 model. energy concentrations in the lactating 
cow diets ranged from 1.53 to 1.63 Meal/kg and from 1.65 
10 1.77 Meal/kg ror the new model. Energy concentration 
in dry cow dieLS increased from abouL 1.4 to 1.55 M eal/kg. 
111e greatest difference for lactaling cow diet. was observed 
at the high intake (about 10 percent higher). Generally, the 
NEL concentration of high-starch diets increased more than 
low-starch diet. when comparing the new model to the old 
model. Energy requirement. on average increased about 
8 percent wilth the greatest relative increase for high-BW. 
low-producing cows. Energy requirements using the new 
ystem increased about 6 percent for a 650-kg cow produc

ing 55 kg of milk but by about 11 percent for the same cow 
producing 30 kg of milk compared 10 NRC (2001). The 
greatest effect was on dry cows. The energy requirement of 
a 700-kg dry cow 20 days before calving increac;ed by about 
30 percent. B ecause this is an energy system. lhe comparison 
that i. most important is energy bal ance (NEl. intake - [NEL 
for maintenance+ lactation + gestation + growth I). For lactat
ing cows, NEL balance averaged about 0.6 M cal/d (about 
1.5 percent of NEL requirement) more with the new system 
compared to NRC (2001 ). For dry cows, NEL balance was 
about 2.8 M eal less with the new system compared 10 the 
old one. For lactating cow .. Lhe difference between the new 
system and Lhe old system was related Lo milk production. 
Net energy balance was less with Lhe new system for lower
producing cows than Lhe old sy tem. Conversely. NEL bal
ance was greater with the new system than Lhe old system for 
higher-producing cows. This means that a higher-energy diet 
fed to a high-producing cow (also high DMT) wi ll support 
greater milk production using the cun-cnt system tl1an the 
same diet would using the NRC (200 I) system. Conversely, 
u ing the current system would need to consume a lightly 
higher-energy diet to obtain the same production and body 
condition Lhan would Lhe NRC (2001) system. For dry cows. 
a diet fom1ulated to exactly meet requirements using NRC 
(200 I ) wou Id not meet the energy requirements using the 
current system even though energy den. ity o f the diet would 
be greater with the current system than with NRC (2001). 

Energy Partitioning 

Production response to increased energy imakc is depen
dent on how energy is partitioned between milk yield and 
body energy reser ves. Energy partitioning is mostly affected 
by stage of lactation but al so by the interaction between 
diet and the physiological state of cows as they progress 
through lactation. Cows that produce more milk need more 
glucogenic fuels, so increasing the starch content of rations 
results in a more positive milk respon e for cows that produce 
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more milk (Voelker el al., 2002). Milk yield response to dry 
ground corn substituted for soyhulls at 30 percent of the diet 
DM increa. ed linearly with mil k y ield a. it increased from 
28 to 62 kg/d, w ith no respon. e for cows at the l ower end of 
the range in milk y ield (B oerman et al., 2015). A s lactation 
proceeds, insulin concentratiom and sensitiv ity or Lissues 
im1crea. e. Increasing glucose supply beyond Lhat required for 
milk production increases plasma concentrations or g lucose 
and insulin and partitioning o f energy to body re erve . Intra
venous glucose ~nfusion or up 10 30 percent of NEL require
ment in mid-lactation cows linearly increased plasma insulin 
concentration, energy balance, BW, and back fat thickne. s, 
without affecting DMI or milk y ield (Al-Trad et al., 2009). 

Decreasing diet starch content by substitution o f high
riber by-products, or even fat. for cereal grains increases 
energy partiLioni ng 10 milk (Boerm an et al.. 2015; Pons et al., 
2017). For instance. substitution or soyhulls for dry ground 
corn in diets of mid- lactation cows increased y ield of milk 
fat linearly with a subsequent linear decrease in BW with no 
efTect on milk y ield (lpharraguerre et al.. 2002). Tn addition. 
s.ubslitution of beet pulp for barley grain in rations fed to 
cows in late laclalion linearly decreased plasma concentra
tions o f glucose and insulin. BCS. and back fat Lhickne. s; in
creased ruminal pH linearly; and tended to linearly increase 
milk fat yield and milk energy output (M ahjoubi et al.. 2009) . 

Increasing dietary starch can increase the ri. k o r milk fat 
depression by altering ruminal biohydrogenation of long
chain unsaturated FAs (Bauman et al ., 20 I I ), as discussed in 
Chapter 4. Certain conjugated Hnoleic acid (CL A) i omer , 
including /rans- I 0, cis-1 2 C1 8:2, are produced i n Lhe rumen 
w hen biohydrogenation is altered by highly fermentable di 
et . Thi CLA i omer downreguJate. several genes involved 
i111 lipogenesis, decreasing de novo FA synthesis in tbe mam
mary gland (Baumgard et al., 2002) while having opposite 
e fTects on expression o f genes involved in lipogenc.<;is in 
adipose tissue (llarvatine et al. , 2009: Jenkins and Harvatine, 
2014). Thus. this CLA isomer ha. a role in energy partilion
ing by reducing milk energy output paring energy for lipid 
s.ynlhesis in adipose tissue. 

Feeding high-starch diets to high-producing cows in early 
lactation may support maximal production o f milk w ith 
minimal loss of body reserves: however, in later lacrnlion, 
o nce cows have adequate body reserves. replacing . Larch 
w ilh other energy sources such as digestible fiber can help 
prevent overfauening while still maintaining high milk pro
duction. Althoug h a quaotitalive prediclion of effects of diet 
on energy partitioning is not currently feasible, the effects or 
diet on partitioning should be considered when formulating 
diets and are useful when combined with observation of cow 
responses to diets on farms. 

Feed Efficiency 

Feed efficiency is a complex trail for which no . ingle 
definition is adequate. For simplici ty. dairy feed efficiency 
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is usually defined as milk output per unit of feed input, with 
the uni Le; generally being mass. energy. protein , or economic 
value. Although the major product for a damry cow i. milk. 
change. in body tissue can result in misleading values for 
feed efficiency and should no t be ignored. When evaluating 
feed efficiency over an animal's lifetime, all feed used as a 
calf, hei fer, and cow and all products produced, including 
milk, meal, and newborn cal ves. should be considered. When 
evaluating feed effic iency of lactating cow for portions or 
a lactaLion. corrections should be made for changes in body 
tissue as 

Feed efficiency= (Milk energy+Changc in body energy) 
I Feed energy input (Equation 3-21) 

Feed effic iency could also account for feed that is wasted 
by the cow and losses that occur during harvesting, storing. 
mix ing, or feeding. To define effic iency on a global scale. 
consideration should be give to human-consumable inputs 
versus other foods. fossil fuels. water. and land, as well as 
outputs of greenhou e gas. es, pollutants, fertilizers, and olher 
products not used for human consumption. How dairy caule 
are fed al so impacts Lhe broader ecosystem rural socio l 
ogy, food qllality, animal well-being. the need for oil, and 
the beef industry (fewer dairy cows will increase the need 
for beef cow.). These considerations have been discussed 
(Oltjen and B eckett. 1996; Arriaga et al .. 2009: Capper and 
Bauman, 201 3; Connor. 20 15: VandeHaar et al.. 20 16). 
Improvements in feed effic iency generally translate into 
improvements in environmental sustainability, as illustrated 
by Capper et al. (2009). 

Feed efficiency, no mauer which metric is used. is gener
ally greater with greater milk production per cow (Vande
Haar et al., 2016). The first portion or feed eaten by a cow 
is used for maintenance; feed consumed above maintenance 
requiremem is captured in milk or Lissue. Jf milk energy 
output is considered in units needed for maintenance. then a 
cow producing milk at 3x her maintenance requirement uses 
only 25 percent of her NEL imake for maintenance and can 
use 75 percent for milk, assuming no change of body tis ue. 
A l 4x maintenance, she uses 80 percent of her NEL intake 
for milk. The dairy industry in Nonh America has increased 
reed efficiency considerably over the past I 00 years as milk 
production has increased. Currently, the average cow oper
ates at -3x maintenance intake, so there is still room for 
improvement. VandeHaar (l 998) estimated that H olsteins 
w ith a mature BW of 625 k g would nearly attain maximaU 
li fetime efficiency at 2 1 10 24.000 kg of mi lk per year. AL 

one time, this seemed an u11likely level of productivity for 
the average farm. but wilh current technologies, it now seems 
less unrealistic. However, because ma in tenance req uiremen LS 

per unit o f metabolic BW have increased, higher levels or 
produc tion will be needed lo achieve maximal efficiency. Lr 
maintenance is 25 percent greater (0.1 0 versus. 0.08), then 
the mHk production 10 achieve maximal efficiency also w ill 
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be 25 percenl greater, assuming no change in MatBW. To 
continue to improve efficiency in dairy callle, lhe industry 
may need to focus more on efficiency as a goal Lhan a. lhe 
by-product of focusing on productivity. Breeding programs 
have started to focus on efficiency by selecting against larger 
cows and by selecling for a more negative residual feed in
take, which is a measure of actual versus predicted intake for 
an individual cow. RFI is not very useful in making nutrition 
and management decision on farms, but it shows prom i. ea 
a tool for genelic selection (Veerkamp et al. 1995: Connor, 
2015: Pryce et al.. 2015: Tempelman et al., 2015). 

When feeding and managimg cows. maximiz.ing feed 
efficiency, as defined by milk output per unit feed input, is 
seldom a worthy goal. Diet. high in fat, starch, and protein 
and low in fiber will aJmo t always increase milk to feed 
ratio, but these types of diets are not always conducive to 
optimal profit. health. and sustainability. As described earlier 
i11 this chapter and elsewhere. high-grain (starch) diets are 
more digestible and can increase feed intake and milk . olids 
output during peak lactation. However. high starch decreases 
digestibi l ity of lllber. and high starch and fat can decrease 
feed intake in some cases. Monitoring responses to diets is 
a key part of managing for efficient milk produc tion. More
over, one of Lhe important contributions of ruminants is their 
ability to digest foods that humans cannot elTectively use or 
will not consume. Cattle can make use of fiber and thu en
able humans to indirectly derive nutrients from fiber. Rumi
nants can convel't the myriad of high-fiber by-product feeds 
that are available across mo l of the world into human food. 
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Fat 

INTRODUCTION 
r:rom a nutritional perspective, "fat" i a generic term to 

describe dietill) compound-. that are predominantly fatt> 
acids (FAs). which include triglyceride., pho pholipids. 
galactolipid..,. nonestcrified r:A. and sahs of FA. The glyc
erol bad.bone in trigl>ceridcs and -.ome phospholipids is 
nutritionally equi valent to a carbohydrate. as are the ugar 
moietie in galactolipids. These FA compound~ are soluble 
in non polar -.oh en ls. and traditionally, crude fat or ether 
extract has been delined balled on gravimetric determination 
of lipid-extrJctable component\ of feedi>. Becau e the solvent 
u. ed is not always truly an ether, and various modificationll 
of the chemical procedure exil>l, the tem1 "crude fat" is used 
herein, rather than "ether extract," to define lipid mas in 
reed!-. detennincd gravimctrically. This solvent-extracted 
ma.-.s include-. the non-FA portion of the crude rat. including 
moieties co,alently bound 10 FA as "elJ as non-FA lipids. 
Fat is typically fed to incrett'ic the energy density of the diet. 
and long-chain r A arc the major cnerg>-rich moiety of fats. 
The ref ore. !ipeci f) ing dietary FA content of feed is prefer
able to extn1c1ion methodology. especially bccau e different 
e>.traction methodologie-.. 'uch as ethyl-ether e>.traction. 
hexane or "petroleum ether" extraction, or acid hydrolysis 
ether extrJction. yield different values. Additionally. deter
mination of total FA in feed'> using quantitati'e reco' Cl") 

and subsequent analysis by gas- liquid chromatography 
gives useful infonnation on the -.pccific FA fed. Quantita
tive extraction o f lipid!> prior to FA analy is is critical, and 
internal Mandard-. of FA that do not occur in feeds should be 
added to adjust for loss of FA during the analytical process. 
However, when extrnction of lipid!. i. followed by sub. e
qucnt FA analysis. there is no concern about using solvent 
systems that abo extract non-f-A component • provided the. e 
compoundi. do not subsequently manife. t as unidenlilied FA 
i:n the chromatogram and mi!>.takenly contribute to total FA. 
Sec Chapter 18 for additional details on methodology. 

-10 

The primary dietary FAs are the 16-carbon and 18-carbon 
saturated FAs, palmitic acid (C 16:0) and stearic acidi. 
(C 18:0). and the unsaturated 18-carhon FAs "ith er~ double 
bond<,: either a single double bond at the 9 carbon (olcic acid, 
Cl8:1cir-9),doublcbondsatthe9 and12po ilions(linoleic 
acid. Cl8:2 d5-9. 12). or double bond at the 9. 12. and 15 
positions (the "alpha" fomi of linolenic acid. C 18:3 ci.5-9. 12. 
15). Other "d, .. unsaturated FA . such ill> palmitoleic (C 16: I 
cis-9) and gamma-linolenic acid (C 18:3 ds-6. 9. 12). gener
ally arc not major components or mixed diets but may occur 
at signi ficant level!> in cert~1in feed:.. Elaidic acid (Cl8: 1 
tram-9) and other trans-C 18: I FAs may al. o be present in 
dietl'.. Vacccnic acid (C l 8: I t rans- 11 ) is present naturally in 
unprocci.!>cd tallow. and claidic acid and other trc111s-C 18: I 
FA!-. arc prevalent in partially hydrogenated fat upplcments 
and may be present in other feeds. Also. FAs of20 carbons 
or more can be round in feeds such as rape. ced and marine 
producL'>. The list is not so vast as to preclude individual FA 
analysis, especially because all are easily quantified by the 
same gm.- liquid chromatograph) method. As more feeds 
arc analyLcd by chromatogmphy, near-infra red i.pcctroscopy 
prediction equation., might be able 10 pro' ide infomiation 
on FA content. If FA concentration is not lno\\ n, it can be 
estimated from crude fat data (Daley et al .. 2020: sec Chap
ter 19). Within. but not acro:.s. a specified feed . ource, the 
fraction of crude fat that i~ FA. and the proportion of !.pecific 
FA within total FA. often is rea. onably coru,tant. However, 
man) domc~tic plant .,pccic~ ha\e dii.tincl !>lr.lin!. that 'ar) 
markcdl> in FA proportions ru. a result of !>elective breeding 
or by direct genetic modification. 

The tenn "fat'' can refer to triglyceride. in a solid form. 
but "oil'' u!-.ually refers 10 triglyceridcs containing more un
saturated FA and are liquid al 25°C. Oleic. palmitic. and stca
ric acids have melting pointi. of 7°C to I 6°C. 63°C. and 7 1°C. 
Salls of FA have higher melting points that arc dependent on 
the cation. Adding liquid oi ls or molten fat& to feeds hru the 
additional value or reducing du. tincss or feeds. High melting 
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point fals manufactured into dry, g ranular products can be 
handled easily in conventional feed systems, and this can be 
a . ignificant advantage provided they remain nutritionally 
available. When ty pical forages and grain concentrates are 
fed to cattle, die tary FA concentration is near 3 percent o f 
diet dry matter (DM ). but all- forage diel. and early growth 
pasture can have significanlly higher level s o f FA (B oufaied 
et al ., 2003). Various forms of supplememal fat can be fed, 

including oilseed. , rendered animal fats, extracted plant oils, 
and processed dry, free-nowing fats. ln adclition co increas
iil1g energy densi ty o f the dieL fat . upplementation can also 
i111crease absorption or fat-soluble nutrients and provide e. -
emial FA (Jenkin. and Harvati ne, 20 14) . In general, diets 

w ith greater than 7 percent total clietal'y FA are not recom
mended (NRC. 2001). 

RUMEN METABOLISM, DIGESTION, 
AND ABSORPTION 

For general reviews of lipid digestion and absorption in 
ruminants, see N oble ( 1981 ) and Jenkins ( 1993), as well 
as the quantitati ve reviews o r FA digestion of G lasser et al. 
(2008b). Schmjcfely et al. (2008). and Bocm1an cl al. (20 l 5a). 
Dietary eslerified FAs arc rapidly hydrolyzed by lipolylic 
microorganism. within the rume·n Lo yield free FA . Following 
hydrolysis. indiv idual un aturaled FA can be hydrogenated by 
ruminal bacteria. Complete hydrogenation o f an un. aturated 
FA invol ves several steps that may be per formed by dilTerent 
microbial specie (Dewanckele et al., 2020): therefore. the 
ex tent of biohydrogenation and the products of hydrogenation 
vacy. Stearic acid formed by complete biohydrogenation o f 
un aturated dietary C 18 FA is produced by rurninal microbes 
in intimate contac t w ith an unsaturated FA molecule that is 
not buried inside o ther FA molecules. These exposed FAs are 

d isper"!ied on feed particles or are pan of the mic robial now 
and are no t thought to physically reaggregate. T his clistributed 
stearic acid may have a different digestive fate than stearic 
acid or steamte . al ts aggregated into larger particlel in con
cemrated fat supplements. Biohydrogenation o f linoleic or 
Uno lenic acid reduce their po. tabsorptive ability lo meet the 
animal '. requirement for these two essential FAs. 

Incomplete b iohydrogenation o f l ino leic and lino le

nic acid can result in a variety of FAs. including various 
conjugated lino leic acid (CLA.) and 1ra11s-monoenoic 
FA (Bauman and Griinari. 2003; B auman el al., 20 11). 
Trans-monoeno ic FA can also arise from isomerization of 
oleic acid . Some bacteria hydroxy late FA. but these route. 
p robably represent a minority of FA transformations in the 
rumen (Fulco. 1974; M cKain et al.,2010). Microbial produc
tion o f tra11S- lO FA is increased in cliets with higher starch 
fe rmenLability and ruminal lactate concentration. Several of 
these microbially produced FAs have bioac tivity and health 
implication s in both the animal and humans eaLlng the fat 
derived from these animals (Bauman and L ock. 2006). 
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Most dramat ically, 11w1s- l 0 , cis- 12 CLA directly reduces 
mammary gland rat secretion in lactating cows. Other CLA. 
have also been shown LO be active, but c is-9 , trans-11 CLA. 
which is formed largely from mammary g land desaturation 
of absorbed rrans- 11 C 18: 1, does not depress milk fat secre
tion (Bauman and L ock. 2006). Elevated milk tmns- LO CJ 8: I 
has a strong statistical association with mil lk fat depression 
(Matamoros et al.. 2020) and may (Shing field et aJ., 2009) 

or may not (L ock et al., 2007) have a direct causal effect on 
mammacy fat secrelion. lf rrans-10 FA L bioacLive, it is much 
less potent and required at higher concentrations than the 
active CLA isomers. However, t rans- 10 FA also frequently 
occurs in much greater quamities in milk fat Lhan those CL As 
lhat depress milk fat secretion. 

Estimate for net nrminal disappearance of polyun atu
rated FA (PUFA), presumably via biohydrogenation, range 
from 60 to 90 percent (B ickerstafTe et al.. 1972; M auos and 
Palmquist, 1977; Jenkins and Bridges, 2007) . Because of hy 
drogenation in lhe rumen, C I 8:0 and CJ 8: I are the major FAs 
leaving lhe rumen. Some or lhe 18: 1 leaving the rumen is cis-9 
(oleic) but also includes frans-10, m ms-11, and other rnonoe
noic 18-carbon FAs derived from isomeriation of dietary 
oleic or partial hydrogenation of lino lcic and linolenjc acids 
(Glasser et al., 2008b). Loss of oleic, linolek. and linolenic 
acids in " unprotected'" feed fats was 86, 82. and 86 percent. re
spectively (Jenkins and Bridge . 2007) . Thi. exten. ive ruminal 
los. of PUFA was tnre for oi l. eeds and for caJcium (Ca) salts 
and f ormaldehyde-'"protected" faL'i, but duoclenal oleic now 
was o ften increased w ith o ilseeds or " protection." B ecause 
monocnoic FAs are an important amphiphilc, Lhis increased 
duodenal now of o leic acid may be beneficial for FA digestion. 

The ruminal e cape o r limoleic acid aver ages 20 percent 
with a range o f 5 to 30 percent; for lino lenic acid, corre
sponding values are 8 percen t and 0 to 15 percent (D oreau 

and Ferlay, 199-l.). Noble ( 1984) reported estimates of py loric 
now of linoleic acid as 0.3 to 0.5 percent or diet intake on 
an energetic basis. Glasser et al. (2008b) reported a mean 
now to the druodcnum of total C L8:2 of 2.3 g/kg dry matter 
imake (DMf), w ith a range of 0 to 12.7. In addition. they 
reported that linoleic acid ranged from 5.4 to 98.4 percent 
of totaJ 18:2, with means o r 65.3 percent and 80.3 percent 
in basal and lipid-supplemented diets, respectively. rn this 

same review, 18:3 now ran ged from 0 to 3.5 g/kg DMf. 
with an average flow of 0.5. The lino leic acid requirement 
for grow ing and reproductive swine is set at a 1 g/kg intake 
(NRC, 2012). A dairy diet could easily contain I percent 
lino leic acid. so 10 percent apparent e cape would just 
meel th is requirement. Ca sails of rapeseed oil FA did not 
protect these PUFAs compared to free rapeseed o i l trig lyc
eride (Ferlay et al .. 1993). Similar results were reported for 
soybea.n oil and Ca salts of soy bean o il (Lundy et al., 2004). 
Small changes in mass now o f these essential FAs may have 
important e fTects on animal health, but these responses may 
be difficult to evaluate and the changes in FA now difficult 
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to produce or predict with current technology. The postab
. orptive fate of PUFA following absorption is discussed in 
Lanier and Corl (2015). 

In addition to their role as sources of essential FA and 
duodenal conjugated linoleic and traus-monoenoic FA, plant 
oils rich in unsaturated FA have previously been purported 10 

have a marked negative etTect on fi ber d igesti bil i ty (Jenkins, 
L 993). Based on analysis of literature o r fat etTects on total
tract neutral detergent fiber (NDF) digestibility in lactating 
dairy caule, Weld and Armentano (2017) found a marked 
negative etTect of supplemental Cl2 and CE4 saturated 
FA (!auric and myrislic) on total-tract NDF digeslibi l ity, a 
modest negative efTect of vegetable oils. and no significant 
depressing effec t of other FA sources. At 3 percent supple
mental FA from vegetable oi ls. the long-chain FA oi l effect 
would correspond to a decrease of about I .3 percentage units 
of digestible NDF. The response appear. linear. so feeding a 
very high level of oils should be avoided. In the few studies 
that reported rumen NDF digeslion, oil supplements did not 
appear to decrease rumen digestion. At typica I fat supple
mentation levels, the negalive effect of oi ls on digestible 
energy (DE) intake through depression of NDF digestion 
is minor compared to their positive effects on diet energy 
density and their potentially negative efTects on DMI (Weld 
and Arrnentano. 2017). A lthough there was no significant 
efTect associated w ith C: 16 in Weld and Armentano (20 17). 
s.ubsequent studies have shown increased NDF digeslibilily 
w hen fats composed mostly of C l 6:0 are added Lo the diet 
(de Souza and L ock. 20 19: Western et al., 2020). 

Microbial oxidation of long-chain FA is limited, although 
disappearance or FA of 14 carbons and shorter occurs in the 
rumen in vivo (Wu et al. , 1991), although in vitro. loss is in 
FAs shorter than C 14 (Wu and Palmquist, 199 L). Net FA bal
ance across the rumen is also affected by FA synthesis by ru
men microorganjsms, which is obvious at least for odd-chain 
and branched-chain FAs both in vitro (Wu and Palmquist., 
1991) and in vivo (Vlaeminck et al. , 2006). Regression 
or FA now at the duodenum versus intake revealed a slope 
of only 0.8 (g duodenal FA/g intake FA) and an imercept of 
9.3 (g duodenal FAJkg DMI) with a common regression for 
"protected" and other lipids (D oreau and Ferlay. 1994 ). The 
intercept gives an estimate of net endogenous mmen synthesis 
of FA, and the slope of 0.8 indicates 20 percent true disap
pearance of FA in the rumen. assuming a con. tant endogenous 
FA synthesis as fat intake increases. Disappearance cou ld be 
due 10 microbial catabolism, or catabolism or absorption by 
rorestomach epithelium. A simi lar result was obtained when 
plotting FA duodenal now (g/d) against intake of fo'A (gld), 
with an intercept of 93 g/d and a slope or0.84. corresponding 
to 16 percent true digestibility in the rumen (Boerman et al., 
2015a). lf endogenous FA is set at 15 g/kg lipid free organic 
mauer digested in lhe rumen and assumed to decrease linearly 
as FA intake increases, then the slope of estimated dietary 
FA passage relative lo intake could be interpreted as a lower 
true ruminal digestibility of 8 percent (Jenkins. 1993). The 
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quantitative relalionship based on constant endogenous FA 
synthesis of 9.3 g/kg OMI and 20 percent true rumen disap
pearance of FA would yield 0 percent FA apparent ruminal 
digestibility al 4.6 percent dietary FA. negative values (net 
mminal synthesis of FA with duodenal now exceeding intake) 
below that, and about 7 percent apparent digestibility in the 
rumen al 7 percent FA in diet DM. 

Most FAs synthesized by rumen microbes are incorpo
rated into phospholipids. A pproximately 85 to 90 percent of 
the FA leaving the rumen are free FAs, and l 0 Lo 15 percent 
are microbial phospholipids. Because FAs are hydrophobic. 
they associate with particulate mauer and pass Lo the lower 
gut wilh those particles. 

Bile and pancreatic lipase are required for triglyceride 
digestion and absorption. If triglyceride. are fed at moderate 
levels in a form that protects them from rumen microbial hy
drolysis (e.g .. formaldehyde-procected casein-fat emulsion). 
sufficient lipase activ ity is present for triglyceride hydrolysis 
(Noble, 198 1 ) . However, pancrealic lipase does nol appear to 
be inducible (Johnson et al.. 1974) and may !become limiting 
if large quantities or triglyceride are presented lo the smarn 
intestine. ln the absence of substantial amounts of mono
glyceride reaching or being formed in the small intestine. 
the mechanism for FA emulsification in ruminant is unclear 
bul may involve lysolecithin and monounsaturated FA in ad
dition to bile acids. Oleic acid and mono-olein are considered 
important intestinal amphiphiles with a critical micellar con
cenlration of 0.55 and 0.60 mM and saturation ratios of 1.04 
and 1.70, but trcms-9 18: I and trans- l I 18: I FA have critical 
micellar concentrations of I .20 and 0.70 mM, as well as satu
ration ratios of0.5 1and1 .39, which makes them less non polar 
Lhan pal mi tic and stearic acids. which have a critical micellar 
concentration of 1.80 and 1.40 mM and saturation ratios of 
0.16 and 0.07 (Freeman, 1969). The trans-monoenoic FAs 
are present in duodenal chyme as a result or ruminal micro
bial action on dietary unsaturated FA (G lasser et al., 2008b). 
Comparable values for linoleic acid are 0.35 mM and 1.04. 
Lysolecilhin is formed by pancreatic phospholipru e activity on 
lecithin from microbial or hepatic origin. Monounsaturated FA 
is predominantly from digesta leaving the rumen; therefore. 
increasing the Oow or unsaturated FA lo Lhe duodenum may 
improve FA digestibility. fntestinal infusion or an emulsi
fier can improve digesLion of FA (de Souza et al. , 2020). FA 
emulsification and micelle formaLlon in the small intestine are 
essential for lhe efficient absorption of fat. 

MODEL USED FOR FATIY ACID DIGESTION 
The mathematical model o f total-tract FA digestibility ap

plied in this revision is the simplest possible (other than fixed 
FA digestibility across all feeds) and likely oversimplifies 
the biology inherenL in the dugestion process while allowing 
ditTerent FA sources Lo be assigned different inherent digest
ibility. Total-tract digestibil ity, as opposed to intestinal, is 
estimated LO be consistent with the energy model and to allow 
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TABLE 4-1 Calculated Total-Tracl Digcslibility Coefficients of FA 

Fall) Acid Source Clai,, 
Total-Tract Oig~libilit) 
Coeflic:ienri." SrnnJan.I Error Fuuy Acid Comro>ition (%of FM)I, 

Co111111011 foodi. 
Oil ,eed' 
Oil 
Blended triglyceride 
1Il1llow triglyceride 
Saturarnd fauy acid enriched triglyceride' 
Ex1en,ively ~amruted triglyc.i:ride~ 

Calcium ~tit~ palm fotty ucid 
Sutura1c<l t':my :1i.:id enriched noneMcrified folly acid 
Pal mi tic ucid. -8 5% 
P;1lmitic or ~tearic uci,J >90Cr 

0.73 
0.73 
0.70 
0.63 
0.68 
0.61 
OA4 
0.76 
0.69 
0.73 
0.3 1 

0.026 
O.<»I 
0.033 
0.027 
0.029 
0.037 
0.030 
0.027 
0.022 
0.077 
0.046 

PUT'A' >20rk. l:'FAJ >65% 
PU°f-A <20'1-. lJFA >56% 
t.IUfoA' >36't. urA <56Sc 
MUFA >25'k. UFA <36% 
MUFA <20%, L"FA <25% 
MUFA >30% 
MUFA <15~. liFA <20'k 

UFA<2% 

" Regre~\ion ofappall:'ntly dige,tcd FA on FA intake yie ld~ u true dig~tion coefficient. but because the rcgres,ion intercept for apparently digc:.ted FA b. 
'et 10 0. tn.ie and apparent c.ligesuon are equal (Daley et al.. 2020). 

hChll>silicmion' provide unique c la,i,.c~ among the triglyceride ~upplcment' rcportl?Cl in thi, d;uabibe by a:.,igning the fot i.ource to the lir.t row it ~1tbfie:.. 
MUFA = monou11~1ur.i1ed ratty ~1cid: PUPA= polyuni.:11un1ted fatty acid: UFA= un~:nuraced folly acid. 
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FIGURE 4-1 Residuals for final predicrion model used for fatty acid (FA) digestion. Concentration of dietary FA had a posi1ivc but non
significunt (P =0.65) cstimalc. indicating no dcprc:;sion in FA digestion wi rh increased dietary FA concentrations. The intercept was 0.005 . 
and slope was 0.002. 
SOURCE: Figure and -<latistical information based on regression analysis from Daley e t al. (2020). 

acces. to Lhe most data possi ble_ The model app lies constant 
<lige tibilityorFA foragivcn fcccJ indepcndem oflhcamounL 
of DM or FA fed. It as. igns digeMion coefficients to clas. es 
of feed-; as e:.timated by multipJe linear regression analysis 
(Daley et al.. 2020). In thi. simple model, cJictdigestibiliti~ 

rrre therefore assumed to be additive. with the digestibility of 
total diet FAs the weighted average of the ind i\'id ual feeds as 
is commonly done with static nuLricnts in ration balancing. 
This mo<.lel used a mela-regression of apparenlly absorbed 
FA (across Lhe entire tract) as a linear function of FA intake 
(i.e .. a "Luca . .. tesl) from distinct c lru scs or FA sources a. 
dcfi ncd in Table 4- 1. The slope parameter determi ncd for 
each class is lhc e~limated Lruc digestibility for lotal FA for 
l11e reeds in thal c la s. The intercept (FA absorbed at 0 FA 
intake) was malJ. stati tically not difTerent from 0. and 

posilivc (implying negative endogenous fecal FA. which is 
impossible). Therefore, the intercept (and endogenou. FA 
~ecretion) was set to 0 in the filrnl model. lnclu. ion of OM I. 
or Lota! diet FA concenLraLion as addilionaJ independent 
terms. wa. Lesled ancJ round to be nonsigni ficanL (Daley et al.. 
2020). The residuah for Lhe c.:ho en equation showccJ no bias 
due to dietary FA concentration (see Figure 4-1 ). Because 
endogenous focal f.A has been set to :.!cro, true and apparent 

dige tibility are the . amc. Based on the regression equation. 
Lhe defaull Lrue digestibility o f FA from mo:.L feeds was set al 
0.73 ( ee Table 4- 1 ). Digestibility of FA for individual feeds 
can be changed at the discretion of the user. 

Because FAs aresymhcsit:cd in the rumen and cell slough
ing occurs along the dige. live trac t. some endogenous fecal 
FAs should be excreted. Therefore. selling endogenous FA 
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secretion lo zero is probably nol biologically correct bul was 
adopted based o n regression fitting and parameter bounds 
w ithin the realm o f possibil ity. Fitting fecal FA (While 
el al., 2017, sup. 3) to a simple linear digestion model of FA 
resulted in a similarly impossible negative intercept for fe
cal FA at zero FA intake. Only by fitting an increasing slope 
function of fecal FA Lo FA intake cou ld a positive value for 
endogenou. fecal FA be obtained statist.ically. Depending 
on the equation, estimated endogenous fecal FA was 1.7 
or 2.0 g/kg DMI (White et al.. 2017). The alternative ap
proach of including an endogenous fecal FA Lenn combined 
wilh true FA digestibility decreasing as FA concentrat.ion 
ii1creased (White et al., 2017) was considered, but adding 
this complex..ily to the model was not necessary when the FA 
ource classes used in the final model were included. 

Assuming constant true digestibility of FA over typical 
FA intakes allows the digestibility or FA from an added fat 
supplement lo be estimated from the difference in apparent 
FA digestibility of the basal and supplemented diet. Although 
the original concept o f the Lucas plot was to apply LO a nutri
ent that was consistent across all feedstuffs. the regression 
of Daley et al. (2020) extends lhis concept to summing FA 

according Lo fat supplement classes. The true digestion coef
ficient is constan t with DMf and diet FA concentration within 
a c lass but can dilTer among classes. If apparent digestibility 
is ploued against dietary FA with no consideration of differ
ent fat classes. there are at least two reasons for this curve Lo 
have a diminishing slope. One is that the true digestibility of 
FA decrea es with increased FA intake due to increased FA 
diet concentration or increased DMI. Second, if FA supple
ments w ith Lower than average digestibility are i ncorporated 
more commonly into the higher FA diets, then the slope will 
also decrease w ith increased FA intake. The model used in 
the current revision can explici tly account for the latter ef

fect only. If there is an undetected general decrease in FA 
digestion as FA in the diet increases and iJ FA supplements 
are present in greater amount in higher FA diets, then the 
inherent digestibilities (see Table 4-1) of these supplements 
are underestimated. However, in practice. if adding the 
supplement increases FA in the diet and this decreases the 
overal l FA digestibility, that elTect i s implicitly incorporated 
imo the digestibility estimates in Table 4- 1. 

The previous NRC (2001) fat digestibility model was found 
to provide poor fit to the experimental data available even 
after fiuing new parameter estimates to the exjsting model 
and allowing for an eJJect of DMI (White et al., 20 17). White 
et al. (20 17) dertved new models to estimate fat digestibility, 
and all were superior Lo the equation used in NRC (2001) and 
included parameter est.imates that allowed for elTects of diet 
FA concentration and DMI on predicted FA digest.ibility in 
addition to other independent variables. However. the com
mittee chose to use the Daley el al. (2020) model because of 
its biological basis, its simplicity, and its overall accuracy. 

Total intestinal (postruminal ) apparent digestibility de
creases with increased duodenal FA now in basal and supple-

~ 
85% 

ii 
~ 80% 
Q) 

.Ql 
"O 
<( 75% 
IJ.. 

c 
~ 70% co a. 
a. 
<( 
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65%'--~~~~~~~~~~~~~~~~-

1.0% 2.0% 3.0% 4.0% 5.0% 6.0% 7.0% 

FA concentration in diet 

FIGURE 4-2 Predicted intestinal (postruminal) apparent digest
ibility as fatty acid (FA) intake increases (solid line) compared to 
calculated total-tract apparent digestibi lity (dashed line). 
SOURCE: From linear regression equations for duodenal flow and 
intestinal digestibility in Boerman et al. (2015a). 

mented diets: intestinal digestibility.%= 82.5-0.0088 x du
odenal FA now, g/d (Boennru1 et al., 2015a). Within Lhat data 
set, duodenal FA now ranged from I 00 to 1,800 g/d, and pre
dicted intcst.inal digcst.ibility decreased from 8 1 to 67 percent 
over that range. Plolling FA digestibility versus dietary FA 
should not be confused with a Lucas p lot, although they use 
the same informal.ion. Under conditions of nonzero endog
enous fecal 111utrient secretion and constant true digestibility. 
plolling apparent digestibility against intake would result in 
a curvilinear function rising to a horizonrnl asymptote asap
parent digestibil ity increases w i th intake, approaching rrue 
digestibility at infinite intake (Palmquist, I 991). Nonzero 
(positive) endogenous fecal FA in conjunction w ith decreas
ing true digestibility could yield a curve of similar shape to 
lhe dashed line in Figure 4-2. Duodenal flow can change 

because of c hanges in DMI. FA concentration in the diet. 
and possible alterations in ruminal net appearance or disap
pearance of FA. As duodenal now exceeds intake at low diet 
FA concentrations and is less than intake at higher FA con
centrations, the total-tract digestibility versus intake of FA 
will not follow the same function as intesLinal digestibility. 
Using the linear regressions for intestinal digestibility and 
for duodenal now versus intake (Boerman et al., 20 I Sa). a 

calculated curvilinear function for total-tract apparent digest
ibility is obtained (see Figure 4-2). This total-rracl function 
supports the elTect of total dietary FA greater than 2 percent 
of diet DM continuously decreasing digest.ibility. H owever. 
the calcu lated relationship resulting from combining linear 
ruminal and intestinal regressions gives a relationship that 
is non linear and a sma ller range of digestibility, especially 
for basal-type diets. This presumably explains why White 
et al. (2017, sup. 3) did not observe a significant quadratic 
response when total-tract fecaJ FA excretion was regressed 
against diet FA in low-FA diets. 

Previous discussion of FA in Lake effects on FA digestibil
ity was based on meta-regression approaches and includes 
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TABLE 4-2 EfiTect of Amount of Supplemental Fat on Digestibility of Supplemental Fat Fatty Acid 

Low. % of Diet DM High. % of Diel DM 

Cone en U"ati on Fauy Acid 
First ofT01al Fat Digcs1ibili1y 
Concentration Fauy Acid Supplemen1a1ion Fauy Acid of Second 
of Added Fm Diges1ibility of al Second Level Digestibility of lncremeni of 

Fa11y Acid Supplement Supplement Fat Supplement of Supplemenl Fal Supplemenl Fu1 Supplement Reference 

TaUow• 1.80 90.3 5.00 
Mildly hydrogcn;11ed tallow 1.80 39.7 5.7 
Palm calcium sall 1.60 93.0 3..10 
Palm calcium sail 2.70 88.0 4.80 
Crushed rape~ed 2.30 74.7 4.70 
Hydrogenaled palm 1.7 38.4 3.4 
Blended fa1 2.00 80.6 3.90 

• This study measured in1es1inal digestibili1y (nOl IO!al lracl). 

effects both across and within studies. However, when mul 
tiple levels of the same fat supplement are added to a basal 
diet in the same study, digestibility of the supplemental fat 
decreases with increased addition (Palmquist, 199 I ). This 
was observed in five of the seven comparisons in Table 4-2. 
A s the model of FA digestion implemented in this version 
ignores this effect, the user is cautioned that at very high 
levels of FA supplementation, overall FA digestibility and 
energy content o f the diet may be overestimated. 

The discussion and literature reviews above consider 
to tal-tract digestibility of FA as a group. Total-tract digest
ibility of individual 18-carbon FA is m isleading, as biohydro
genation of unsaturated C 18 FA can lead to an overeslimate 
of their digestibi lity and an underestimate for dletary C 18:0 
(Glasser et al.. 2{)()8b). Measuring 101al-Lract digestibility of 
total Cl 6 and total C 18 FA each as a unique group of FA, 
in addition to total FA, is possible and desirable. Changes 
in apparent digestibility of diet FA with added FA supple
mems can provide an estimate of the true digestibility of 
the specific chain length of FA added. Drackley and El 
liott ( 1993) observed slightly lower total-tract digestibility 
~or C 16 versus C 18 in basal diets and with supplemental 
partially hydrogenated tallow. ln an analysis o f li terature 
data, apparent intestinal digestibility ranged from 65.3 to 
83.8 percent for long-chain FA, with a mean or77. I percem 
~or C l6:0. 72.8 percent for C l 8:0, and 74.5 percent for all 
FAs combined (Boennan et al., 20 I Sa). In low-fat diets, in
testinal digestibi lity was similar at 76.7 percent for C 16 and 
77.8 percent for total FA. Intestinal digestibil i ty of Cl8:0 
was significantly lower than other C 18 FAS when intesti nal 
digestibility was detennined with fecaJ samples. although 
this difference appeared not to occur in diets w ithout supple
mental fat, suggesting some confounding with FA source. 
l.mestinal FA digestibility declined w ith increasing FA intake 
across studies; the increased FA intake could be a result of 
i11creased diet DMI or increased FA concentration. Glasser 
et al. (2008b) plotted C 18:0 absorption from the small intes
tine versus C l 8:0 duodenal now (both per kg DMI) across 

72.9 60.7 Webbjerg c1 a l. , l 992 
52.8 58.8 Dracklcy and Elliou. 1993 
87.9 82.8 Weiss <md Wyan, 2004 
77.5 63.4 Wu et :al .. 199 1 
69.7 65.0 Murphy e1 al.. 1987 
36.5 34.5 Wei~ and Wyan. 2004 
70. I 75.2 Wu et al .. 199 1 

ruminant species and found a decreasing absorption rate 
with higher duodenal now. This negative quadratic effect 
did not occur for unsaturated Cl 8 FA. Using the same data 
set, SchmideJy et al. (2008) showed intestinal disappearru1ce 
of C 16 total FA as a constamt 73 percent of duodenal now. 
while Lola I C18 total decreased with duodenal now with a 
linear coeffic ient of0.85 times duodenal now ru1d a quadratic 
coefficient of -0.0017. Based on this and other regressions 
in that study. when C l 8 Lola I intake exceeds 3.8 percent 
of dieLary DM. C 18 intestinal digestibility fell below thaL 
of Lotal C J6. Intestinal digestibility ofCl8:0 drops across 
even low-FA diels ( i.e., less Lhan 800 g/d FA and less Lhan 
500 g/d duodenal C I 8:0) as FA intake increases (Boerman 
et al., 20 I 5a). Add ition of fat sources wilh 33.1 percent 
CJ 6:0. 53.3 percent C l 8:0, and 5.2 percent cis-9 C l 8: J, or 
84.3percentC16:0, 4. 1 percent Cl 8:0, and 8.7 percent cis-9 
C 18: I. altered Lhe FA digestibili ty of Lhe basal diet from 
76.7 10 67.6 percent and 76.3 percent (Western et al., 2020). 
Authors calculated the digestibilities of Lhe supplements as 
55 percent and 77 percent, and most of the difference was 
audbuted to digestion of 18-carbon FA. 

Intestinal digestibility must be coupled w ith ruminal dis
appearance Lo predic t toLal-tracL digestibility, and in the case 
of the regressions from Schmidely et al. (2008), this virtually 
eliminates lhe drop in lOtal Cl 8 digestibility with increased 
dietary coneentration. One additional advantage of using FA 
rather thru1 ether extract occurs when determining digest 
ibility of a FA-rich feed added lo a basal diet. Generally, the 
non-FA ether extract in the basal diets is less digestible than 
Lhe FA, and supplements comtain most o f their ether extracL 
as FA. Therefore. ether exlract digestibility may be increased 
with fat supplement addition. even though FA digestibility 
may remain the same or decrease. 

Digestibility of supplemental fat sources varies, so a com
mon measure that helps discern differences among fm sources 
would be useful. Iodine value (IV) is directly proportional to 
the degree of unsaturation: the higher the IV. the more unsatu
rated the fat. Low-rv feeds will usually contain considerable 
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quantities of Cl6:0 or Cl8:0 or both. Unlike n.imen biohy
drogenation, which requires a free FA, industrial hydrogena
tion (partial or extensive) can be done on fatly acyl groups in 
i111tact triglycerides. The low 1V of hydrogenated palm oi l and 
tallow and other common fat sources is primarily the process 
of converLing unsaturated C 18 FA to Cl8:0. Hydrogenated tri
g lycerides from palm or animal fat, containing predominately 
C l6:0 and Cl8:0 w ith Jes. than JS percent C l 8: I, can have 
digestibility below 50 percent (Jenkins and Jenny, 1989), and 
i111creasing the degree of hydrogenation for tallow lriglycer
ides (e.g .. 40 to 15 percent Cl 8: I with corresponding IV of 
45.0 to 16.4) is d irectly related to the decreasing dige. tibility 
(Pantoja et al.. 1996). Hydrogenated tallow is less digestible 
than conventional taUow (Pantoja et al., 1995). Digestibility 
of FA in supplemental fat can be low when the lV is below 40 
(Firkins and Eastridge, 1994). Data in that review suggested 
some benefit of increased C 16 to C 18, but interaction with 
rv and FA level made this difficult lo interpret across studies. 
Boerman et al. (2015a) showed Cl 8:0 intestinal digestibility 
to be negatively correlated to Cl 8:0 duodenal flow, but the 
same conclusion was not documented for Cl6:0 digestibility 
versus C 16:0 duodenal now. 

Supplements containing mostly saturated free FA with 
IV of 14 and 12 percent C l 8: 1 were much more digestible 
than hydrogenated tallow triglyceride with an rv of 8 and 
C 18: I of 9 percent (Ellioll et al.. I 994). btH there was no 
di!Terence in FA digestibility between hydrogenated tallow 
triglyceride with 15.6 percent C 18: I and saturated tallow 
FA with 11.2 percent Cl8:1 (Easu-idge and Firkins, 199 1). 
ln addition, supplements containing almost pure C 16:0 FA 
can have true digestibility below 50 percent (Pi.amoni et al.. 
2013). and supp lements that are primarily stearic can have 
digestibilities below 30 percent (Piantoni el al., 2015; Boer
m an el al., 2017). Given the sensitivity of digestibility to lV 
i111 this range. as well as uncertainty as to what specifically 
llmits FA digestibility al elevated levels of FA in the diet, it 
is not reasonable to cone lude feeding saturated fats as hydro
lyzed FA or salts always removes concerns about inte tinal 
digestibility of tlhese fats. Ca sa lts of palm FA are probably 
the most highly digestjble sources of supplemental fat and 
were much more djgestible than strongly hydrogenated 
palm oil (Weiss and Wyatt, 2004). The effect is due to some 
combination of a relatively high IV of palm FA versus the 
hydrogenated palm oil (47 versus 7) due to conversion or 
C18:1 loCl8:0duringhydrogenation:thefactlhatCl8:1 in 
Ca salts of palm oil FA is partially protected by Ca saponifi
cation, thereby providfog an intestinal amphiphile (Jenkins 
and Bridges, 2007): and the fact that the hydrogenated palm 
oil was a triglyceride. Predicting the digestibility of a fat 
source from its FA content and esterification state is risky, 
and having empirical estimates of digestibility, especially for 
extensively saturated FA sources. seems prudent. 

Decreasing particle site of dry granular fats may increase 
digestibility, but responses have tended lo be small and not 
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statistically significant. A summary of trials (Firkins and 
Eastridge, 1994) indicated that mean FA digestibility or 
prilled (n = 8) and naked (n = 5) hydrogenated tallow was 77 
and 69 percent, respectively. Fat structure, the form in which 
FAs are fed, may have modest elTects on digestibility. A re
view of the Ii terature (Firkins and Eastridge, 1994) indicated 
that FA digestibility of diets containing triglyceride prills 
or FA prills wa~ 77 or 73 percenl o f conlrol diets without 
added fat. However, elTects of fat structure might have been 
confounded: mean lV and C 16: 18 ratios were 20.7 and 0.41 
for triglyceride prills and 11.2 and 0.45 for FA prills. Mean 
prill sizes between 284 and 325 microns had no effect on FA 
digestibility, but 600-micron prill size increased total-tract 
digestibility o f total, C 16. and Cl 8 FAs compared to smaller 
prills when an 85 percent palmitic acid fal supplement was 
fed (de Souza et al., 2017). 

Direct estimates of total Cl6 and C 18 FA digestibility in 
basal and supplemented diets to derive an empi1ical estimate 
of the digestibility of a FA supplemenl should be obtained 
when manufactured supplements containing mostly fat are 
used. ldeaUy, the fat supplements should be tested al two 
levels above basal to quantify any digestion depression. The 
same is true of full fat seeds in various mechanically pro
cessed or whole forms. 

Effects of fat sources on DMI must be considered when 
assessing the value of supplementaUon on energy intake. Jn 
addition, if Lhese dietary fats contain unsaLurated FAs that 
induce milk fat depression and reduce milk fat secretion, 
retained tissue energy balance may be positive even if energy 
intake is not increased (Harvatine and A llen, 2006). Adding 
a fat with less than half the digestibility of the carbohydrate 
it replaces will not increase the DE density of the diet much. 
but it does decrease Lbe fermentation l oad in the rumen. 
which may be an advantage. Replacement of starch with 
fiber and a palmitic acid-based fat supplement resulted in 
equal energy imake with enhanced milk energy output; this 
e!Tect could be useful to reduce body condiLion gain in later 
lactation cows (Baerman et al., 201 Sb). 

Oilseeds are rich in unsaturated FA (G lasser et al., 2008a): 
therefore, FA profile as fed is nol a major source of varia
tion for FA digestibility. Digestibility of FA in oilseeds is 
probably more a function or the size and physical nature or 
the spec ific oilseed and subsequent processing. If oilseeds 
contain FA, especially linoleic acid, that are precursors for 
bioactive FA, fine processing should be avoided to reduce 
milk fat-depressing e!Tects, and this lack or processing 
might then reduce FA digestibility. Jn lactaling cows, intact 
oi lseeds have lower intestinal digestibility of FA than other 
FA sources, but this can be improved by ,grinding (Baer
man el al.. 20 15a). D elinting or couonseed reduces its FA 
digesLibility, but mechanical processing can enhance biohy
drogenation intermediates that depress milk fat (Reveneau 
et al .. 2005). In steers, FAs in whole canola seed are poorly 
digested, but lhis is improved by processing (Aldrich et al.. 
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1997). However, even crushed rape. eed supplementalion 
reduced FA digestibility compared to the basal diet (Murphy 
eL al., 1987). Reducing the particle size of roasted soybean. 
did not affect total-tracL FA dige tibility (Tice et al., 1993). 

Final assignment of digestibjlity coefficients to F/\ sup
plied by dHferent feeds was based on regression analysis 
of 30 published studies that provided total-tract apparent 
digestibilily of FA and diet FA infonnation (Daley el al., 
2020). Study was con idered a random effect. and observa
tjons were weighted using reported standard errors. lnLakc. 
of apparently digested FA were regres ed on FA intakes 
provided from I I cla. se. of feeds using feed 13brary infor
mation and reported dielary FA infom1ation to yield true 
digestibility coefficients (see Table 4-1 ). Several studies 
i111cluded fat supplements that were poorly digested, and the e 
were either triglycerides highly enriched in saturated FA or 
almost pure palmitic or stearic FA supplements. Not all rat 
supplements included in the regressions have example feeds 
i111cluded in the printed or electronic feed tables included in 
this report; however. their presence in the regression model 
is required to beuerestimate FA digestibility coefficiems for 
oLher FA sources included in the library. The FA composi 
L:ion was u ed to provide nonoverlapping c lasses of diverse 
triglyceride sources while havimg al leasl some replication 
wiLhin a fal c la s across multiple paper .. The. e classifica
tion do not neces arily extend beyond that databa. e. The 
one example of ver y highly enriched palmitic acid was 
grouped w iLh two examples of .highly enriched stearic acid 
primarily to exclude them from other c las. es a all three 
had digesLibil iLies that would probably preclude their use as 
commercial supplements. The slightly greater dige. tibility 
of oil over tallow can be expected based on FA profile. but 
for reasons thal are not c lear. the value for blended animal/ 
vegetable fats did not fa ll in this conlinuum . This total-tract 
FA digeslibility data set includes papers reporti ng intestinal 
digestibility plus tho e reporting only toLal-tract apparent 
digestibility. In this larger data set, neither diet FA concentra
tion nor DMI significantly improved model fit of total-tract 
apparent FA digestibility, and these terms were not included 
i111 the final model used to derive FA digestibility of the FA 
classes. This regression also included a fixed zero intercept. 
Not fixing the intercept to zero resulted in a nonsign i ficant 
positive digestible FA intake at zero FA intake, correspond
i111g to an impossible negative endogenous. ecretion. This . el 
of conditions provided optimal fit and was consistent with 
zero endogenous FA secreLion, true digestibil ity, and appar
ent digestibility being equal and constant true digestibil ity 
as FA intake increased. 

MILK FAT COMPOSITION 
Milk fat has a much more complex FA composition than 

tlietary fat. Milk contains more than 400 different FAs, bUL 
only about 14 are present above J g/100 g milk fat (Jensen, 
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2002). Milk FA can be derived from de novo synthesis in 
the mammary gland, from FA synthesized in the adipose 
tissue and subsequently mobilized or ab. orbed FA of di
etar y or microbial origin (Glas er et al.. 2008a: Shingfield 
et al.. 20 10). Milk FAs synthesized in the mammary gland 
are primarily C4:0. C6:0. C8:0. CLO:O, Cl2:0. Cl4:0, and 
C l 6:0. The six FAs shorter than Cl 6 form about one-quarter 
of milk FA by weight. but a larger fraction of milk FA L 
expressed on a molar basis. Mammary gland ynthesi of 
Cl 6:0 is augmented by dietary supply as many feeds and fat 
supplements contain Cl6:0. so milk Cl6:0 is a combination 
of synthe ited and ab. orbed FA. Milk Cl 6:0 yield, which i. 
usually abou• one-Lh.ircl of milk FA yield by weight., can ap
proach or even exceed 50 percenl of milk fat by weight when 
supplementary C J6:0 is upplied (Loften et al., 2014). Milk 
yield of C 16:0 i. therefore dependent on the overall rate of 
mammary gland Cl6:0 synLhesis. blood supply or dietary 
Cl6:0andC16:0 supplied by Lhe adipose tissue (minus any 
desaturation into C 16: I ), and the efficiency of Lheir i11cor
poration into milk u·iglyceride. Mo. t o f the rest of the fat in 
milk is 18-carbon FA derived directly from the diet but can 
come from body tissue. Most C l 8 in milk is oleic acid (20 
to 30 percent of total milk FA by weight) followed by C 18:0 
(9 to 14 percent: Jensen. 2002). As explained previously. 
most of the ab orbed C l 8 will be Cl8:0 and Cl8:1. Milk 
18: I can be taken up directly from blood or produced from 
blood-derived C 18:0 by activ ity of delta-9-desalura. e in the 
mammary gland. Oleic acid content of milk is increased by 
body fat mobilization (Jorjomg eL al., 20 14). For reasons that 
are not entirely clear, very little C 16:0 or shorter FAs are 

desaturated, so milk has onl y small amounts of monoenoic 
FAs shorter than C18: I (about 3 percent of total milk FA by 
weighL). Milk triglycerides contain a mixture ofFAs within 
a molecule. Ba.ed on carbon number (total number of FA 
carbons per triglyceride molecule), milk triglyceride. range 
from 28 (e.g., this could be a triglyceride with C4, C 10, and 
C 14 or one w ith C4, C8, and C 16 acyl groups esterified to 
the glycerol) to about 54 (wh ich would be a triglyceride 
with three 18-carbon fatty acyl groups). Physical charac
teristics of milk triglycerides may be impacted by total FA 
proportions and by the distribution or FA with the various 
triglycerides. Triglycerides with different FA residues on 
the noncentral carbons or glycerol have an anomeric center 
at the glycerol number 2 carbon, and therefore the 1 and 
3 po. itions are distinguished as sn I and sn3. Many milk 
triglycerides conLain at leasL one short-chain FA. preferen
tially bound to the sn-3 position (Parodi, 1982). Although 
milk FA composilion is generall y reported on a weight 
basis. triglycerides composed of one butyryl, one palmityl. 
and one olei yl moiety (carbon number 38) are equimolar 
in the c FAs (33.3 percent each): however, on hydrolysis. 
this example triglyceride would yield 14 percent butyric. 
4 1 percent palmitic, and 45 percent olcic by FA weight. For 
the major FAs present in milk. coefficients of variation may 
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be up lo 15 percent, while minor FAs have a greater variation 
re lative to their absolute amount. 

LACTATING COW RESPONSES TO DIETARY FAT 

Production responses to supplemental fat are dependent on 
the nature of the fat and lactation stage. Milk yield response 
lo supplemental fat is inlluenced by several dietary factors, 
i111cluding basal diet, fat compos ition of the supplement, and 
amount of supplemental faL as well as animal facLOrs . uch 
as stage of lactation, energy balance, and level of produc
tion. Milk fat yield response is best divided into secretion 
of milk FA that can be synthesized in the mammary gland 
(C 16 and shorter , primarily saturated) and those that rellect 
ill1corporation of mobilized adipose or dietary FA into milk 
(Cl6 andC18. with Lhelargest proportion of the C 18 secreted 
as oleic). Comparing yields of Lhese milk FAs to detennine 
shifts in milk FA precursors is preferable to comparing the 
proportion of each in total FA, as any increase in Lhe propor
tion of one group necessitates a decrease in the proportion of 
anolher. even if yields oflhe FA with lowered proportion are 
not decreased. Adding dietary C 16:0 increases milk fat yield 
due to greater secretion of milk C l6:0. although the apparent 
marginal efficiency of transfer is approximately only 15 to 
35 percent (Lock et al., 2013: de Souza et al., 2016; Dorea 
and Annentano. 2017). ff C 16:0 i. fed versus C 18:0. y ield 
of Cl6 and CJ8 FA in milk responds in kind (Rico et al., 
201 4). Actual transfer of dietary Cl 6:0 to milk C l 6:0 may 
be greater than apparent efficient transfer if the added dietary 
C l6:0 depresses mammary de novo C l 6:0 synthesis. 

FormaLion of FAs that are bioactive and milk fat de
pressing is enhanced by rapid carbohydrate fermentation 
m1d corresponding low ruminal pH and requires a source 
of u11satura1ed FA precursors (Griinari et al., 1998). Both 
these conditions can occur in lactating cows consuming 
large amounts of typical mixed rations with low dietary FA 
concentration (Stoffel et al.. 2015). A t these high levels of 
DE intake, even the low, native unsaturated FA content of 
common dairy forages and concentrates may be adequate 
to produce enough bioactive FA to cause inhibition of de 
novo synthesis of milk FA. Ln addition, dietary cation-anion 
balance or the diet al so modifies the potential for milk fat 
depression (see Chapter 7). 

Dietary Cl6:0 presumably produces no bioactive FA to 
reduce secretion of de novo milk FA and has liHle effect on 
to tal mass secretion of FA with 14 carbons or less or secre
tion of total milk 18-carbon FA (L ock et al., 2013: Dorea 
and Armenta no, 20 17). Added dietary C l 6:0 does, however, 
shift de novo milk FA (including de novo C l6) to shorter 
chain lenglhs and lower molecular weight (Enjalbert et al., 
1998). so unchanged mass secretion (g/d) implies increased 
secretion on a mol/d basis. Feeding pal mi tic in p lace of stea
ric acid also caused a linear reduction in secretion of milk 
FA as carbon chain length increased from C8 to Cl4 (Rico 
et al., 2014). Similarly, dietary C 18:0 should increase milk 
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Cl 8:0 and Cl 8: I without reducing secretio 111 o f shorter milk 
FA through generation of b ioactive FA . Eighteen-carbon 
unsaturated FA can decrease secretion of de novo FA through 
generation or bioactive FA but may elevate secretion of milk 
C l 8 FA, mostly as oleic and trans-monoenoic FA (StolTel 
et al. , 2015). The net result on total milk fat secretion when 
adding unsaturated C J8 FA is dependent on the balance of 
these opposing changes. Typically. milk with an FA profi le 
favoring C 18 : 1 and C 18:0 is increased at the expense or 
shorter saturated FA synthesized exclusively in the mam
mary gland (G lasser et al., 2008a). High levels of added 
linoleic acid decrease total y ield of milk 18-carbon FA (He 
et al.. 20 12), presumably due to symhesis of active milk fat
depressing FA such as trans -10, cis-12 CLA (Jenkins and 
Harvatine, 20 14). Oleic acid can reduce milk fat synthesis 
but is less potent than linoleic (H e et al., 2012). This negati ve 
effect of oleic may be due to synlhesis of bioactive FA in the 
rumen. but oleic i s not known to be conven ed to any CLA. 
The active FA may be trans-1 0 18: I or some other bioactive 
monoenoic FA. or oleic acid could indirectly increase CLA 
formation from PUFA. When compared directly, linolenic 
acid has not proven more deleterious than oleic (K elly et al.. 
1998; AbuGbazaleh et al.. 2003: Rego et al., 2009). and in 
some studies. it is less milk fat depressing than linoleic (He 
and Armenta.no, 20 11 ). A review of studies on feeding oils 
and oilseeds concluded that bolh linoleic and linolenic FAs 
reduced shorter-chain milk FA compared to milk 18-carbon 
FA (Glasser et al., 2008a). A regression analysis across di
etary FA concentrations confirms Lhat unsaturated dietary FA 
causes a linear depression o f de novo milk FA (Dorea and 
Annentano, 201 7). Palm oil (not to be confused with palm 
kernel oil) and tallow are bolh mixtures of C 16:0and C 18: l . 
although tallow has more C l8:0 and less C l 6:0 than palm oil. 
These fats behave as expected, with increased C 16:0 secre
tion from absorbed C 16:0, decreased secretion of C 14:0, and 
shorter FA due to the mild inhibitory effects of dietary oleic 
acid and small amounts of PUFA. as well as small increases 
i n secreted milk C l 8 due toab orbed C 18 FA. This would ex
plain the generally positive effects of tallow and palm oil on 
milk fat yield whether fed as triglycerides, FAs. or Ca salts. 

Infusion of FA or triglycerides into Lhe abomasum or 
duodenum atilows the effect of FA to be measured indepen
dently of ruminal microbial alteration and rU11ninal synthesis 
of bioactive FA. In these experiments, the range of infu
sion has been approx imately 200 to 600 g/d. If the typical 
now of linoleic acid at the duodenum is about I 00 g/d and 
around 15 g/d for linolenic acid, then for some o f the more 
unsaturated rat sources used. the levels of C 18:2 or C 18:3 
infused may be quite high compared to nonnal. Results have 
been mixed. No decrease for milk short-chain FA was seen 
when fat low in PUFA was in fused (Enjalbert et al., 2000~ 

K adegowda et al.. 2008). Studies using triglycerides or FA 
richer in PUFA have produced variable res1.1ILs. infusion of 
linseed oil resulted in no change in C 16 and shorter milk FA 
secretion but increased longer-chain milk FA yield (M oallem 
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et al.. 20 12). Christensen el al. ( I 974), Drackley et al. ( 1992), 
and LiLherland et al. (2005) all reported some decrea. c in 
variou. milk short-chain FAs with fat infu. ion. Th.e three latter 
studies also decreased DNlJ with infu ion of fat, which may 
be an important cau. ative factor in the decreased mi lk FA 
synthesi . Nevertheless, the potential for . ome postruminal 
ii1hibitory effect of the unsatura ted FA on milk fat secretion 
cannot be totally discounted. 

I f rat supplementation i. 1arted during the early post
parLUm period, a lag may occur before a positi ve milk 
response is observed (Jen-ed et al., 1990: Schingoethe and 
Ca.per, 1991 ). A n extensive summary by Chilliard ( 1993) 
indicated that the average fat-con-ected milk response to fat 
supplementation (average increase or 4.5 percentage units in 
dietary ether extract) during early lactation (beginning before 
4 weeks postpartum and ending before 11 weeks po tpartum) 
was 0.31 kg/cl and not ignificantly different from conu·ols. 
A verage 4 percent fa1-co1Tec1ed milk response to fat supple
mentation during peak lacta1ion (beginning before 8 weeks 
and ending by 24 week. postpartum; average increase or 
3.6 percentage units or dietary ether exu·act) was 0.72 kg/d 
and significantly different from controls. In middle to la1e 
lactation (average increase or3.4 percentage lllljts or dietary 
ether extract). the response was 0.65 kg/d, which was not 
s ignificanlly different from control. Average milk production 
of cows in this ummary was less than 35 kg/d. Milk-yield 
re ponses to supplemental fat in cows that produce more 
than 40 kg/d are not well defined. Using cows with prior 
production ranging from 32.2 10 64.4 kg/d, response or milk 
production and DMI to added stearic ac id fat source was 
g reater for Lhe more productive cows (Piru1 toni e t al., 2015). 
Some of the variation in response of milk protein and fat 
yie1ds to added fat may be due to varying depression of feed 
im11ake when feeding different supplemental fats . 

Nutritionists o ften apply a maximum to the amount of 
u nsawrated FA in lactating cow diets to prevent the onset or 
milk rat depres. ion. There are three rea. ons to question this 
concept. Fir l, bioactive FA have their greatest incremental 
elJect at the lowest level. and the effect diminishes as the 
concentration of these FAs increases further in milk (Bau
m an and Lock, 2006). Second, add ing fat 10 the diet clearly 
depresse de novo FA rormatfon while raising secretion or 
preformed dietam·y FA in milk. The effect o f depression of 
FA. ynthesis in the mammary gland by dietary un. aturated 
FA may be masked (but still present) at low levels of FA ad
dition when only total milk fat concentration is measured. 
Thi could be detected by milk FA analysis while it would 
be missed by measuring only total milk fat concentration. 
Finally, the effec t of unsaturated FA on reducing milk rat syn
thesis in the mammary gland happens at total diet FA below 
3 percent. which can be achieved by adding 1.7 percent oil 
to basal diets containing only 1.2 percent FA (Stoffel et al., 
2015) with a linear affect across dictc.u-y FA conccntralions 
(Dorea and Arrnentano, 20 17). The effect al the. e very low 
levels o f FA may or may not apply to FA in basal feedstuff . 
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but that is difficult to determine experimentally w ithout in
troducing confounding factors. Gras,c dilTcr in FA content 
and composition based on speci~ and maLUrity, with total 
unsaturated FA content more llian 2.5 percent pos. ible (Mir 
et al.. 2006). Pasture will1 more llian 4 percent FA is not 
uncommon (Roche et al., 20 11) . Based on a summary of 
FA concentrations (Kalac and Samkova, 2010), perennial 
ryegrass can range from 2.2 10 4.4 percent total FA with 
I. I to 3.2 percent Jinolenic ac id, and corn silage can have 
I .2 to 4.0 percent FA. Following linolenic acid. linoleic and 
palmitic acids are the next most prominent FAs in leafy 
forages, but forage. containing grains and . eed may also 
contain oleic acid. Even in diets not comaining exogenoti_ 
fat supplements. variation. i n feed FA concentration and type 
or FA may aJLer milk fat ecretion. Increased concentration 
of unsaturated diet FA may fower the ratio or milk FA with 
Cl 6 or fewer to milk FA with Cl8. and shirts from PUFA 
to saturated FA in feeds may increase total milk fat y ield. 
although both these effects are likely to be small. 

Milk fat and total milk yields often increa. e in respon.e 
Lo fat fecdi111g, but protein concentration decreases. Milk 
protein concentration can decrease due to decreased secre
tion or protein or because or dilution by increased lactose 
secretion and volumetric milk yield. The effect of dietary 
fat Lo reduce milk protein concentration diminishe .. slighlly 
as the amount of , upplemental fat increases: for example. 
y= JOl.l -0.638x+O.Ol4J ic2, where y= milk protein con
centration [(treated/control, percent) x I 001 and x::: percentage 
of total dietru·y fat (Wu and Huber. 1994). Casein is the milk 
nitrogen fraction that is most depressed (D ePeters and CanL 
1992). Allhough milk protein percentage is usually depressed. 
protein y ield usually remains constant or i. increased. Of 83 
comparisons (fat supplementation versus conlrol) summarized 
by Wu and Huber ( 1994). in.ilk protein yield wa unchanged or 
increased in 57 comparisons and decreased in 26. However, in 
15 of the 26 comparisons in which protein pmduction was de
creased, mi lk production also wa decreased. A meta-analysi 
restricted 10 conti11uous lac tation u"ials showed decreased 
protein percentage, increased milk yield, and no change in 
milk protein production even lliough DMI declined with fat 
addition to the diet (Rabiee et al., 2012). Adding rat supple
mems containing mosLly C l 6:0 and C l 8:0, Hu et al. (2017) 
reported increased yield or milk, milk rat, and milk protein. 
while protein percentage usually declined. Why in.ilk protein 
production doe. not increase at a similar rate co milk volume 
with fat supplementation bas not been determined. 

DIETARY FAT INTERVENTIONS AND REPRODUCTION 

Fat supplementation cru1 positively inOuence reproductive 
performance of dairy cows. A summary of 20 studies indi 
cated that first-service conception rate or overall conception 
rate was increased in 11 o f the studies (Slap les et al.. 1998). 
O ver all studies, llie mean increa e was 17 percentage units. 
Three studie. found a negative inOuence or supplemental fat 
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on reproduction, but theelTects were confounded by substan
tial increases in milk production. Feeding fat increa es fol 
l'icle numbers and the size o f the dominant follicle. Whether 
those changes in follicular dy namics have a po i l ive effect on 
reproductive performance is unk11own. Potential mechanisms 
by which fat innuences reproduction include amelioration of 
negative energy balance, enhancement of fo llicular develop
ment via changes in insulin status, stimulation of progester

one synthesis, and modification of the production and re lease 
o f prostaglandin F2a. (Staples et al., J 998). ln the tuclie. 
reviewed by Staples et al. ( 1998). change in energy status 
was not related to change in conception rate. Likewise, the 
effects or fat on c irculating insul in have not been con. istent. 
although the trend is toward a reduction. How a reduc tion 
in pla ma insulin could benefit reproduclion ha not been 
detennined, but the impact o f g lucose balance during lacta
t:ion and its interaction with reproductive proces. es has been 
reviewed (Lucy et al.. 2014). Fat supplementation consis
tently increase. plasma progesterone concentration, but the 
change might be because or depressed clearance rather than 
increased production (Hawkins et al.. 1995). Staple et al. 
(1998) proposed that feeding fats that are rich in linoleic acid 

suppresse prostaglandin F2a. and prevent. regression or the 
corpus luteum. The importance of considering o mega-3 and 
omega-6 FA wa. reviewed by Santos et al. (2008). Thatcher 
el al. (2011 ) propo ed mechanisms whereby the proper 
ratio of duodenaJ l inoleic and lfoo lenic ac ids could benefit 
reproductive performance. Effects of supplementing omega-
3-rich FA sources in the diet to fnvorably innucnce variou 
reproductive processes and over all reproductive success arc 

rev iewed in M oallem (201 8). A more recent mela-analy is 
al o concluded that changes in fa t nutrition improved gross 
reproductive performance (Rodney et al., 2015). However, 
the manipulations summarized as Lreatments in this analysis 

i111cludcd changes in total dietary FA from various sources, 
addition o fCLA, and feeding isolipid cliets where the pauem 
o f FA changed, so the nature o f Lhe treatment is not clear 
except that it involved ch<mges in some aspect o f fat feedi ng. 
For example, one treatment was sub. tilution o f naxseed for 
unflower seed ( increased linolenic acid), and another treat

m ent was sub. tilution or Ca salts of palm oil for Oax eed 
(decreasing linolenic). One or Lhe most common treatments 

w as mixed CLA (de Veth et al. . 2009). which improved re
produc tion when supplemented up to JO g/d. Interesting ly, 
this errect was not related lo improved energy balance caused 
by reduced milk FA y ield. Given the different pauerns of 
bioactive FA formed w hen di fferent unsaturated C 18 FAs 
are fed, this effect o f CLA supplements supports the need 
fo r measuring FA effects independently as oppo ed to total 
dietary FA content. 

The difficulty o f summariz ing Lhese data into a clear and 
actionable effect is obv ious. An extensive review is available 
(Rocheel al., 2011) o f !he effects on reproductive function in 
lactating cows of dietary intervention . . including modifying 
FA amounts and FA profile. These authors staled that the 
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effect of dietary fat on reproductive outcomes " is difficult to 
interpret," and the most impactful nutrilional management 
should be directed toward achieving optimal body condition 
in freshening cows. Berry et aJ. (201 6) indicated that while 
evidence for nutritional effects on reproduction existed, the 
scale or the effect was probably commonly over tated. In 
addition, many studies of nutrition and reproduction fail to 
properly identify U1e experimental unit and may incorrectly 
interpret replication. L arge numbers o f animals are required 
for accurate estimate. of gross reproductive performance, 
and recommendations for effecti ve designs have been made 
(Lean et al., 20 16). 

DAIRY FAT AND HUMAN HEALTH AND POSSIBLE 
MODIFICATllON OF MILK FAT 

Dairy produc ts ar e proces. ed and can have fat removed 
or concentrated relative to raw milk. fn addition, feeding 
methods and genetic of dairy animals can alter raw milk fat 
concentration and FA composition. M ost often, dairy fat is 
eaten a part o f dairy food that concain nonfat components 
that may also impact human health, positively or negatively. 
which readers need to recognize. The mo .. t recent U.S. 
government guidelines for human diets identified Ca and 
vitamin D as hortfall nutrients and aturated fat as being 
overconsumed (HHS and USDA. 201 5). Studie that directly 
measure human health and longevity are epidemiological in 
nature and, therefore. can never conclude cause and elTect. 
only a sociation. When human stuclies utilize cl ru sical dietary 
intervention, the end point i . almost always mea<;urement of 
a biomarker that, in tum, has reputed association with sub
sequent long-tenn health result . Studies may specifically 
study Lhe effect of milk fat OIIl human atberogenic disease (or 
a biomarker) or be more gener al and study consumption of the 

" typical" range o f dairy products and overall human health. 
A recent swdy of this lauer son . uggests that dairy food 
consumption is no t assoc iated w ith all-cau, e mortality and 
ha positive a. ociation with several important health mea
sures (Thoming et al., 2016) . Considerable dis parity exists in 
epidemio logitcal review and summa1ies regarding the impact 
of dairy prodl!cts on human health, and it is beyond the scope 
or this chapter to revjcw them. However, even if dairy foods 

are in fact beneficial, this doe nol p reclude the possibility 
that milk products, and specifically milk fat, could be altered 
to make milk products more beneficial for human heaJth. 

Human health could potentially be improved by mocli 
fy ing: milk fat via feeding by ( I ) increasing the content of 
various beneficial bioactive FAs present in milk in trace, but 
potentially effecti ve, concenu·ations: (2) altering the major 
FA composition o f milk to reduce. aturated FA and elevate 
o leic or PUFA while maintaining or increasing milk fat con
centration: (3) reduc ing tota l milk fat yield relative LO nuid 
and protein, which in turn could be used to produce lower- fat 
dairy products (or human diets): and (4) enriching the content 
o f milk omega-6 or omega-3 FA. 
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Milk contains over 400 FAs; many of these are in trace 
amounts. Some of these FAs can have potent biological ef 
fects (Lock and Bauman, 2004). This bioactiv ity could plau
sibly result in various positive and negati ve effects on human 
health, many of which may not be related to plasma choles
terol. The branched-chain FA in milk mo. Lly derived from 
microbial sources was deemed underexplored for human 
health (Taormina et al. 2020) . Epidemiological studies of 

milk products have indicated positive health as. oc iations 
with dairy products. but lhe role of the specific dairy food. 
and dairy fat component is not clear (Elwood et al.. 2010). 
The action. of different CL A s on human health arc complex. 
Changes in the diet o f cows can cause diverse chang~ in the 
trace FAs present in milk, and o flen many o f tlhe trace FAs 
are not measured accurately. The e complexities prevent 
any c lear road to enhanc ing potential health benefits by us
ing nutrition to alter the u·ace bioactive FA present in milk. 
However, the potential positive effects of these FAs should 
not be discarded when considering lhe recommendations for 
the level o f milk. fat in 1J1e human diet. 

The effect or dairy produc t and dairy fat on human 
heallh are not resol ved, but it is clear lhat the general advice 
for extremely low-fat. high-carbohydrate diet (no more than 
20 percenl of calories from fat) w as not well justified al its in
ception and i being abandoned by expert. in human nutrition 
(German and Di llard. 2004). Broad. but not unanimous. con
cerns remain over too large a proportion of human dietary fat 
coming from saturated fat (Burlingame et al.. 2009; USDA, 
2015). The current Lrend in human dietary recommendation 
is maintaining fat levels at about 30 percent of calories but 
i11crea. ing mono- and PUFAs, while reducing medium-chain 
saturated FA and indusLri all y hydrogenated fats clue to 
their conLenL of various rrnns-FAs. In addition, common 
guidelines still o ften call for con wnption o f'·low-fat'' dairy 

produc t. because of beneficial effects o f dairy products but 
concerns that dai ry fats do 110 1 help achieve the desired FA 
profile for the human diet. M ost evidence . uggests health 
benefits of milk for children, w ith limited evidence to sup
port decreasing milk fat (O'Sullivan et al., 2020) or milk 
fat g lobule membrane components (Ortega-Anaya and 
Jimenez-Flores, 2019). Consuming milk or milk products, 
regardless of their sawrated FA content, was a sociated with 

po. itive outcomes on cardiova cular health (M ena-Sanchez 
et al., 2019: Riet. ema eL al.. 2019; Companys et al., 2020: 
Hirahatake et al. , 2020) and metabolic syndrome (Drehmer 
et al., 2016: M ena-Sanchez et al , 2019). 

The broad Lenns "saturated fat" and "animal fat" persist 
in relation LO human consumption and labeling of foods but 
are o r limited utility in de cribing milk fat, which contains 
SatLU"ated FAs ranging from 4 to 22 carbons in Length. Satu
rated FAs of different chain lengths have markedly differ
ent effects on typical biomarkers used to assess potential 
atherogenic risk. Consumption by humans of lauric, myristic, 
and palmitic acids (C l 2:0, Cl4:0. and C l6:0) is related to 
elevated low-density lipopro tein (LDL) chol esterol. a bio-
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marker for negative coronary health impacts (Kris-Elherton 
and Yu, 1997). Shorter {C I 0:0 and 1 ightcr) sawratcd FAs, a 
well as Cl 8:0, stearic acid, appear neutral relative Lo con
suming carbohydrate. while C 18: 1 has positive (cholesterol
lowering) e ffects (Kris-Etherton and Yu, 1997). Conu·olled 
subsLituLion o f the c medium-chain saturated FAs for carbo
hydrate c learly elevates L DL chole. terol, bul C 12:0 simulta
neously reduces lhe total to high-density lipopro tein (HDL) 
cholestero l ratio, which is a marker as ociated w ith beller 
cardiovascular health (M ens ink et al.. 2003 ) . Therefore, the 
primary putative negative human health claim associated 
with dairy fat is mo. t likely limited to the efTcct of medium
chain saturated FA on human LDL cholesterol, which seems 
to ignore the neuLraJ or bene fic ial effect of lhese ame FA. 
on total to HDL cho lesterol and ignores diITerence among 
!auric, myristic, and palmitic acids. Whether these changes 
in LDL cho lestero l from lhese FA. tran late into higher risk 
for human cardiovascular disease and decreased longevity 
when consuming dairy products containing fat is far from 
establ ished. Generalizations are complicated by the form 
of dairy fat consumed and the possible po. itive impacts of 
dairy products on HDL. blood pressure, and type 2 diabetes 
(Gern1an et aL 2009) . 

The FAs fed to dairy caule affect the FA proportions in 
dairy food fats. Feeding C l6:0 fats to cows increases tota ~ 

milk fat secrelion mostly by increa. ing Cl 6:0 with only 
slight absolute decreases in Cl4:0 and Cl2:0, wilh predict 
able increases in the molar proportion o f C16:0 in milk 
relaLive to other FA . A s described earlier. increased Cl 8 
unsaturated FA in lac tating cow diets will reduce Cl 6 and 
shorter chain saturated FA i n milk while u. ually elevating 
Cl 8:0 and Cl 8:J in milk fat. Therefore. a imple strategy 
to alter mill< FA composition to LJ1e suggested healthier baJ 
ance of more C 18:0 (neutral) and C 18: 1 (beneficial) and less 
medium-chai n (C 12:0 throug h C 16:0) FA is to include oil. 
that comain oleic, linoleic, and linolenic acids in lactating 
cow diets, which reduces y ield or milk shorl·-chain FA while 
increasing mill< 18-carbon FA . ecrelion. Added stearic acid 
in the dairy diet may not always decrease secretion or short
chain milk FA but can increase secretion of milk 18-carbon 
FA. so it too can alter the milk FA proportion in this same 
direction. Feeding more unsawrated FA 10 cows, however. 
can also increase trans-FA in milk. The effect of feeding 
cows to alter dairy fats in thi manner and lhen sub cquently 
feeding this modified fat to humans has been reviewed by 
Liv ingstone et al. (201 2). Careful evaluations or the data 
present in the orig inal . tudie reveaJ that three o f fi ve . tud
ies found Sl:.'ltistically significant reductions o f io ta.I blood 
cho lesterol: three showed significant reduc tion in LDL 
cholesterol, and only one study showed a sign ificant change 
in HDL cholesterol. which was increased by the modified 
milk fat (Noakes et al.. 1996; Tholstrup et a l.. 1998, 2006~ 

Poppill et al.. 2002: Seidel et al., 2005). Overall, these data 
sugge. t a tendency for LDL and the Lo tal cholestero l Lo HDL 
cholesterol ratio Lo be lowered by the e fats. a potentially 
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beneficial change in milk fal relative 10 human alherogenic 
heallh, although the data arc nci1her extensive nor completely 
consistenl. 

There are several caveats to feed ing vegenable oi l 10 
lactat.ing animals 10 modify dairy fat Exce. s o il feeding to 
cows can reduce total milk fat secret.ion and conccmra1ion, 
reducing the value of milk under curren1 marketing schemes. 
Although milk-l·esLing lab can est.ima1e the FA profiles or 
milk fal at the farm level to use in payment scheme and 
iJ1centive., lhere is currenlly no widespread economic incen
t.lve in the United States to alter milk FA profile. but there is 
for elevated milk fat concentration and yield. Feeding veg
etable oi ls not only increases milk oleic acid while reducing 
medium-chain FAs in milk but al so may increase flow of 
18-carbon trans-monocnoic FA into Lhe duodenum followed 
by absorption and secretion in milk. E ven if 1ra11s-FA from 
ruminants may be less of a health concern than l he tra11s-FA 
from industrially hydrogenated Lriglycerides (Gebauer et al., 
201 l : 01eng and Kersten, 2019), current food labeling doe. 
not di. linguish these and . i mply reports total tra11s-FA. This 
type of oil feeding can elevate tra11s-FA above S percent of 
milk fat, which could cause /rans-FA to exceed 0.5 g in a 
l O-g serving of dairy fa1. The Food and Drug Ad.mini Lration 
in lhe United States requires labeling /rans-FA content when 
the 0.5-g per serving level is exceeded. Recommendations 
from FAO/WHO called for les. than I percent o f human en
ergy consumption from /ra ns fats from a ll ources. ruminant 
and industrial, combined (Burlingame et al., 2009). Dietary 
unsaturated FA. especiaUy Iinoleic acid. even at low levels 
present in basal diets, will often shift the milk FA profile to 
a higher content of C l 8: I (including tmns-C 18: 1) and lower 
medium-chain saturated FA without noticeably changing 
milk fat y ield. B ecause measurement of the mil k FA shift is 
praclical with existing milk analysis procedures. an economic 

i!llcentive to alter milk FA profile to achieve this shift is pos
sible. However, the benefit of such a shifi in milk FA profile 
to human health i. not proven, and labeling requirements for 
tra11s-FA must be con. idered. 

L actating cow diets Lhat promote lower milk fat through 
highly fermentable carbohydrate and less effecti ve fiber 
can yield low-fat milk products Lhat can be left low fat or 
fortified with nondairy fat w ith different FA profiles. These 

diets tend to reduce milk FA of a ll lengths. Use of bioactive 
milk fat synthesis inhibitors. such a tra11s- l0, cis-12 CLA, 
can have Lhe same effect and potenlially avoid the negalive 
animal health effects and reduction in fiber digestion associ
ated with subacu te rumen acidosis due to rapidly fermentable 
carbohydrate and shorter fi ber. Direct reeding of these potent 
bioactive CLA rn cows inhibits milk FA secret.ion and low
ers hort-chain saturated FA relative to Cl 8: I and total Cl8 
(Bauman et al., 20 1 l) without elevating trans-FA con rent of 
milk that occurs w hen increased amounts of unsaturated FAs 
are fed as a source for synthesis or the milk fat- depressing 
CLA {Perfield et al. , 2007). However. the demand for milk 
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fat and the economic incentives for milk fat production 
through milk fat pricing have nol moved dairy product.ion 
in this direction. 

Slight increases in PUFA in milk are possible by al tered 
feeding of cows with current technologies but will not greatly 
increase human dietary intake of these PUFAs. ConLent of 
linoleic and linolenic acid i111 milk is minor and difficult to 
change in unprocessed milk by feeding methods for reason. 
di. cussed above and reviewed by Lanier and Corl (20 15) and 
Lock and B auman (2004). For example, milk fat on average 
has abou t 0.6 percent of FA a u-linolenic acid. If a human 
diet derived 30 percent of calories from fat and all Lhat fat was 
dairy fat, then 0.18 percent or calories woumd be from lino
lenic acid. Doubling this tinolen ic milk content, which has 
been accompli hed by lino lcnic supplemental.ion of cow cti
ets, would deliver about 0.36 percent of human calories from 
linolenic acid. This would still be below the lower end or 
Lhe recommended range of 0.5 to 2 percent of calories from 
lino lenic acid. ln contrast., ubiquitous soybean oi l contain, 
8 percent lino lenic acid. so Lhe same increase (0. 18 percent 
to 0.36 percent human calories from linolenic acid) could 
be obtained by human consumption of 27 .5 percent calories 
from dairy fat and 2.5 percent calories from soy oi l. Ln addi
tion, many rich sources of liinolenic acid also contain higher 
ratio. or desirable eico. apentaenoic acid and doco. ahexae
noic acid to linolenic . Dairy p roces ing can easily remove fat 
from dairy products to y ield l ow-fat products. W hen high-fat 
.. dairy" producLc; are desired. dairy fats can be combined with 

o ther oils or specific FA supplements to deliver the desired 
FA in significant amounts, while avoiding Lhe biological inef
ficiencies inherent in the lactating cow. These change affect 
melting poinl and other important properties of lhe fa~ and 
can be much more precisely standardized in food processing 
than by animal feedjng.. 

SUMMARY 

For maximum performance, cow generally hould no t be 
fed diets with more than 7 percent of the DM as FA, and the 
economic oplima may be considerably le. s. Feeding higher 
concentrations of fat caJ1 result in reduced DMI. even if the 
fat has minimal effects on ruminal fennentat ion and fiber 

digestion (Schauff and Clark, 1989: Weld and Armenlano. 
2017). A reduct.ion in DMI may negate part or all of the 
advantage of using fat to increase dietary energy density and 
can limjt milk-production responses. Optimal amounts of fat 
LO include in diets depend on numerous factor., including the 
FA composition of the fat, physical and chemical form of 
fat. the basal diet, stage or lactation, environment, level of 
milk product ion, and feeding management. Limiling dietary 
FA concentration to I~. than S percent mjght be prudenL 
during early lactaLion. whern feed-intake depression due to 
fat supplementation has bce11 observed (Je1Tcd et al., 1 990~ 

Chilliard, 1993). Cereal grains and forages can contain about 
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3 percenl FA, but FA profiles can vary significantly. Oilseeds 
and animal or animal-vegcLable blends are acceptable rat 
supplements; however, al high levels of. upplementalion, 
choice of FA supplements needs lo be carefully balanced to 
prevent milk fat depression or reduced DMI. 
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Carbohydrates 

INTRODUCTION 
Carbohydrates arc 1he primary source or energy in clie1s 

fed to dail) cattle •md u ually compfr .. e 60 to 70 percent of 
lhe diet Bcllides being 1he primary energy source lo the ani
mal. carbohydra1es pro' idc .,ubMratc for gro\\ Lh or ruminal 
microbes and production or microbial protein. and fibrow. 
carbohydrates help mainiain proper ga!:.Lroin1e tinal func
tion. The carboh)dra1e fraction or feeds is a di,erse mixture 
ranging from polymers to -.imple ~ugar!> Lhat are u!.ually 
parlilioned according to their digcs1ion characteristics in 
lhe animal. Carbohydrate!. are broadly cla.\!.ified b) Lheir 
solubility in neu tral detergent. including Lhe insoluble neu
tral tlclcrgent llbcr (NDF) fraction and Lhe neutral detergent 
. oluble fraction (.,ee Figure 5-1 ). The NDF carbohydra1es 
arc further caiegoriLcd as forage NDF (INDF) or non forage 
NDF (nlNDF), each containing hemicellulo. e. cellulose, and 
lignin. TI1e neutral detergcnt-.,olublc carbohydrates (NDSCs) 
arc divided into s tarch. water-soluble carbohydrates (WSCs; 
e.g., f ructans. !.ugar ... ). and neuLml detergent-soluble flbcr 
(NDSF: e.g .• pectic subsrnnccs). 

Availabilily to the animal \aries by carbohydrate fraction 
and source of the carbohydrate (e.g .. I) pe or feed. proce sing. 
orowing ell\ ironmenl). Caule ha'c Lhe capacity to dige!.L 
e • h starch. lac10 e. microbial glycogen. and trehalo e (d1. ace a-
ride) ba. cd on enL.) mes present in the pancreatic secretions 
and small intestinal mucosa (Kreikemeier cl al.. 1990). A 11 
other carbohydratei.. including i.ucro~e and tho e in NDF. 
musl be degraded and u1iliL.cd b) ga!ltrointeMinaJ microbe~ 
for Lhem to provide nutricnl!. 10 the animal. Total-tract di
gc!.libility of the carboh) <lratc fraction~ affects Lola I nutrient 
supply Lo 1he animal, whercru. ruminal fermentation affect!. 
1he 1ypc and 1emporal supply or fuels. which affec1 microbial 
protein produc1io n a!. well as energy i111akc and partiiioning 
by the animal (Allen, 20 14). The type and temporal upply 
of fuels arc afTected by the type and source of carbohydrates. 
ru "ell ai. in1erac1ion!> with other diet and animal factor... 
Physically effec1ivc NDr (peNDF) i. lhe fraction or NDF 
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in the die1"i1h particle of :i i.iL.e adequate to form a rumen 
mat. which entraps !.mall. potentially degradable particle:. 
in the rumen and enhances rwnina1ion. The increa!>ed re-
1ention lime of digesta in the rumen increases total-lraCl 
digc.,tibility and provides additional buffering capaci1y. 
likcl) reducing rh.~ or lO\\ ruminal pH and a depre..,sion in 
NDF dige!.ltbili1y. 

NEUTRAL DETERGENT FIBER 
NDF is 1hc most common mea. ... urc or fiber u ed for rou

Linc feed anal)i.ii.. h ii. a i.imple and incxpcnsi"e me1hod 
lhat measure:. rnO!ll, bu1 no1 all. of the chemical compound. 
that compri1.c 1he riber fraciions 1hat are indigestible by 
mammalian enL.ymes. NDSF component such as pcc1inll. 
P-glucans, fructans. and gums are not included in the NOP' 
fraction. NDF has largely replaced olher measures or flbcr. 
Crude fibcr docs not quan1itatively recover hemicellulo!.c 
and lig,nin, and acid detergent fiber <ADF> docs not include 
hcmicellulo"c but include., some soluble flbcr (e.g., pec1in) 
unles" ADF is done sequentially on NDF re!.idue (Van Soci.t. 
1994). Wilhin a .,pccific fceds1ulT. concentration!. or NDF 
and ADF arc high!) correlated. but the correlation i!. lo\\ er 
for mixed diets 1hat con1ain different fiber sources. 

The conccntraiion or D F in reeds or die is is correla1cd 
negati\ely '"' ith energy concen1ration because NDF i!. 
generally le!.s degradable than Lhe NDS fractions of feed:.. 
110\ .. CVCr. digc ... tibility or NDF is high I} variable depending 
on source. ruminal retention time. and Lhc niminal cnviron
mcnl. The acid de1crgenl lignin (ADL) fraction and some 
or the hemicellulo.,c and ccllulo. c ru. ociated "iLh lignin 
arc esscntiully indigesti ble by bacterial and mammali:in 
enqme., (Van Soei.t. 1994). Accordingly, NDF digei.tibili1y 
is nega1ivcl) asllociatcd wi lh lignin concentration wi1hin 
feed type. all hough the relationship is not consistent. Lignin 
doe!'I not alTect Lhc digcsLibility of the NDS fraction or rec<ls. 
Therefore. it is moM useful to expres~ ADL on an NDF ba.\i!".. 
The ADL content of forage:. increases wi1h maluri1y and i~ 
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FIGURE 5- 1 Carbohydraie fractions in feeds include neutral 
detergent fiber (NDF) and neutral detergent-soluble carbohydrates 
(NDSCs). Acid detergent fiber (ADF) is a component of NDF. 

greater for legumes than grasses a t similar stages or maturity 
(Smith et a l.. 1972). and warm-sea on gra e genera lly have 
greater ADL content than cool-season grasses (Mandebvu 
CL al., 1999). 

NEUTRAL DETERGENT-SOLUBLE CARBOHYDRATES 

NDSCs arc diver. c and include water-soluble carbohy
drates, starch. and NDSF. Except for Lhe monosaccharides, 
lactose, malto-oligosaccharides. glycogen, and starch. all 
o ther NDSCs must be degraded to monosaccharides or 
fermented by gut mic robes LO be of nutritional value lo the 
animal. The content or NDSC in reeds has been estimated 
by difference as nonfiber carbohydrates (NFCs), which is 
calculated as 100 percem of dry matter (DM) minus the 
sum or NDF. c rude protein (CP). c rude fat , and ac;h; some
times the CP and ash in NDF are subtracted from NDF to 
prevem redundant correction ror ash and CP (NRC. 2001 ). 
Although NFC has been used as an estimate of NDSC, 
its use is not recommended for diet formulation. It aggre
gates analytical error of each or lhe component assays. 
Furthermore, it incorrectly conveys the idea Lhat a . ingle 
pool of NDSC is unifom1 in its digestion and fennentation 
characteristics. 

WSCs includemono-.di-,oligosaccharides. and . ome poly
saccharidc . Sugars include monosaccharides (glucose. fruc
tose, e tc.) and disaccharides (sucrose. lactose). LacLose is 
found specifically in milk products, whereas o ther sugars 
are found in many feeds, inc luding cane and beet molasses 
(50 to 60 percent of DM). fresh forages (2 to I 0 percent of 
DM), vegetable pulps (12 to 40 percent of DM). candy or 
bakery by-products (variable), and other processed human 
rood by-products. Oligosaccharide. such as stachyo e (2 to 
7 percent or DM) and raffinose ( I to 2 percent or DM) arc 
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found in soy beans (Kumar et a l. , 20 I 0 ). Cool-season grasses 
are the primary source of fructans (0 Lo 30 percent or OM), 
a . torage carbohydrate con. i. ting or varying chain lengths 
or fructose ometimes with a single glucose at the reducing 
end or the chain. 

Starch contains polymers (amylose and amylopectin) of 
glucose units linked by bonds lhat can be cleaved by mam
maliru1 enzymes. It comprises Lhe majority of the NDSC in 
feeds derived from grain crop and lllbers that are generally 
increased in Lhe diet to meet lhe energy demands of lactating 
dairy cows. T he primary sources or starch red to cows are 
corn, barley, wheat, oats, . org hum, millet. silages made from 
lhe associated plams, and tubers such a. cul 1 potatoes. Con
cenLraLions of . tarch and NDF in corn and sorghum silages 
are inversely related because starch production during kerne l 
filling dilutes the fibrous Slover fraction of the plant (see reed 
tables, Chapter 19). Forages are supplemented wilh cereal 
grains to increase energy dens ity, provide glucose precursors. 
and decrease the filling e lTects or rations. The starch content 
of lactating. cow diets ranges from les. than 20 percent 10 

more than 30 percent or DM. 
The mo. t common NDS Fs encountered in ruminant 

reeds are pectin and mixed-linkage ~-g lucans. Pectins 
are composed or a backbone molecule made primarily of 
galacturonic acid and varying amounts of side chains made 
of arabinose. galactose. and other ugars. Primary sources 
of pectin in dairy cattle diecs include legume forages, soy
bean hulls, and citru and s ugar beet pulps. Mixed-linkage 
~-glucans have the same structure a cellulo c. except for a 
periodic bend in the linear glucose chain caused by a ~-( 1,3) 
linkage. These ~-glucan. are found in some small grains 
such as barley. In ome feeds such as ciu·us pulp. NDSF 
concentraLions can reach 40 percenLofDM. Currently, NDSF 
i calculated by subu·acting the concentrations or NDF and 
starch from the concentration of 80 percent ethanol insoluble 
resi.due where NDF and e lhanol residues are express on an 
ash- and CP- free basis (Hall et al., 1999). Using 80 percent 
c lhanol ralhe r than water ru a solvent remove some shorter
chain fructans from NDSF. 

RUMINAL AND TOTAL-TRACT DIGESTION 

Soluble fiber and WSC have the potential to be nearly 
completely dlegradcd in the r umen, whereas ruminal digest
ibilities of NDF and starch a re lower and highly variable by 
source and processing. WSCs are very rapidly utilized by 
mixed ruminal microbe .• and few of the. e carbohydrates 
like ly escape ruminal utilization. Reporled in vivo ra tes of 
nuninal disappearance or glLJcose. sucrose, and lactose were 
greate r lhan 250 percent/h. rund no residual glucose. fructose. 
or sucrose was detected in duodenal digesta I hour postdos
ing into the m mcn (Weisbjerg e t al.. 1998). A llhough sugars 
arc rapidly fennented in the rumen, there is liule evidence 
that moderate substitution o r sugars ror starch in diets de
creases ruminal pH. Inclu io n or sugars in diets by replacing 
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s tarch generally either increases ruminal p H or has no effect 
~or several possible reasons, including less acid produced 
per mole of hexose fermented and storage of glucose as 
microbial glycogen (Oba, 2011). The WSC may be partially 
convened to microbial g lycogen that can be fermented in 
the rumen or pass to the small intestine. Rate o f disappear
a nce of grass fructans and raffinose is also rapid in mixed 
batch culture (Thomas, l 960), and orchardgrass fructan dis
appeared at 62 percentlh in vitro (Hall and We imer, 2016). 
The disappearance rates of NDSF from peel.in-rich citrus, 
sugar beet pulp. and alfa lfa ranged fro m 20 to 40 percent/h 
i11 vitro (Hall et al., 1998), and peel.in isolated from alfalfa 
s howed similar rates of fennentation in vitro (Hatfield and 
Weimer, 1995). Unlike WSC. the digestibility o f NDSF is 
reduced at low p H (Strobel and Russell. 1986). The avail
ability and rurninal digestion of WSC and NDSF arc not as 
markedly affected by processing as is starch. 

Ruminal digestibilities of starch and NDF are typically 
lower than soluble fiber and WSC and are higlhly variable. 
Rumina l fermentability o f starc h from various cereal grains 
ranges from less than 30 percent to more than 90 percent 
(Nocek and Tamminga. 1991: Firkins et al.. 200 1). It is af
lectcd by many factors, including grain type. endosperm vit
reousness, processing (e.g., rolling, grinding, steam-Oaking), 
conservation method (e.g .. dry, ensiled), ration composition. 
and animal characteristics. Wheat. barley, and oats have 
s.tarch that is more readjly degraded than corn starch, and 
sorghum starch is most resistalllt to degradation in the ru
men and digestio n by the arumal (Huntington. 1997). Ba ed 
o n a meta-analys is (Ferrarello et al., 2013). ruminal starch 
digestibility was greater for wheat (79 percent) and barley 
(7 1 percent) than for corn (54 percent), whereas total-tract 
starch digestibility djd not differ (93 to 94 percent). Better 
descriptions of gra in particle s ize and other discriminatjng 
variables will he lp characte1ize ruminal digestibility differ
ences within categories. The basis for these djfferences is 
related to the characteris tics of protein in the endosperm 
or each gra in . Starch g ranules in the endosperm of seeds 
are embedded in a prote in matrix, and e ndosperm proteins 
vary in solubiJjty and resistance to digestion (Kotarshl et al., 
1992). Vitreous endosperm in so me grains contains prolamin 
proteins (e.g., zein in corn and kafirin in sorghum) that are 
i11soluble and resistant to dige. tion, decreasing eniyme ac
cess to starch granules: in cont rast, the proteins in noury 
e ndosperm are readily solubiliz.ed, allowing greater access 
to starch (Hoffrmm and Shaver, 20 II ). The vitreousness of 
corn grain endosperm is a function or genetics and maturity. 
Corn grain vitreousness inc reases with maturity (Phillipeau 
and Michale t-Doreau. 1997) and ranges from 0 percent to 
more than 75 percent at full maturity (Hoffman et al .. 2010). 
Because corn silage and high-moisture corn are harvested 
before physiological malllrity, their degree of vitreousness 
is less than Lhat of dry she lled corn. 

When grains are ensi led, ruminal fermentab ility of starch 
can be affected by both grrun moistw·e concentration (af-
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fected by maturity at harvest) and storage lime. ln vitro starch 
digestibility ( IVSD) of high-moisture corn samples increased 
by 9 percentage units from October to August of the fol
lowing year (Ferrareuo et a l., 2014). Furthennore, rvsD 
was negati vely related to DM content and positively re lated 
to concentration of ammonia-N, likely because endosperm 
prote ins are solubilized over time, increasing starch ferment
ability. The increa. e in protein solubility and IVSD over time 
is g reatest for grains with hig he r mo isture concentration, 
and changes were greatest over the first months of storage 
(A lien et al., 2003). The likely increase in ruminal s tarc h 
digestibility of ensiled feeds over time should be considered 
when formulating diets. 

To a g reater degree than ha. been noted for other NDSCs, 
the rate of starch hydrolysis is increased by more extensive 
processing, with greater response for grains with more vit
reous endosperm. such as sorghum and corn (Huntington. 
1997). Processing increases access of enzymes lo starch 
granules by reducing particle size, which increases surface 
area, or by swelling and disrupting kernel texture by s team
fiahlng. Reducing particle s ize by cracking and grinding 
significantly increases rate of starch degradation (Galyean 
et al.. 198 1: M cAl lister et al.. 1993: Fcrraretlo et al., 2013). 
and the effect is greater with unprocessed than with heat
processed grains. Ruminal starch digestibility of ensiled 
(64 percent) and steam-naked or steam-ro lled (59 percent) 
corn was numerically greater than dry corn (54 percent) in a 
meta-analysis (Ferrare uo et a l., 20 13). However, the number 
of treaLment means for ensiled and steam-Oaked/rolled corn 
was small compared w ith dry shelled corn, and treatment 
effects were not s ign ificant. In that study, Lotal-tract st..1rch 
digestibility was positively related to rumin.al starch digest
ibility across starch sources. Total-tract starch digestibility 
was also pos~lively related co postruminal starc h digestibility 
(percentage of duodenal now). but the wide range in total-
1rac1 starch digestibility from less than 84 percem to greater 
than 98 percent indicated that digestion postruminally does 
not complete ly compensate for . Larch that escapes rumina~ 
degradation. Ruminal and total- tract s tarc h digestibilities 
were linearly related with each unit increase in total-tract 
starch digest ibility. correspondjng to a 3.4 percentage unit 
increase in niminal starc h digesLibility. 

Ruminal digestibility of starch is also affected by the starch 
content of diets. In lactating cows, the fractional rate of starch 
digestion as well as ruminal digestibility o f :starch increased 
when corn grrun was substituted for fNDF (Oba and Allen. 
2003a) or nonforage fiber sources (NFFSs; beet pulp; Voelker 
and Allen, 2003). Ruminal amylolytic enzyme activity for 
low-starch (2 1 percent) diets was calculated as 68 percent of 
that for high-starch (32 percent) diets (Oba and Allen, 2003a). 
The increases in starch digestibility and cak1Ulation of higher 
amylolytic enzyme activity with higher levels of starch feed
ing could be caused by an increased number of amylolytic 
bacteria in the rumen (Mackie and Gilchrist. 1979). Further
more. 6-hour starch digestibility in vitro o r various feeds 
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averaged 32 percent when using inoculum from cows fed a 
50:50 concentralc/hay diet but o nly 7 percent wilh inoculum 
fro m a strictly hay-fed cow (Cone et al., 1989). Greater starch 
digestibility wilh higher-starch d iets indicates that s tarch de
g radability in lhe 111men does not follow first-order kinetics 
and is a function of both the soLrrce as well as characteristics 
of the microbial population in the rume n. 

NDF is degraded primarily in the re tieulorumen, w ith 
additio na l degradation occurring in the large intesline . 
Across s tudies reported in the uterature. rumina l d igestibil
ity of NDF accounts for over 90 percent o f total-tract NDF 
digestibility (Huhtanen et al., 201 0; Gressley et al .. 2011 ). 
However. s ig nificant compensato ry digestio n can occur 
postruminally when ruminal NDF degradation is suppressed 
(Oba a nd Allen, 2000b). Increasing starch in the diet typi 
c ally depresses rumina l (Firkins et al., 2001: White et al., 
2016) and total-tract (Ferrareuo et al.. 2013) NDF digest
ib ility. The digestibility of NDF de pends on characteristics 
in trinsic to lhe NDF source tha t a ffect the maximal rate 
a nd extent o f digestion. retention time in the rennentation 
compartments, and concenu·at.ions and activity of microbial 
e nzymes (Allen and Merte ns, 1988). Rumina l retention time 
is a function o f characterislics of the animal (e.g .. dry matter 
in take IDMI]) and feed (e.g., particle size, fragility, digestion 
c haracteristics). 

The chemical composition of NDF varies greatly, which 
a ffects its susceptibility to e nzymatic degradalion. Ligni
lkation o f NDF varies among forages and N FFS and is 
negatively related to digestibil.i ty (Van Soest, 1994). The 
illldigestible NDF (iNOF) fraclion is positively related to 
lignin content, and potentially digesl1ble NDF (pdNDF) is 
the fraction re maining (NDF- iNDF): both can be expressed 
o n a DM or NDF basis. The rate of pdNDF degradation in 
v itro is adversely affected by low pH and inclusion of starch 
(Grant and Mertens, 1992). Oba and Alle n (2003b) reported 
a positive Linear relationship between mean ruminal pH and 
degradatio n rate o f pdNDF: degradatio n rate declined fro m 
-4 percen t/h at pH 6.5 to -1 percent/hat pH 5.7. 

The actual digestibility of pd NDF is positively related to 
rate o f degradation and lhe length of time microbial enzymes 
have to cleave Lhe bonds. The NDF in plant t issues (e.g., 
mesophyll, xylem, phloem) degrades at different rates (Akin, 
I 989; Wilson. 1991 ), and lheir max imal rate o f ND F deg
radation depends on chemical composition and anato mical 
s tructure lhat a fTects accessibility of substrates LO enzymes 
(JLmg and Allen. 1995). Thus, surface area likely limits rate 
of NDF degradat ion unless other factors s uch as rurninal pH 
inhibit fi bro lytic activity (Russell et al.. 2009). Pe rennial C3 
g rasses generally have greater NDF content lhan legumes, as 
well a'> lower contents of lig nin and iNDF. Altho ugh the rate 
of digestio n of pdN DF is genera lly slower for g rasses com
pared with legumes (Smith et al.. 1972). rumina1 digestibility 
is usua lly greater because of the greater pdNDF content and 
lo nger re te ntio n time in the rume n (Voelker Linton and Allen, 
2008: Kammes and Allen. 2012a). Ruminal digestibility of 
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NFFS is highly variable, depending on composition, rumen 
pH, and the peNOF or the diet, which affects lheir retention 
in the rumen (Firkins. 1997). Ruminal degradation in vivo 
proceeds at less tha n the maximal rate because concentra
tions a nd activity o f enzymes are limited by e nvironmental 
effects (pH, nutrient ava.ilabj lity) on m.icrobial popula t.ions. 
Availability o f rumen-degraded protein (RDP) can limit NDF 
digestibility in continuous culture (Griswomd et al., 2003)_ 
and the limitation of diet RDP o n ruminal N DF digestibility 
appears lo vary among feeds (Soliva et al., 201 5). Decreas
ing RDP decreased DMI quadratically (espec ially below 
9.2 percent M OM) and tended Lo decrease ruminal ADF di
gestibility linearly (Reyna! a nd Broderic k. 2005). The direct 
effect o rRDP on ruminal NDF digestibiHty has not been well 
studied in lactating dairy cows. Decreasing metabolizable 
prote in (both RDP and RUP) sig nificantly decreased total
tract NDF digestibility (Lee et al.. 2011 , 201 2). most likely as 
a result o f decreased RDP limiting ruminal NDF digestibility. 

Greater DMI is associated with decreased rumen retention 
time and digestibility of NDF (Riewe and Lippke, 1970)~ 
to ta l-tract NDF d.igeslibility decreased 4.4 percentage un.its 
as DMJ increased from 2.5 to 5.0 percent of body weight in 
a meta-analysis with lactating Ho lstein cows (de So uza et al.. 
20 18). Oba and Allen (1 999a) reported a negative linear 
relationship between responses in DMI and total-tract NDF 
digestib ility a mo ng 32 cows when they were fed diets con
taining brown midrib com si lage (bm3) or its near- isogenic 
control com silage. 

Digestibility of dietary NDF can be depressed when rumi
naJ re te ntion time is reduced such as when high proportions 
of fl ne ly chopped or pelleted forages (Allen, 1997) o r when 
NFFSs (Gran~ 1997) are included in diets. Forage fragility 
varies greatly and affects the rate of reduction in particle 
size from chew ing during eating and ruminating (Popp~ 

et a l., 198 1). Faster particle s ize reduction will increase the 
mass of particles below lhe lhresho ld s ize to pass from the 
reliculo rume n and decrease t.he ability o r the rumen to selec
tively retain lhosc partic les by decreasing the mass o f large 
fibrous particles in the rumen (Ka mmes and Allen, 20 I 2d). 
Die ts w ith more digestible fiber within a forage type (e.g .• 
brown midrib corn si I age and less mature grasses and aJ fal fa) 
tend to have shorter ruminal retention times (Oba and A lle n, 
2000a ; Kammes and Allen, 20 I 2b: Kam mes et a I., 20 I 2a) 
and grasses are reta.ined longer than alfa lfa (Voelker Linto n 
and A lien, 2008; Kammes and Allen. 20 l 2a.d). Length of cut 
did not a fTec t the pool size o r retention Lime of NDF in the 
mmen for orchardgrass (Ka mmes et al., 2012b) or a lfalfa
based diets (Kammes and Allen, 20 I 2c). This mig ht be 
because peNDF entering lhe rumen afte r chewing was either 
sin1ilar or above a critical threshold for ruminal retention or 
particulate matter bet wcen diets. 

Absorbed nutrients prod uced from ruminal degradation 
and fermentation or inteslina l digestion of carbohydrates 
in the gastro intestinal tract have different e ffects on DMf 
and energy partitioning . The primary nutrients lhat ruminal 
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degradation provides to !he animal are volatile fatty acids 
(VFAs) and microbial protein. The VFA can provide up 
to 70 percent of the energy required by Callie (Bergman, 
l 990), with lhc types and amount produced affecting how 
the animal's glucogenic or ketogenic needs are met. Rumi 
nal concenlralions of the VFA do not indicate amounts of 
production because information on rumen l iquid volume. 
passage, and differences in rates of ab orpUon for lhe VFA 
is lacking (Suuon et al., 2003). lncrea, ing the s1arch content 
of diets allheexpen. e of NDF can greatly increase propionic 
acid production wi1hout a1Tec1ing the production of acetic or 
butyric acid (Suuon et nl., 2003). but starch passing from 
the rumen may be dige. ted to gluco. e that is absorbed or 
metaboli~ed to lactate in the small intestine (Reynolds et a!., 
2003). Ruminal fennentaUon of sugars general ly increa es 
the production of butyric acid (Oba, 20 I I ), but ruminal fer
mentation of pectin y ields mainly acetic acid and relatively 
I ittle propionic acid (D ehority, 1969). Although the VFA 
produce<l can di ffer by carbohydrate type (Mmphy et al.. 
1982~ Weimer, 201 1). they are also affected by pH (Strobel 
and Russell, 1986), dietary forage inclusion (Murphy et al., 
I 982), concentration ofRDP (Males1ein et al.. 1984), amount 
of organic mauer (OM) degraded. and likely other undefined 
factors. Propionate production from starch has been reported 
to differ between diels wilh higher or lower amounls or for
age (Murphy et al. . 1982). A die1ary starch is increased and 
pH declines, populalions of amylolytic/laclate-producing 
and lac1ate-uti lizing bacteria both increa e (Nlackie and 
GilchrL l, 1979). A slarch supplementation increases, the 
lac1a1e ulilizers ~ ikely converl a greater proportion of lactate 
10 propionale (Baldwin et al.. 1962: Aschenbach el al.. 20 I I). 

PREDICTION OF RUMINAL CARBOHYDRATE 
DIGESTIBILITY 

Ruminal fermentation of carbohydrates arrects produc
tivity and i a c ritical consideration for die! formulation. 
Whereas effort. lo predict ruminal carbohydrate dige l
ibility have been abundant. there is considerable uncertainty 
remaining. Chemical analyse (e.g., NDF, starch) have 
improved. but a beuer understanding and description of 
carbohydra1e degradation and digestion will likely improve 
future predic1abilily. Ruminal digestibility va lues used in 
diet formulation are usually derived from feed dictionaries 
or values repo11ed in the li1era1ure. single Lime-point incuba
tions. rumen models based on ra 1es of digestion and passage, 
or empirical equation based on diet faclors and DMI. 

Feed libraries 

Ruminal dige tibilily of NDF and starch in vivo i. highly 
variable. Whereas some or this variation can be accounted 
for by feed Lypc, and mcru1s can be included in tables of nu
t1·ient composition. table values do not account for the large 
variation re uhing from the effects or growing environment. 
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genetics. conservation method, and processing on the feeds, 
limiting their usefulness, especially for feed. with highly vari
able composmtion such as forages and some by-product feeds. 

Single Time-Point Incubations 

Digestibility of NDF and s1arch in vitro or in situ by 
niminal microbes is often measured a l single Ume points. 
These method. can provide important relative information 
to compare feeds, but they are less useful to predict ruminal 
diges1ibility in vivo. Rumir1al digestibili1y is affected by 
niminal pH and enzyme activity, which va ry with the diet 
and it interaction with animal factors. so rates o r digestion 
are affected by method of determination (e.g., in vitro, in 
situ; Krizsan et al., 20 12). TotaJ-tract NDF digestibility was 
related to jn vitro NDF digeslibili1y with an incubation lime 
of 48 hours (r=0.55. P=0.01) but not 30 hours in a small 
da1a set of 2 1 diets from seven experiments, bul total-tract 
N DF digestibility was overestima1ed by-7 percentage units. 
and the bia. was greater as dige. tibility incre.ased, indica1ing 
tha1 equations will be needed lo convert in vitro diges1ibil
i1y into in vi vo digestibility (Lopes et al., 2015). Although 
in v itro NDF digestibility at single time points may not be 
acceptable for prediclion of in vivo digestibili1y, they have 
been positively related Lo response in DMI and milk y ield 
(Oba and Allen. I 999b) and are best used Lo compare feeds 
for allocation 10 dilTerent groups of cows, nroubleshooting. 
or purchas ing considerations. 

Mechanistic and Empirical Rumen Models 

Mechanistic models have been developed and have 
evolved over the past several decades lo predict ruminal 
carbohydrate digestibili1y LO more accurately predict metabo
lizable energy and metaboliLable protein in diet formulation 
programs. Tile basic concept or mechanistic rumen models i. 
1ha1 digestion of OM in 1he rumen is a competition between 
lbe rate of degrada1ion and pas. age (Waldo et al., I 972). 
The maj or problem with 1his approach is that we do not 
have accurate data for rates or degradation and passage of 
individual feeds or nutrient fractions in vivo. Whereas feeds 
can be fractionated and rates of degradation o r fractions can 
be measured, 1he rates obtained do no1 repre. ent actual rate. 
in vivo because of dilTerences in particle size (surface area), 
enzyme activity, and pH between measurement conditions 
and in 1he rumen of cows (Firkins et at. , 1998; Krizsan et al.. 
2012). Also. :accurate pas. age rates for each nu trienl fraction 
within specific feeds that correspond 10 its rate of digestion 
are nonex istent. The use or the same overall passnge rate for 
all fractions within feeds will overestimale rwninal digest
ibility o r soluble fractions and small particles thai have faster 
rates of passage and will underestimate ruminal digeslibiliLy 
of large panicles that have much slower rates or passage. 

M odeL or digeslion in. and passage from, the rumen 
that have been developed over Lhc past . evera l decades uch 
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as Molly (Baldwin et al.. 1987: Hanigan et al., 20 13) and 
the Cornell Net Carbohydrate and Protein Sy tern (Russell 
et al., 1992: Sniffen et al ., 1992: Van Amburgh et al., 2015) 
and its derivalives and have made valuable contributions. 
They have helped students understand the complex interac
tions of the diet, microbe .• and the animal: codify research 
to understand rumen function; stimu late and prioritize 
i<lea for new research: and stimulate ideas to solve prob
lems during diet formulation. However, whereas they have 
these advantages over empirical models. they arc also less 
accurate because of incomplete knowledge. numerous re
quired inputs, and lack of accurate data for parameterization 
(France et al.. 2000). 

Prediclion o f carbohydrate digestion with empirical equa
tion, give, up some of the potential advantage of mechanis
tic models based on rates of digestion and passage in favor 
of increa ed accuracy. Empirical equations have been devel
oped to predict ruminally degraded starch and NDF based 
on diet composition and DMl (White et al.. 20 16) and are 
used to predict microbial protein production (see Chapter 6). 

PHYSICALLY EFFECTIVE NEUTRAL 
DETERGENT FIBER 

A . ufficient mas of long, fibrou particles is require<.I 
co optimize digestive efficiency and proper rumen function. 
The particles form a mat in the rumen that acts as a rtltration 
bed to increase retention of potentially escapable particles 
containing pdNDF. increasing NDF digestibility a!:> well 
a digesta mass in the rumen co bu!Ter fermentalion acids. 
A greater mass of digesta increases rumen bu ITcring both 
directly. by cation exchange, and indirectly. by stimulating 
mmen movements that enhance mixing and absorption of 
fermentation acids, as well as by stimulation of rumination 
and salivary buITer secretion (Allen, 1997). OLher benefits 
ill1clude reduced risk of abomasaJ displacemem and a greater 
abili ty to maintain euglycernia and prevent mobilization or 
body reserves when feed intake decrea. cs in the hort term 
(Allen and Pianloni. 2014). 

peNDF is LhaL fraction of the diet chat conLr.ibULes LO the 
lbnnatiou of tbis retention mechanism. Where.as increased 
peNDF coment of the diet can i ncrease buffering and NDF 
digestibi lity. the increa ed dige ta mass can al o reduce DMT 
when limited by rwninal disten ion. EITectiveness of NDF 
can be determined multiple ways, but the most accepted 
definition is the abili ty or feeds to stimulate chewing (Sud
weeks et al., 1981; A lien, 1997 ). Researcher. have asse sed 
whether milk fat can be used as an index or "elTecLive" NDF 
(e.g., Grant, 1997; Caccamo et al., 20 14). which includes 
the "physically eITecti ve" (pe) component that stimulates 
chewing plus the chemical component or NDF that reduces 
mminal acid production when substituted for starch (Armen
tano and Pereira, 1997). However, because other factors such 
a bioactive fatty acid (L ock et al., 2006) and feeding or 
sugar (Oba. 201 1) that are not associated with peNDF affect 
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milk fal, use of milk fat production to a sess sufficiency of 
peNDF shou ld be done with caution. 

Within the NDF fraction. fNDF that has not been finely 
processed is the primary contributor to peNDF of diets. 
and rumen pH is positi vely related co INDF but not total 
NDF con tent or diets (Allen. 1997). Forages that are long 
or coarsely chopped provide NDF in a fo11n !hat is more 
phy ically eITective than NDF in NFFS such as soyhulls or 
corn gluten feed, or NDF in cereal grain . Many NFFS, have 
a large fraction of potentially digestible NDIF, small particle 
size, and relatively high specific gravity (B arnj oo and Shaver. 
1994). Furthermore, they have similar or faster passage rates 
than forage (BhatLi and Firkins. 1995) with similar or slower 
degradation rates (Firkins, 1997). Based on chewing, NFFS 
NDF wa. 30 to 80 percent a efTective as fNDF aero stud
ies (Mertens, 1997). However. peNDF values of feeds are 

determined relative to the forage used in each experiment 
and can vary from one experiment to another. For instance. 
phy ical effectivene .. of whole collonsecd was 50 percent 
compared wi th long-theoretical length or cut (9.5 mm) but 
127 percent compared wilh hort (4.8 mm) alfalfa silage 
(Mooney and A llen, 1997). 

Evaluation of treatment means from experiments thal 
compared particle length wiLhin the same forage indicated a 
breakpoint for elTect of forage particle length on total chew
ing Lime per day at a mean sieve aperture size or 0.3 cm 
(A lien, 1997). Therefore, a threshold above which little addi
tional response in chewing time to increased peNDF content 
of the diet is l ikely. and furLher increase might limit DNU 
(Zebeli et al.. 2012). UsingpeNDF of individual feeds in ra
Lion formula Lion followed by evaluation or the peNDF of the 
total mixed ration (TMR) i useful becau c of the potential 
for particle size reduction during mixing, especially with ver
ti.cal mixers. M ertens ( 1997) suggested that peNDF or rations 
be measured by determining the proportion ofTMR particle 
retained on a 1.18-mm screen and multiplying by the total 
NDF concenlration or the diet. However, this assumes that 
diet OM and NDF are equally djstributcd aero s all crcen. 
if done on an as-fed basis. which is rarely the case. Another 
Limitation to using particle . ize measurements is the lack or 
standard methodology used across experiments with use or 
both wet- and dry- ieving with different sieve designs. The 
Penn State Particle Separator (PSPS) wa. introduced as an 
inexpensive and rapid method to characterize particle size 
(Lammers et al., 1996) and is a common method of determin
ing particle size of forages and TMRs on farms. 

A meta-analysis approach detected associations between 
peNDF rcLained on and above a screen with an 8-mm ap
erture (peNDF >8) and rumen pH, time<pH 5.8 (h/d), and 
rumination Lime (min/d) with a breakpoint at 18.5 percent 
peNDF >8 (Zebeli et al. , 2012). That analysis further dem
onstrated that the requirement for peNDF must be balanced 
with elTccls of pcNDF on OMI because DM I was decreased 
when peNDF >8 exceeded 14.9 percenL suggesting diets 
hould contain between 14.9 and 18.5 percent peNDF >8 
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depending on whether maximiz.ing intake or rumen pH was 
l11c goal. Although the relation. hips were rea onably sLrong, 
l11e database used for the meta-analysi. did not include many 
ruets with NFFSs. which have been used to le. sen both INDF 
and starch concentrations while maintaining DMI and milk 
productfon (Dann etal.. 2015). When pcNDF is calculated by 
multiplying the fraction of Lhe diet over a threshold particle 
size by the NDF of Lhe enlire dieL. the resulLing value will 
im1crea e by add~ng any source of NDF, even if its physical 
elTeclivenes is zero. This problem could be solved by cal
culation ofpeNDFas the NDF content o f the fraction. above 
a Lhre hold size (e.g., what is retained on an 8-mm screen), 
as suggesced by Zebeli et al. (20 12). Oma have not been ad
equately reported in the Uterature at this lime LO evaluate Lhis, 
and it could not be rapidly and rouLinely measured on farm . 
The peNDF of the DM consumed is al. o affected by sorting. 
which increase. with exces ive large particles, particularly in 
dry rations (L eonardi and Annentano. 2003; Kmicikewycz 
et al., 2015). For these reasons. peNDF should be considered 
as an optimal range to target rather than a minimum Lhat can 
be exceeded wiUhouL potential negative consequences. 

RECOMMENDATIONS 

The previous commiuee (NRC. 200 I) concluded that the 
application or lheeffective fiber concept was limited becau e 
of a lack of standard. validated methods Lo measure e!Teclive 
fiber of feeds and to establish requirements. Progress has 
been made since that publ.ication but is still limited by the 
availability of publ ished research reporting Lhc particle size 
distribution of dietary NDF needed for a robu L implemen
tation. Becau e of thi . Lhe commiuee recommend using 
INDF as one option for esLimaLing physical form adequacy 
of diet in combination with other factors. 

Forage NDF 

INDF i. recommended a. a primary consideration for 
diet formulation rather than total NDF because of a greater 
positive relationship wilh ruminal pH (Allen. 1997) and a 
greater negative relationship with DMl (Allen, 2000). The 
minimum fNDF likely varies from 15 to 19 percent of diet 
DM and depend. on the proportion of total NDF, tarch, 
and perhap other NDSC in the diet. The average effective 
value of NDF from non forage sources was set to 50 percent 
of that for NDF from forage. For every I percentage unit 
decrease in NDF from forage (as a percentage of dietary 
DM) below 19 percent. the recommended contem of total 
NDF wa increased 2 percentage units, and maximum starch 
was reduced 2 percenLage units (see Table 5- 1 ). Data are 
needed to determine whether concentrations of WSC and 
NDSF affect NDF requirements. The minimum total NDF 
was set at 25 percent based on studies cited in the previous 
edition (NRC, 2001) and come with caveats ( i.e., the for
age wa!. assumed to have adequate particle size. dry ground 
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TABLE 5-1 Recommended Minimum Forage and Total 
NDF and Maximum Starch Concentration of Diets for 
Lactating Cow. When a Diet L Fed as a Total Mixed 
Ration. the Forage H as Adequate Particle Si ze, and Dry 
Ground Corn l s the Predominant Starch Source 

Minimum INDF Minimum Total NDF Maximum Starch 

19 
18 
17 
16 
15 

17 

25 30 
27 28 
29 26 
31 24 
33 22 

Optimal diet forage NDF concentration 

<· Higher dry matter Intake 

Faster ruminal clearance rate o f forage NDF -> 

Finely chopped forages -> 

Higher diet starch, lower NFFS concentrations-> 

Higher diet starch degradabillty -> 

<- Supplemental buffers 

Grain fed separately, infrequently -> 

Limited feed bunk space, slug feeding -> 

Greater daily variation In diet composition-> 

27 

FfGURE 5-2 Factors affecting Lhe optimal forage NDF concen

tration of diets for lactating cows. Clearance rntc of forage NDF 
from the rumen is affected by rate of degradaliol!l, forage fragili ty. 
and rate of passage. 
SOURCE: Adapted from Allen (1995). 

corn was Lhe predominant starch source, and cows were led 
a to tal mixed ration). 

The optimaJ fNDF concenLration or diets to maximize 
energy imake is higher Lhan lhe minimum Lo reduce risk or 
acidosi . Optimal INDF for lactating cows likely ranges from 
17 Lo 27 percent of diet DM and i a function or milk y ield 
and the cows' drive LO eat as well as Olher factors shown in 
Figure S-2. Less-filling diets will likely benefit cows with 
high milk yield wiLh DMI limited by ruminal distenLion by 
allowing greater feed intake while maintaining rumen fill. 
However, the greater energy content of the diet might result 
in les rumen fill for cows with lower milk y ield and DMl 
limited by mecabolic mecharnisms (Allen, 2000). The filling 
eITect of fNDF i not constant but is affected by the initial 
size and fragility of forage particles. which aITect ruminal 
retention Lime and fonnation of the rumen mat (Allen, 2000). 
The optimal fNDF concentration of diets also depends on 
diet fermentabi lity (Allen, 1997), which is highly depen
dent on the concentration and fermentability of starch. A l a 
given fNDF content. diet fermentability can be decreased by 
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substituting grains ( i.e., starch) with NFFS or by substitut
ii1g sources of starch that are le. s fermemable such as dry 
ground corn for high-moisture corn, wheaL, or barley. Diet 
INDF concentration must increase when high percentages of 
highly fennentable starch sources (e.g., wheat. barley, high 
moisture corn) are included in diets, whereas supplemental 
buITer. will allow lower INDF concentration. The opLimal 
INDF is also affected by feed ing melhod: TMR decreases 
variation in rumen pH over time compared wilh reeding 
grains separately (Robinson, 1989), allowing Jowcr INDF 
diets wilh higher starch concentration. For component feed
ing systems. when concentrate is offered more than twice 
daily. fewer effect on production, milk composition, and 
ruminal condjtions have been reported (Cassel et al.. 1984: 
Robin on, J989: M ahzetal., 1992).Eatingrate i decrea.ed 
wilh increased fNDF concentration (Oba and Allen, 2000a) 
or forage particl e size ( Kammes et al.. 20 I 2b). and optimaJ 
INDF will be greater when competitjon for feed bunk space 
encourages . ome cows to slug feed. fNDF concentration 
should be increased w hen greater variation in carbohydrate 
fractions is expected. Variation might be from diITerence in 
rorage DM or NDF that arc not adjusted for by diet fonnula
tion. A l though intentional variation in fNDF content of diets 
did not affect production respon ses of early to mid-lactation 
cows, treatment diet averaged 23.2 percent fNDF and al
way exceeded 2 1 percent fNDF, and cow were not fed diet. 
w ith lower INDF diets for more Lhan a couple of days (Yoder 
et al., 20 13). Variation not accounted for by refonnulatfon 
of diets w ill likely result in negauvc eITects (e.g .. milk fat 
depression, deer.cased NDF d igestjon) when diets are c loser 
Lo Lhe recommended minimum INDF content. 

Physically Adjusted Neutral Detergent Fiber 

A second opLion for assessing adequacy of Lhc physical 
Form of cliets is Lhe physically adjusted NDF (paNDF) system 
(White et al., 2017a.b). Thi. sy. tem was developed to provide 
guidance on diel particle. ize requirement to attain a g iven 
111men pH and its interaction with o ther diet components, 
including diet NDF. INDF, starch. and percent forage. The 
new system was termed "paNDF" to avoid confusion w ith 
peNDF, w hich i. based on stimulation of total chewing. Par

ucle size recommendations are based on 1he PSPS (Lammers 
et a l. , 1996) because of Lhe available data and its wide u.e 
on farms. In the paNDF system , many variables describing 
partic le size, composiuon o f the diet, predictions o f rwninally 
degraded carbohydrates, and more are inputs to predictions 
for D:MI, nimina1ion Lime, and ruminal pH. Although the ef
lect o f high paNDF on limiting DMI i important. Lhe focus 
of the system is only on the role of paNDF to maintain the 
mean ruminal pH selected. The ruminaJ pH goals within the 
paNDF system are proxies for describing a desirable rumen 
environment and are not intended to be predictive of rumfoal 
pH or recommendations fo r optimal ruminal pH. Ruminal 
pH renect Lhe net production. absorption. metabolism. and 
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neutralization o f fennenlation acids plus other factors (Allen 
et al., 2006). Two mean ruminal pH target. (6.0 and 6.1) are 
represented in Table 5-2 to illustrate the interactions among 
Lhc model inputs. AL the database'. average ADF/NDF (0.63), 
Lhe discrete values of 3, 9, and I S percent of DM in the TMR 
on the 19-mrn ieve were cho. en to reflect Lhe range in the 
model's predictiveness. A t each of those discrete cutoITs, the 
minimum percentage of DM on the PSPS 8-mm screen LO 
maintain the mean ruminal pH shown is predicted. Particle 
size characte ristics can be interpolated in diets wilh varying 
model terms ( forage, starch. NDF, and fNDF percentages). 
k in Table 5-1, there is a con. istent relationship in which 
less fNDF is needed to maintain any categorical mean pH as 
. Larch declines. 

A sumi11g limited sorting of feed by Lhe animals. an ex
ample o f how the paNDF system works would be if a new 
forage sow·ce is coar. er, then the TMR wou Id be expected to 
have higher percentage of DM on the 19- and 8-mm screens; 
in such a case, Lhe percentage of INDF could be decreased 
wilhoul an expected negative impact on rurninal pH. fn con
trast, if a coarser forage is replaced by more finely ground 
forage, the INDF inclusion in the diet should be increased. 
Similarly. a more conservative ( i.e .. higher) percentage or 
particles on the 19-mm sieve could be selected when ruminal 
starch dige Libility is expected to be greater than average 
because of more exten ive grain processing. 

The impact of ADF/NDF is demonstrated in Figure S-3. 
when other terms are held constant; as dietary fNDF de
creases below 20 percent. a greater percentage of particles 
is needed on the 8-mm sieve with increasing ADF/NDF. 
whi.ch is partly afTected by grass/legume (Allen and Piantoni, 
2014) but al o a ffecte<l by other factors such as percent cereal 
grains in the diet. 

Caveats for the Physically Adjusted Neutral Detergent 
Fiber System 

The paNDF sy. tem wa. not designed to predict ruminal 
pH but, rather, to demon trate how chemica 1 composition and 
physical form of Lhe diet alTect rumen pH. Jn turn, improved 
understanding should ullimately guide ration formulation and 
TMRevaluation.Although a variety of pH targets can be cho
sen within Lili . y. tem, re ult.~ appear reliable only between 
pH 6.0 and 6.J, which i. the recommended range in u age. 
The range among individua.I studies in the derivation data set 
was S.44 to6.83 (White et al.. 20l 7a), but the model included 
random effects that reduce variation among studies and is 
therefore sensitive to small changes in mean ruminaJ pH. 

The paNDF system was based on tudies Lhat primarily 
were from individually fed dairy cattJe and Lherefore do not 
reflect the greater potential to sort against long or dry forage 
or toward grain (Kmicikewycz et al .. 2015: Mil ler-Cushon and 
De Vries, 20 17) comparccl wilh commercial setting or over
crowding conditions that limit feed bunk pace and encourage 
lug feeding. Factors shown in Figure 5-2 must be considered 
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TABLE 5-2 Predicted Minimum Dietary DM on the 8-mm Si eve of lhe PSPS w ith Varying DM on the 19-mm Sieve 
Predicted to M aintain Mean Ruminal pH ~6.0 o r ~6.1 for Lactating Dairy Cattle Fed TMR Vary ing in Dietary Composition" 

Maintenance or pH 6.0 Maintenance of pH 6.1 
% TM R on 19-mm Sieve % TMR on 19-mm Sieve 

TMR co111po~i tion. % (DIM Ba~i:,)h 3 9 15 3 9 15 

f'orogc Starch NDF fNDF M inimum % on 8-mm Sieve' M inimum % on 8-111111 Sieve< 

40 35 25 19 20 13 12 53 43 33 
40 30 28 19 26 17 14 53 42 33 
40 25 30 22 17 10 II 
+O 25 30 19 19 12 JI 36 26 19 
40 25 30 17 32 23 17 50 -lO 31 
40 20 33 17 II 10 10 19 12 ll 
40 20 33 15 24 15 12 32 22 16 
+o 20 33 14 30 21 15 39 29 21 
40 15 35 13 17 10 J() 

50 35 25 20 25 17 13 40 30 22 
50 35 25 18 4-0 31 23 59 48 38 
50 30 28 22 12 10 10 23 14 12 
50 30 28 20 26 17 13 38 28 2() 

50 30 28 18 41 31 23 5-l 44 34 
50 25 30 22 17 10 10 
50 25 30 20 31 22 15 
50 25 30 18 24 15 12 .i6 36 27 
50 20 33 19 18 10 10 
50 20 33 17 32 22 16 
60 30 28 23 42 32 23 
60 30 28 22 51 41 31 
60 25 30 24 22 13 I() 

60 25 30 2.3 30 20 14 
60 25 30 22 38 28 19 
60 20 33 20 26 17 12 

" Total mixed ration~ (TMRs) from the Penn State Panicle Separator (PSPS) with only two sie,·e~ and a pan (White et al.. 2017a.b). 111ese two pH rnrgets 
are provided as examples. and this approach i~ not intended to be used to predict ruminal pH. 

b fND F= forage NOP. Other variables in the model were set to their mean~ (White et nl.. 20 173). The mean A DF/ DF wm. 0.63 (SD =0.26) in the overall 
data set (used for thi~ table) and 0.56 (0.Cl7}. 0.63 (0.1-1). and 0.63 (0.08) for 40. 50. and 60 pen:cnt forage. rc.-.pcct i\"ely. 

' When a row i~ blank. pH 6.0 b predicted 10 be achievoo at ull possible combination~ of paniclc siu percentag~; thru i~. there b no minimum on the 
8-mm sil!VC to predict a mean ruminal pH of 6.0. 

in addilion to Lhe paNDF system w ith Lhc nutrition advisor's 
experience and j uclgment. Ruminal buff er. and other miner
al. might innuence mean ruminal pH independent of any o f 
the diet variables shown, particularly for diets that have high 
amounts of rumen-<legradcd starch. For situaLions in which 
high-forage cljets are fed (. uch as typical diets feel to dry cows), 
Lhe paNDF system is not necessarily useful and should no t be 
used to predict rumination time or DMJ (outside or the data 
range). ln the meantime, the committee recommends li.111her 
research on PSPS fractions, including differences in moisture 
and NDF concentrations among diets and on o ther parameter,; 
that coul.d improve the paNDF model. 

Feed Analysis 

Forages shou Id be tested routinely for concentrations 
of DM and NDF because of the large variation among and 
w ithin sources. Starch content should also be tested routinely 
fo r corn silage. small grain silages. and other variable. Larch 

sources. Frequent sampling and testing will help determine 
more accurate value because or other source, of varialion. 
including sampling and laboratory errors. Frequency of test
ing depends on inclusion rate, the variation expecLed, and 
the length o f tjme lhe forage will be fed. Abrupt changes 
in quality are more likely to occur in upright silos com
pared w ith horizontal silo • w ith mall fie lds o f forage, and 
when wealher during harvest is less than optimal. Each lot 
of NFFS thal is typically variable (e.g., distillers grains) 
should be tested before inclusion in rations, especially i f 
inclusion rate is high unless feeding rates on the fann make 
this impractic~1 1. 

Testing forages for in vi tro NDF digesti bility is recom
mended for a llocaling multiple forages to different group. 
o f cows, troubleshooting. or purchasing considerations. In 
vitro digeslib iliLy is a bio logical measure and more variable 
across runs than chemical measures. Therefore, comparisons 
should be made within a run or result. corrected to a standard 
that is replicated wjthin rw1s. Because perennial gra ses are 
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FIGURE5-3 Example of how the dietary ratio of ADF/NDP (0.50 
for the top two plots or O. 75 for the bouom 1wo plots) influences the 
paNDF model of White et a l. (2017b). A ratio of0.5 is typical of a 
gniss-based diet or a diet with substantial amowHs of by-products. 
and a ratio of0.75 is more typical of a diet ba~d on corn s ilage and 
alfalfa. The line represents the ensemble prediction. and the shaded 
area represents the minimum to maximum range of prediction from 
individual ensemble members as an estimated confidence range. 
TI1e mean ADF/NDF in that database was 0.63. When the toial 
mixed ration (TMR) particles on the 19-mm sieve of the PSPS are 
fixed at 6 percent (left two ploL<>) or 12 percent (right two plots) of 
DM. the TMR recovered on the 8-mm sieve (lefl axis, percentage 
of DM) is the minimum needed to achieve a mean ruminal pH of 
6.1 with varying dieta•)' forage NDF (percentage of DM: bo11om 
axis). Other vruiables in the model are held cons1a111 10 their means. 
SOURCE: White er aJ. (2017b). 

generally more filling than legume. (Oba imd A Jlen, I 999b). 
mixed gras. - legume forages should be Le ted for ADF to 
help determine the fraction of grass and legume in lhe forage: 
ADF/NDF is -0.8 for legumes and -0.6 for grasses (Allen 
and Piantoni, 20 14). 
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Protein 

INTRODUCTION 

Dietary crude protein (CP) is defined as niLrogen 
) x6.25. assuming feedi.turr.., a\erage 16 g of N per I 00 g 

of ltue pro1ein (TP). ChemiMry or feed CP is detailed in 

RC (200 I) and Chapter 18. Feedstuffs' ary '' idely in Lheir 
relati'e proportion-. of protein and nonprotein N ( PN>. in 
Lhe rate and extent of ruminal degradation o f protein. and in 
the intestinal digeMibilit) and runino acid (AA) compo:.ition 
of rumen-undegraded protein (RUP). Meiaboli.lable pro1ein 
(MP) supply, defined as TP digested postruminally. should 
be used 10 describe and a.<i!.cs-. protein nutrition. Ho"ever. 
i111tei.1inally ab!.orbed AAs. and not protein per se, are me
taboliLed. Since the NRC (200 I) dcrivaLion of optimal lysine 
(Lys) and methionine (M et) concentration. in MP, an effort 
has been made 10 develop models to balance dairy rations 
for AA. as done for swine and poultry. Absorbed AAs arc 

vital 10 the maintenance. growth, reproduction, and l actation 
of dairy caulc. Although A As are used principally as build
ing blocks of pro1cin-.. Lhcy are aho in,ohed in many other 
metabolic function'>. For e>.amplc. AAs 01hcr than leucine 
(Leu) and Lys can serve a.<i prccur!.ors for gluconcogcnei.is. 
and all can be converted to fauy acids (FAs) or erve ai. im
mediate ources of metabolic energy" hen o>.idiL.ed to C02: 

Met i-. con,crte<l 10 S-adenos) I methionine, "hich is directly 
imol,ed in hundred.., of reaction:.. Because of the central role 
of protein. in eel lular func1ion. protein synlhcsis is regulated. 
and AAJ> ha\c been -.hown to e'\.ert control through intracel
lular signaling path\\a) i.. including the mammalian target of 
rapamycin (mTOR) and integrated !>tress rc:-ponse pathways 

(ArriolaApcloe1 al.. 2014b). 
The main goal!. of pro1cin and AA nutrition a.re to charac

tcriLe feeds ror rumcn-degntded protein (RDP) and digesliblc 
RUP, predict 1hc conversion of RDP into ruminal microbial 
CP (MCP), and accoun1 for how efficiently the resultant MP 
and metabol iLablc /\/\arc lilied under di ITerent animal and di

ctary conditions. Rcspon!.C!. IO individual AAs can differ from 
a weighted mean response (i.e., protein): further re. carch is 

69 

needed to full) replace ~IP as a primary nutrient \\ith me-
1aboliLable A/\. When RDP or metabol iLable RUP i!. in execs!. 
or when mctaboliLable AA.,, are not properly balanced. their 
carbon skeletons arc metabol iL.ed by the microbe:. or !he ani
mal for energy: howc,er. the exec sN po. es an environ menial 
challenge (-.cc Chapter 14). Therefore. impro\ed prediction 
equa1ions arc needed to relate dietary inputs of AA and N to 
ruminal and animal responses o that animal perfonnance 
can be optitniLed while minimiLing environmental impacl. 

MAJOR DIFFERENCES FROM THE 
PREVIOUS VERSION 

Metabollzable Protein 

Many ractor. innuencing. ruminal degradaLion of differ
ent dietary pro1ein sources and the impor1ance of rumjnal 

dcgradabili1y on 1hc efficiency of mic robial protein :.ynthesi~ 
(EM PS) were discU!,.,,cd in the previous version (NRC. 2001 ). 
In particular. 1he 2001 update highlighted an impro,ed 
library to estimate RDP and the inte. tinal dige:-1ibility of 
RUP. and ii included an impro,cd prediction equation to 

estimate MCP no"' from the rumen. The current commillcc 
started \\ ilh the NRC (2001) component and updated lhc 
databa. e to include more :.wdics usjng exclusi,el> dairy 

cattle 1ha1 reported duodenal or oma.sal Oows of microbial 
N. nonammonia nonmicrobial N (NANMN). and AA. The 
updated data \\Crc u-.cd to evaluate :RC (2001) and. \\hen 

compared to obsened data. they compared favorably wi1h 
other model\. but all models evaluated by Pacheco et al. 
(2012) e:xhibited room for improved accumc) or precision. 
Predictions ofbolh NANMN Oows based on duodenal (Bate
man et al., 2005) or omasal (Broderick el al.. 20 I 0) sampling 
were bia~cd when 1he NRC (200 I ) model was used. There
fore. the commiuec deemed 1ha1 prolein su1>ply should !.tarl 
with a fre:.h apprnbal of daui reporting measured ruminal 
outOow of N from dairy caule. Because most now Mudics 
did not independently derive RUP of feeds consbtcnt with 
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NRC (2001) and did not measure intestinal digestibility, the 
current feed library must be used to extend microbial N and 
N ANMN nows to an MP basis. 

NRC (200 I ) estimated RDP based on kinetic of N disap
pearance of feedstuffs in situ. The N that washes out of bags 
prior to incubation and the N that remains in bags regardless 
of lenglh of incubation are the A and C fractions. respectively. 
T he B fraction is computed by di !Terence of A and C from the 
total N. The degradation rate (kd) of the potentially degraded 
B fraction is derived from in itu i ncubations. 111e in situ infor
mation can subsequently be used with rate of passage (kP) in a 
fi rst-order model to predict the extent of ruminal degradation. 
Because of limited N kinetic data. some feeds were poorly 
represented in the feed library (NRC. 200 I ). The NRC (200 I ) 
feed library also had limited estimate of intestinaJ dige tibility 
for RUP (dRUP) for many feeds, prompting the use of incre
ments of 5 percentage uni Le; to document data limitations. The 
cunent publication has a much stronger representation among 
feeds for the components used to derive RUP and dRU P. 

In contrast w ith improved feed library values for N 
disappearance and for dRUP, the kP of feed components 
has received liule research auemtion since the NRC (200 I ) 
publication. One of the three k. equation!:> in NRC (2001) 

p 

had a coefficient error corrected by Seo et al. (2006), and 
tho. e author. noted a reasonably unbiased fit o f the equa
Uons to the data. which were primarily derived from the u e 
o f rare earth markers. The commitlee considered whelher 
ruminal in situ k inetics and kP equations ~ould be retained 
based on a complete reassessment of equations compared 10 

a dalabase with posu·uminal Oows (White et al., 20 17b). ln 
that report, neither kJ nor kP accounted for signi ficant varia
tion in ruminal NANM N ouLnows. However, tile equation 
from that paper were for classes of feeds, and distinguishing 
RDP ba. ed on the A, B. and C fractions w iLhin feed classe. 
was deemed insufficient by the commiuee to yi.eld accurate 
dilTerences in RUP among feeds processed to increase RUP. 
Con. equently. a system was devised to retain elements of 
the NRC (200 I) . ystcm (A, B, C, and kd) but to re-derive 
static kP values for forages and concentrates to remove the 
bias compared Lo NANMN nows (see subsequent section). 

The NRC (200 I ) model estimated duodenal supply of 
MCP using intake of total dige tible nutrients (TON), which 
was discounted for negati ve associative effect . The equa
tion was biased (St-PieITe, 2003; White et al., 20 l 7b) and 
i11con-ec1 mechan islically because TDN includes posu·um in al 
digestion, which would not influence ruminally synthesized 
M CP. Therefore, the corn mi nee assessed a more mechanistic 
prediction of M CP that integr::ited responses lO RDP and 
rumen-degraded starch and neutral detergent liber (NDF). 

NRC ( 1989) utilized an efficiency of RDP transfer to 
microbial N of 0. 9, which would yield an RDP requfremenl 
of I.I I x MCP ( i.e .. 1/0.9= I.I I ). Becau e the mean RDP/ 
MCP was 1.18 in their data set. NRC (2001) revised Lhis ef
fficiency to 1.1 8~ that is, if RDP intake wa. < 11 8 percent o f 
M CP, then MCP was limiLed Lo 85 percent (i.e .. 100 percent I 
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11 8 percent x I 00) of RDP intake. The beef NASEM (2016) 
maintained ils previous conver ion efficiency of 100 percent, 
a. suming blood urea nitrogen (BUN) tran. fer into the rumen 
would provide Lhc shortfall needed for N as. imilation into 
rumen MCP. Dairy cattle have dilTerent feeding conditions 
than grazing or feedlOL beef caule. and completely relying 
on BUN would not compensate for incomplete efficiency of 
transfer ofRDP to M CP. Li el al. (201 9) observed that the ef
ficiency oftran. fer ofruminal ammoniaN to microbial N was 
less than 70 percent under nonnaJ dairy feeding conditions. 
However. this efficiency i. variable and declines as RDP and 
CP intake increase . . Thu .• the commiuee did not auempt 10 

capture the potential u. c of BUN in suppor~ of microbial 
synthesis direclly and adopted an approach lo predict MCP 
as a function of bolh RDP and rumen-degraded carbohydrate 
(starch and NDF), which is similar to that described by White 
et al. (2017b). While not direct. this approach inherenlly ac
commodated BUN transfer as it was derived from in vivo 
observations where such transfer is occun-ing. 

Tn the current version. the committee retained the defini
tion of net MP supply as the sum of NIP from RUP and MCP. 
Duodenal now of endogenous protein is no~ included in the 
net supply because it is synthesized from prev iously absorbed 
AA and, as such, does not represent a new source ofMP and 
A A to the animal. To predict the requirements, e. timations 
of the endogenous urinary loss and metabolic fecal outpul 
have been revisited. The current version also corrects the 
erroneous assumption that the Iran fer coefficient for MP to 
milk protein and other protein ecretions is constant under 
di lTerenl dietary and physi ological conditions (Hanigan et al.. 
1998; An-iola Ape lo et al., 2014b: Patton et al.. 2014). Gesta
lion requircmen~ have been adj usted to utilize the model of 
K oong et al. ( 1975) filled to the data of B ell et al. ( 1995), us
ing estimated cal r birthweight as an input. The efficiency of 
utilization of MP to proteins exported and prolein accretion 
during gestation is assumed 10 vary except for endogenou 
urinary loss. The urinary Jos. being a non protein fraction 
of end products or metabolic pathways. it. efficiency i as-
umed to be 100 percent. T he requirements for growth were 

derived as net protein (NP) gain, which was calculated a. a 
function of user-specified live weight gain. T he efficiency of 
conversion o r MP to NP for growth is now calculated as a 
function of body weight (BW) relative to mature weight ( ee 
Chapter J I ). A lthough requirements and as. oci ated recom 
mendations o f MP vary with me physiological status of the 
cows and the supplies of MP and energy. recommendations 
of M Pare pre ented, assuming Lhat energy is supplied lo meet 
requirements. An efficiency of uLiliL.alion of MP estimated 
to max imize export proleins has been defined as the '"target' " 
efficiency and is used to calculate recommendations. 

Metabolizable Amino Acids 

Of the 20 primary AAs that occur in protein., 9 are usu
ally classified as being "essentiar· AA (EAA ) and I (Arg) 
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as conditionally essential. AAs are termed "essential" if 
their carbon skdetons cannot be synthe ized by animal cells 
or are synthesized at a rate insufficient to meet needs. The 
EAAs include histidine (His). isoleucinc (lie). Leu, L ys. 
M el, phenylalanine (Phe). threomine (Thr), tryptophan (Trp), 

and valine (Val) . ln contrast. AA classified as "nonessen
tfal"' (NEAAs) are those that can be synthesized de novo in 
adequate quanti ty gi ven adequate supplies or N; the. e are 
alan ine (Ala). asparagine (Asn ), a partate (A p), cysteine 
(Cys), glutamate (Glu), glutamine (Gin), glycine (Gly), pro
line (Pro). serine (Ser) and tyrosine (Tyr). Although arginine 
(Arg) is often clas ified as an NEAA in other animaJs (e.g., 
H ou et al., 20 15). it has been traditionally classified as an 
EAA in dairy nutritjon. Even if its de novo rate or synlhei is 

is ignificant. it would be in ufficient in h igh-producing 
drury cows and is therefore usually considered part or lhe 
"10 EAA ." However. jugular or abomasal infusion of Arg 
(Vicini et al., 1988) or deletion from a mjxture of AA infused 
postruminally (Schwab et al.. I. 976; Doepel and L apierre. 
2011) did not affect milk protein yield. De novo synlhesi or 
arginine in dairy cows was estimated al approx imately 30 g/d 
(D oepel et al., 2004: M artineau et al.. 2014). In NRC (200 1), 
the duodenal flows o f EAA were estimated semi empirically 
by adjustment or the factorially determined flows using 
regression models based mainly on the RUP fraction. ln lhe 
current edition, postruminal now or AA is estimated using 
a factorial method based on predictions or MCP, RUP. and 
endogenous duodenal CP. T he fllow or individual metaboliz
ableAA, considered Lhe net suppl y of AA. is calculated using 
the corresponding AA composiLion or feed factored to RUP 
and MCP and their respective digestibilitie .. A lthough en
dogenou duodenal proteins contribute to the dtJodenal pro
tein now, it is considered that these proteins are synthesized 
mainly from arterial supply and as such do not constitute a 
new neL upply and therefore do not contribute to the net flow 
of metabolizable AA. 

The committee invesLigated the u e of variable ruminal de
gradabililics and intestinal djgestibilities of individual EAA 
among protein sources. Because White et al. (2017a) noted 
jnconsistencies in method. used among feeds. the commiuee 
maintained the approach or factoring feed AA composition 
through RUP and dRUP. However, lhe commiuee recognizes 

that some. but not all. individual . Ludie. reported variable 
AA disappearance. For the AA composition of MCP. the 
committee adopted the approach derived from Sok et al. 
(2017). Although till retaining a constant AA profile, lhis 
approach modified the AA profile by accounting for protozoa I 
contribution to MCP supply. IL also addressed differences 
in AA profiles among nuid- and particulate-phase bacteria. 
T he conver ion or MCP to a TP basis was derived using AA 
recoveries accouming for hydrolysis losses rather lhan as
suming 80 percent TP in the MCP. as done in NRC (2001). 

Recommendations ror AA aire ba cd on a factorial ap
proach, rather than the proportional approach used in NRC 
(200 I): Lhis mean. lhat the recommendations of each EAA 
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represent a quantitative assessment based on the sum of each 
EAA needed to ruHill each de ignated mctabo.lic function. 
Recommendations are given for all EAA. except Arg. The 
approach u ed for AA recommendations follows that used 
for Lhe MP, and a target combined efficiency is used for each 
AA, assuming that energy requirements are adequately meL 
However. because of variable efficiency or AA use for several 
postabsorptive processes, MP and AA requirements are not 
constant and related to the energy supply and the phy. io logi
cal status of the cows. The Trp supply data are very limited, 
and thus predjctions of Trp supply and recommendations 
need to be interpreted with caution. 

METABOLIZABLE PROTEIN AND AMINO ACID SUPPLY 

Rumen-Degraded and Undergraded Protein 

Rationale for a Revised System 

The NRC (200 I) estimation or RDP and RU P resulted 
in mean ( 19 percent or lhe mean squared prediction error 
fMSPEl) and slope (22 percent of M SPE) biases when com
pared to ob. erved NANMN nows (White et aL, 2017b). Subse
quent editing or lhe metadata by the commillee to coITect data 
entry errors reduced those biasc. to 7 percent of mean square 
error (MSE) each wilh a mean bias of 120 g/d and a lope bias 
of --0.31 g/g. An empirical prediction or rwninaJ digestibility 
based only on the A. B, and C fractions without use of kd and 
k wa considered by the committee; however. that failed 

p 
to capture adequate variation among feeds. The addition of 
more feed categories for theB fraction degradation coefficient 
did not solve I.he sen itivity problem. For example. oybean 
meal, expellcr-processed soybean meal, and nonenzymatically 
browned soybean meal had essentially equal calculated RUP 
values: 0.28, 0.30, and 0.28 gig ofCP. The committee assumed 
that a kd would be required to match expectations of increased 
RUP wiLh certain processing (Schwab and Broderick, 20 17). 
Although kd require multiple lime point. and hru proceduraJ 
issues (Broderick et al., 20 JO), recommendations are discussed 
to improve its accw-acy (. ee Chapter 18). 

Considerations for Kinetics of Degradation 

The current commiueeassessed theNRC (2001) technique 
for estimating kinetics or n1minal N degradation in Situ for 
fcedswm and recommends it continued use (see Chapter 18). 
The current database has a few notable consideration for us
ers. The literature con1.ains two types of fishmeal: rumi na.nt 
and nonruminant grades (England et al., 1997). whereas us
ers might be more likely to be using ruminant grade. Many 
of lhe earlier studies ~ sessing fishmeal used a 24-hour in 
situ incubation; these values were included in NRC (2001) 
bul removed from the cuffent database because 24 hours i, 
not long enough to properly estimate the C fraction (L iebe 
et al., 2018). In contra t. because of analy tical issues. corn 
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g luten meal has N disappearance in situ that seems to be un
derestimated (Murphy and Kennelly, 1987), which has been 
addressed (Stem et al.. 1997). 

As in the previous rcporl, the current committee had to 
retain studies without correction for bacterial contamination 
to provide a robust database. L ack of correction for bacterial 
N contamination can underestimate the kd of the B fraction 
(Wanderley et al., 1993). Bacterial N contamination represents 
Llp to 9 percent of the residual feed dry matter (DM) at 72 hours 
of incubation (Yang et al., 1999). Adding starch 10 the diet 
decreased the kd of N in grasses (De Visser et al.. 1998). ln ad
dition, the C fraction would be overestimated (and B fraction 
underestimated) by the degree to which bacterial N contamina
tion is a proponion of residual N. TheeITect on predicted RDP 
wou Id therefore depend on a cu lmination or factors. includjng 
errors associated! w ith deriving kd and A, B, and C fractions; 
that is, estimates of kd are correlated wilh predicted A. B, and 
C fractions (Woods et al., 2003). Bacterial contamination can 
decrease the estimation of RDP by up to 5 percentage uniL<> 
(Alexandrov. 1998). However, this error is likely to partially 
(but not necessarily consistently among feeds) compensate for 
error from particle washout from bags. 

A lthough in situ approaches have problems, various o ther 
approaches also have limitations or need further validation 
against in vivo measurements (Stern et al., 1997). Deriva
tion of k 11 presents a logistical challenge for feed analyses 
labs because more time points are needed. Based on omasal 
now estimates, Reynal and Broderick (2005) suggested that 
NRC (200 I ) underestimated kd, but this effect depended on 
the protein source (Brito et al., 2007b}. ln a meta-analysis 
of omasal N nows, similar condusions were reached (Brod
erick et al.. 20 I 0). D espite these issues. the commiuee 
recommends further research Lo improve the accuracy of in 
situ kinetics used in calculation or RUP in prottei11 sources. 
Numerous I iterature sources (Liebe et al.. 2018) lhave become 
available since NRC (2001) to improve the feed library for 
nearly all common feeds. White et al. (20 17b) and Liebe 
et al. (20 18) explained exclusion criteria and corrections 
made when A+ B + C did not sum to I 00 percent. 

Considerations for Ruminal Passage Rate 

The committee considered using kP data from the scientific 
literature or deriving static kP empirically. Much of Lhe kP data 
used by NRC (200 I ) were derived from feed particles marked 
with rare earLhs. which can migrate to smaU particles and 
bacteria (Bernard and Doreau. 2000). Therefore, the B frac
tion may not pass at the same rate as the rare earths marking 
the particulate fraction. Predictions varied considerably from 
passage rates of undegradable NDF (Krizsan et al.. 20 10). 
Likewise, undegradable NDF does not necessarily pass at the 
same rate as potentially degradable NDF (Firkins et al., 1998). 
Soluble protein ( fraction A) passes at rates much faster than 
particulate protein and can contribute significantly to RU P 
(Broderick et al., 2010: Huhtanen et al., 20 14). Mechanisti-
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cally, actual ruminal passage kinetics probabmy are even more 
complex than either of these approaches (Gregorini et al.. 
2015). The foundational principle that the marker should pass 
with the nutrient of interest (B protein in this case), not the 
particles or adheren t bacteria, remains an elusive problem. 
Because kd was required and measw·ed kr from markers were 
deemed problematic, the commiuee empirically derived a 
static kP that allowed RUP to be predicted using a first-order 
model without bias as compared to NANMN nows (corrected 
for endogenous N) ru1d converted Lo a CP basis. 

A n existing database containing postruminal N flows and 
dietdescripLions from publication. (Hanigan, 2006; Bateman 
et a l.. 2008) was updated (Roman-Garcia et al., 2016) and 
used to evaluate and update the model. For each feed in each 
diet, the mean CP. A. B , C, and kd values were imported from 
the current feed library (see Chapter 19). Standard regres
sion techniques y ielded unrealistic parameLer esLlmates for 
static kP. The commiuee initially allempted to address this 
by increasing the number or feed categories: however, the 
static kP values rema ined unrealistic and extremely variable 
for some feed categories. The NANMN calculation is derived 
by dilTerence of NAN and microbial N nows and therefore 
aggregate error of both measurements. In addition to the 
limited number or observations for some feeds. fitting to 
NANMN is a challenge as it represents an aggregate of all 
reeds contributing RUP and is subject to potential variation 
introduced from endogenous N nows. The combination of 
large variation in observed NANMN Oows, the aggrega
tion of many ingredient contributions to NANMN, and 
the unbalanced nature o f the data likely contributed to the 
unreasonable results with a mixed model. However, Bayes
ian hierarchi·cal models allow study-specific parameters to 
follow a distribution for wruch the mean vector is the set of 
parameters common to all studies (M oraes eLal. , 20 18b). Us
ing this approach, the static k were estimated Lo be closer to p 
expectations while accounting for random effects of studies. 

Revised Estimates of Static kP 

The commillee assumed that the kP from wet and dry 
forages and concentrates underpinning the Seo et al. (2006) 
model provided informatjon that could be leveraged LO derive 
a set of static kr values that would remove the bi as in over
predicting RUP. The model used was of the following form: 

Dt RUP=L Kpc 
Ne ((I -DCac) x (Dt_CPAin.,-Dt_CPAfnNPN,c )J 

- I + x Dt CPBinc+Dt CPCJnc 
""' Kp.,+ Kdc - -

(Equation 6-1) 

where 

Dt_ =total diet concentraliom of the specified nutrient. 
subscript c repre. ents the c lass o f feed the ingredient be

longs LO. 
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DCa.,= ruminal degradabil ity of fraction A in feed c lass c. 
CPAh\=CP intake of fraction A within feed cl as. c, 
C PA lnNPN.c = intake o f ruminally degraded non pro tein 

N x 6.25 (CP equiva lents) within feed c lass c. 
C PBlnc= intake of crude pro tein o f fraction B witbin feed 

class c, 
C PCinc=CP intake of fraction C w ithin feed c lass c. 
K pc=static kP fo r feed class c (e.g., forage or concentrate), 
and Kdc is the weighted average of the in . itu determined kd 

for each feed in class c . 

A Bayesian approach was used Lo derive estimates for 

DCac and Kpc. The ob. ervations of K
11 

from Seo et al. (2006) 
were used as priers. DCac was included to allow for potential 
escape of Lhe A f raclion a reported by Broderick et al. (20 I 0). 
DCac was initial ized with a non in formative prior. The equation 
wa. fitted to observed postruminal How or NANMN minu. 
estimated endogenous N flows (see the subsequent section), 
and N was multi(Plicd by 6.25 Lo convert to CP. 

No gains in preci. i on were realized for models w ith 
greater complexity than a single static kP for a ll forage and 
another static kP for concentrates. The solution using only a 
k for forage and another for concentrates y ielded an e ti -

p 

mate of 6.4±4 percent escape o f protein in the A fracLion, 
a static kP for lhe B fraction of 5.28 ± 0.63 percent/h, and 
4.87 ± 0.33 percenl/h for concenu·ate and forages. re pec
tively. The concordance correlation coefficient (CCC) was 
0 .54, root mean square error (RMSE) wa. 40.9 percent of the 

mean. and mean and slope bia es were 0. 1 and 3.8 percent 
o f MSE. T hese static kP are not affected by dietary factors. 
w hereas lhe kP from NRC (2001 ) all increased modestly 
w ith increasing dry matter intake (DMI), and Lwo kP were 
affected by NDF and concentrate percentages. The commit
tee concluded lhal the model with static k for forage and p ~ 

concentrates with some passage of the A fraction represented 
the best compro mise 10 y ield unbiased RUP values (versus 
NANMN x 6.25). 
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Metabolizable Protein Supply 

Endogenous Protein Flow to the Duodenum 

Becau e endogenou. pro teins arriving al Lhe duodenum 
have been . ynthesized in gastric and pregasu-ic compartment • 
the AA used for their synthesis i mainly, if not totally, from 
arterial origin. This means that these AAs have been previously 
absorbed and Lhen used by gut Lissues to symhesize secreted 
proteins. A s such, they are not a new inpuL o f AA to the cow 
and need to be removed from the duodenal now to estimate 
the net MP and AA supply (Lapierre et al. , 2006). Due to the 
technic.'ll challenge o f assessing endogenou N (EN) now in 
nuninants, duodenal EN measurements are scarce. Neverthe
less, duodenal EN flow has been determined in growing and 
mature caule but by dilTerent methods. A limited database (see 
Table6-1) was constructed to develop a regression between E 
and DM I. 0 rskov et al. ( 1986) reported an EN now from the 
rumen and abomasum when cattle received no feed and were 
only infused into the rumen w ith volatile fatty acids (VFAs). 
T he data from steers fed al low intakes indicated a dispropor
tionate ratio o f duodenal EN relaLive to DMI when compared 
to cows loo at higher intakes. These data upport the inclusion 
or an intercept in the regression, which was not included in the 
NRC (200 I) e timation. The physi ological statu. (growing 
versu mature) was not significant when inc luded in the re
gression. Therefore, duodenal EN (g N/d) can be estimated as 

Du_E11dN (g/d)= 15.4±2.6+ 1.2 1 ±0.24xDM J 
(Equation 6-2) 

w here DMI is kg/d. 
B olb the slope and intercept are significant (P~0.0 1 ). 

Compared w ith this equation , the estimation o f duodenal E 
in N RC (2001) or 1.9 g N/kg DMI would underestimate E 
in caule wiLh a DMI lower than 22.3 and overestimate when 
DMT is higher than 22.3 kg/d. 

TABLE 6- 1 Duodenal Endogenous N itrogen (EN. g N/d) Flows from Callie as Reported 

Animal 

2 dairy COWi> 

2 dairy cow:. 
4dairy COWS 

4dairy cowi. 
Dairy cows 
Dairy cows 
3 s1eer:. 
2 :.leers 
4Meers 
4 ~1cers 
.+Meers 
Growing cattle 

DM I. kg/cl" 

8.34 
0 (3.4) 
14.4 
17.6 
18.0 
17.9 
2.86 
0 (2.2) 
0 ( 1.8) 
3.14 
3.37 
6.82 

BW. kg EN 

500 18.8 
675 15.4 
625 34.0 
fJ07 40.0 
600 40.9 
597 29.5 
300 23.0 
278 11.6 
278 13.3 
424 24.4 
372 262 

359 24.2 

0 When VPA were infused. OM I =0 anti value in pa~n1tteses= kg of DM infused in the rumen. 
hRDP=rumen degraded protein: VPA inf=11ola1ile fatty acid i nfui.ion. 

Mc1hodb Reference 

" N Brandt et al. ( 1980) 
Rumen VFA inf 0ri.kov cl al. ( 1986) 
•5N-Leu dilution Ouelle1 et al. (2002) 
15N-Leu dilution Ouellet et al. (20 I 0) 
Me1a-analysis Marini Cl al. (2008) 
Mctu anuly:.b Sauvmu et al. (20 13) 
RDP-free diet Han et al. ( 1990) 
Rumen VFA inf 0r:.ko' cl al. (1986) 
Rumen VFA inf 0r~kov el al. (1986) 
RDP-free diet Hannah et al. ( 1991) 
RDP-free diet L in LZct1ich et al. ( I 995 ) 
MetrHmalysi~ Marini et al. (2008) 
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Microbial Protein Supply 

Adequate RDP i., needed to maximite MCP produc
tion. NDF digestibilit). and 0~11 (Schwab and Brodericl... 
2017). Microbial protein i. the major supplier of 'MP. but 
iti. prediction also is important for estimating NANMN 
and therefore requirements of RUP. lf the MCP upply b 
predicted to decrease. then RUP supply would need to in
crease. and \ice 'en.a. to maintain MP supply. Calculations 
of microbial N now and ruminal protein balance (calculated 
as RDP-MCP-endogcnous C P> are not independent. The 
commi11ee did not U'>e apparent ruminal N balance a. ... a 
v.iriable 10 asse. s RDP requirement · for microbes because, 
although relevant biologically. its quantification propagates 
nonrandom error (i.e .. bias) 10 an unknown degree. Rather 
than using RDP derived from Ouw data. Galyean and Tedes
chi (2014) usse. scd the effect of total CP lo innuence EMPS 
in beef studiei.. r ew studie intentionally limit CP for dairy 
ca11le. and often total CP is maintained while exchanging 
RDP for RUP. Dccrea. ... ing RDP in dail) studies ~ a. .. :.oci
ated "ith decreasing MCP(lphnrraguerre and Clark. 2014). 

Microbial N was predicted from RDP and predicted 
rumen-degraded carbohydmte c-.ian:h plus NDF) ~ing an as
ymptotic integrated fonn of the Michaelis-~lenten equation 
(Thom le} and France. 2007). Previously. this equation fonn 
wai. used for microbial growth (Rus ell et al.. 1992). The fol
lowing equation , .. a., derived using the i.ame data set~ used 
for RDP c. 1ima1es and dcri' at ion~ for rumen-degraded starch 
(RDS: kg/d) anc.I rumen-degraded NDF (RDNDF. kg/d) as 
in White et al. (2017b). The same sLuclies from White et al. 
{2017b) were used in Lhc current derivation of microbial N 
now with the major difference being 1h~H RDP (kg/d) w~ 
modi Cicd to rcncct the current kj kr approach and wa. fil us
ing a Bayesian approach (M oraci- et al., 20 I 8a). 

Microbial N (g/d)= 1 ~0+ (~ 1 xRDP)] 
I [(I +~/RDNOF)x( I +~/RDS>l 

- · (Equation 6-3) 

Where RDNDF=-31.9+(0.721 xNDF)-(0.247 
xSt)+(6.63xCP)-(0.21 l x CP2)-(38.7xADF/NOF) 

-( 0. 121 xForWct)+(l.51 xDMl )x( ( DF/IOO)x OMI) 
{Equation 6-4a) 

RStDig=(7I.2-( 1.45 x DMl)+{0.424 x fNDF) 
+( l .39x t) -(0.0219 x St1)-(0. I 54 x ForWeL)) 

x (St I 100) x DMI (Equation 6-4b) 

ForWet i'> concentration of wet forage (greater than 
20 percent OM) in the diet (percentage of DM). DMI is 
in kg/d and NDF. and March (St). CP. acid detergent fiber 
(ADF), and forage NOP (INDIP) are u percentage of diet 
OM. The RDNDr prediction hat.I a negative slope for dietary 
~tarch percentage. accounting for negative as ociali'e effect. 
(White et al., 20 16). 
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Predicted \alues shou ld be multiplied by 6.25 to convert 
10 CP. The numerator contain!> an intercept (~0 = 10 I ± 11) 
and a coefficient for RDP intake (~ 1 =82.6±4.2). "here 
RDP intal..e i-. l..g/d. The denominator reprel>CnLs Lhe main 
ruminally degraded carbohyc.lrate . . NDF(~1=0.09·H0.028> 
and starch <fl ,=0.027±0.010). both of which arc l..g/d. The 
RMSE for Lhc fit and root mean i.quared error of prediction 
from crosi.-\ alidation , .. ere 29.7 and 29.8 percent of Lhe mean 
(278 g/d). rc~pcc1ively. The CCC w~ 0.52 and 0.50 for the 
fit and croi.'>-validation. respectively. The e compare lo an 
RMSE of 27.3 percent "i1h mean and slope bias of 1.96 
and 1.74 percent of MSE. respectively, and a CCC of 0.62. 
when the NRC (2001) equation was cvaluatel.1 with the. amc 
data and inputs. 

To limit unrealistic estimated requirements for RDP. 
obscrYed microbial N no" was filled against predicted RDP 
(percent DM) and ruminal NDF and tarch degradabilitiC!. 
(percentage of respective intakes using the gcncralitcd ad
di1i .. e mi\cd model from lhe mcg' R package) (Wood et al.. 
2016). In the resulting mooLhed response. microbial 1 

no\\ was , isualitcd to maxi.mite at 12.0 percent RDP and 
LO decline linearly a' RDP decreru,ed below 12.0, but the 
conlidencc intcnal '"idcned. particular!) a. ... RDP declined 
hclo\.,, 10.0 pcrcenL Bccau. e deficient RDP al. o deprel>'e~ 
DMl (Firl..inl-1 cl al.. 2006), which is the major driver of MCP 
production. we recommend a minimum of I 0.0 percent ROP 
(deri\ed with the current approach." hich i generall) higher 
than RC, 2001) and no more than 12.0 percent RDP 10 

oplimiLC M CP supply. 
A limited number of Mudics in dairy cow. where diet RDP 

varied and RUP "'as held cons1..1nt have been conducted. 
Kalschcur et al. (2006) repone<l a linear increase in mil~ 
protein yield and a curvilinear increase in DMI as diet RDP 
increased from 6.8 percent 10 I 1.0 percent in diell> cont.aining 
5.8 percent RUP. Subl)litution of urea N for 0. 1.2, 2.4, and 
3.7 percent of dietary RDP resulted in a linear decrease in 
DMI. mill.. protein, and MCP in diets containing 5.6 percent 
RUP (Bro<lcricl.. and Reynal. 2009). Maximal DMI and milk. 
protein yield occurred at 12.2 percent and 12..3 percent RDP. 
rcspec1i\ely. in diets that varied in 10.6 Lo 13.2 percent RDP 
(Reyna! and Broderick. 1005). These re ult are con. islent 
, .. i1h the commiuee's gcneraJ recommendations of 10 10 

12 percent R DP. 
Equations 6-4a and 6-4b (. ee Figure 6-1) were deemed a 

more biological representation Lhan Lhe NRC (200 I > approach 
Lo predict MCP, but there are . ome important ca\eats. The 
database is underreprcsented with studie using small dairy 
breeds and with DMI greater than 30 kg/d. However, because 
the equations predicted percentage (not absolute) rumen 
dcgradabilitics of NDF and starch (While et al., 20 16). the 
predicted M CP now should cale with DML From. tandard 
Michaelis Mcmen form, the i.ubslraLes for microbial protein 
!>ynthcsi~ in Equations 6-4a and 6-4b are rumen-degraded 
Murch and NDF. implying an EMPS relationship (g microbial 
Nll..g degraded NDF+ March) with maximal rates set by the 
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FIGURE 6-2 The producllpn--cursor ratio of 15N enrichment in auminal bacteria clividcd by the 15N enrichment in urinary UJca-N (a~sumed 
in equilibrium with BUN) convened 10 a percentage and expressed against dietary CP percentage. Accounting for the random effect of study 
and excluding dicrnry CP >19.0 percent resulted in an average of 14.6 percent with an SEM = 2. 1 percent. The ploued datu from the stud
ic:. ( Dinh. 1007: Valkcners cl al.. 1008: Oudlct et al.. 1010: Chibisa and Mu1svangwa. 2013) arc unadjusted for thl! random effect of ~Ludy. 

et al., 2007; Broderick and Rcynal. 2009). Hence. BUN 
recycling to the rumen was deemed to provide an impor
tant N ~ource to buffer intermittent CP consumption. but 
these factors werrc considered w hen choosing no t to include 
BUN tran. fe r in the f..1JCP model. Additionally. because the 
microbial equati on!> were derived from in vi vo ob ervation~. 

those factors were intrinsic 10 the derivalion Lo the extent 
l11ey can be captured in lhe carbohydrate and RDP terms. 
This contrast~ with the approach La ken by the beef NASEM 
(2016), which assumed I 00 percent efficiency u1 converUng 
RDP Lo MCP. implying Lhat the balance or ammonia ab. orp
Lion from the rumen and BUN tran. fer into the rumen could 
compensate completely for RDP deficiencies. 

Beet and citrus pulp (high in soluble fiber) and !>ug.ar. 
are extensively degraded in the rumen. A moderate amount 
of beet pulp replacing high-moisture corn supported similar 
t\llCP produclion in dairy cattle (Voelker and Allen. 2003). 
Soluble fiber is highly degradable (Miron et al., 2002). The 
c11LymaLic assay reported as "starch·· in nearly all of the 

ource data u. ed to derive the prediction equations inclutle<.1 
sugars. The respon:.es to supplemental • ugars have been 
mixed (Oba. 20 I I ). Becau. e of limited data. the equation 
might underprcdic t MCP when feeding high amounls or 
oluble fiber or sugtu-s. bul no evidence wa available to 

make :m adjustment. 

Supply of MCP wm, nol adju:-,tcd for supplemental fat for 
various rea..,on:o.. One equation i n Lhe beef NASEM (2016) 
predict. rumen M CP supply as a function or fat-free TON. 
Fat has not had con istent elTects on MCP production (Oldick 
et al., 1999). Hanigan et al. (20 13) observed a positive effect 
o f dietary fat on microbial protein outflow using a data . et 
w ith 227 treatment means. Schmidely et al. (2008) did not 

observe an effect of fat on EMPS unless OM digestibility 
wa depres ed. In that case. EMPS is predicted to increase 
becau e the c.lenominator decreased. not that the numerator 
(MCP outflow) increased. Those author suggested that Lhc 
improved EMPS from supplemental fat was from. uppressed 
protoLoa and their re!>uhant predation of bacteria. Hanigan 
et al. (2013) suggested Lliat uptake or preformed FAs could 
. pare carbon for synthesis of olher cellular components and 
for adenosine Ldpho~phate (ATP) production by fermcnta
Lion. However, FA. might be internalized as droplets rather 
lhan be directly u. ed for membranes (Bauch cut c l al.. 1990). 
The sparing effect was not well supported in one or the 
few studies that addressed bacterial growth direct ly (Maczu
lak et al.. 198 1 ). Improved eflk iency ofMCP synthesis from 
feeding fat ha:. been attributed to kr or other factor. (Nagaraja 
et al., 1997). Moreover, high amounts of ram can be toxic to 
bacteria (Hackmann and Firkins, 2015a). B acteria taJ..c up 
exogenous fauy acids to a lesser extent than do proto.wa 
(K arnali et al., 2009). Thus, decreasing pro 1ozoal outflow 

from supplementing fats could increase usage o f preformed 
FA bccau~e of greater bacterial outflow resulting from less 

predation. Becau. e of high DM I. bacterial predation should 
alTect lactating dairy cows less than non lactating niminants 
(Firkins et al. , 2007 ). For all or Lllese reasons. lhe cu1Tent com
mittee chose LO no t account for fat. 

Intestinal Digestibility of RUP 

The current feed library has a much more robust inclu~ion 
of oRUP values compared with N RC (2001 ). The values arc 
derived from a mix of in viLro and mobile bag studies. Proper 
analytical procedure. mu. t be fo llowed Lo obtain accept-
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able results (Liebe et al.. 20 1 8~ see Chapter 18). Intestinal 
digestibility of RUP remains a critical re carch area, includ
ing tandardization, prevention o f analylical arLi facts, and a 
beuer understanding of diITerential AA digestibility with in 
RUP. Validation of all analytical methods against in vivo ob-
ervations is essential to en. ure they are representative aero . 

a broad range of feed . An in vivo, isotope-based approach 
demon trated the inaccuracy of Lhe three-step procedures f'or 
asses. ing dRUP for severa l important ingredient. and the 
extent of variation in digestibility of individua l AA within 
tl1e RUP fraction (Estes et al., 20 18: Huang et al., 20 l 9). That 
method i. not adaptable to commercial setting , but it can be 
used co evaluate in vi tro and in situ approaches. 

Metabolizable AA Supply 

Correction of AA ComposUion of Proteins Obtained 
from Hydrolysis 

Because the committee moved toward a factorial AA ap
proach, special auention was devoted to accurately defining 
the AA composition of each protein fraction. Correction 
factor. for incomplete recovery of AA from a 24-hour acid 
hydrolysis have been published (Lapierre et al.. 20 19) and 
are detailed in Chapter J 8. Tho e recovery factor. were u ed 
to correct all reported AA corn po it ion obtained from protein 
hydrolysis and are thus intrinsic to all protein equations in 
the final model. The abbreviation AAcrrr will be used when 
referring to AA concentrations corrected for incomplete 
recovery from 24-hour hydrolysis. U. ers ol' the derived equa
tion must keep in mind that the equations were built from 
corrected AA nows ( i.e .. e timation of the now of metabo
lizable AA, secretions, and accretions as well us efficiency 
calculations were all done using true corrected AA nows). 
However, predictions of duodenal AA flows were converted 
to uncorrected nows for presentation purposes and to allow 
direct comparisons with published data. 

Metabo/izab/e Amino Acids from MCP 

Assessing metabolizableAA supply from MCP in ruminal 
o uLnow requires knowing ( 1) the TP/CP ratio of MCP, (2) 
the AA composi Lion of microbial TP, and (3) the digestibil
ity of microbial TP. Assumption. of 80 percent TP in MCP 
and 80 percent digestibility of TP in the small intestine 
(NRC, 200 I ) have been used since NRC ( 1985). Despite the 
importance of these constanls in predicting metabolizable 
AA supply, few studies have evaluated them. particu larly 
for dairy cattle (Patton et al.. 2014). To evaluate the TP/CP 
ratio, the recovery of total AA after hydrolysis of bacteria 
was investigated. Formalin used as a preservative for bacteria 
decreased the recovery of some AA and should be avoided 
(Volden et al., 1999); therefore, data from lhese studies have 
been excluded. Accounting for the incomplete recovery of 
AA after a 24-hour hydrolysi . hydration upon hydrolysi 
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(I g of true protein would yield approximately 1.15 g of 
free AA). and that Gin and Asn are transformed into Glu a11d 
Asp, respectively, TP/CP averaged 82.4 percent in a broad 
urvey of published AA composition of fluid- and particle

associated bacteria (Sok et al., 20 17). The remainder of the 
CP that i. not TP i. mostly nucleic acids. The current edition 
assumes this proportion. 17.6 percent, which is slightly lower 
thru1 the20 percent used i11 NRC (2001 ). Bacterial RNA-N/N 
plus DNA-NIN is typically less than 15 percent (McAl
lan. 1982), whicb is consistent with other measurements 
(Czerkawski, 1976) or theoretical calculations (Hespell and 
Bryant, 1979) . RNA-N ranged from 9 LO 13 percent of total 
N in bacteria (Susmel et al.. 1993). In another survey, the 
total nucleic acid-N (including DNA) ranged from 11 to 
24 percent of total N (mean of 14 percent) in bacteria and was 
lower in protozoa (Fujihara and Shem, 201 I ). Glucosamine 
i. ignored in these tudies but comprises about 2 percent or 
polysaccharide- frce bacterial cells (Czerkawski. 1976); it 
i. 7.8 percent N (about half of the 16 percent Nin CP). so 
it should contribute about I percent CP. Increasing ruminal 
kP and therefore growth rate of bacteria could increase the 
nucleic acid-N contribution lo total CP (Ba.eh el al.. 2005). 
although the nucleic acid-N!N ratio i probably le s variable 
in the ruminal bacteria of dairy cows (Firkins et al., 2006). 
Taking all this into consitleration, Lhe committee modified 
80 percent T P to 82.4 percent TP in MCP. Undegraded 
nucleic acids in RUP . hould be negligibl e (Calsamiglia 
et al. , 1996). 

The AA composition differs between nuid- and particle
associated bacteria anti protozoa. but insufficient data were 
available to determine whether AA profile of microbes is af
fected by feeding condition (Sok et al. 2017). For the model. 
a constant contribution of nuid- and parlicle-associated 
bacteria an<l protozoa to ruminal outflow was de1ived (33.4. 
50. 1, and 16.5 percent, respecti vely). After weighing for 
these proportions and accou nting for diITerential recoveries 
of AA after hydroly. is. a AAcorr composition of the TP of 
microbial protein wa derived (. ee the section "Secretion 
and Accretion") and used with lhe factorial method to as
sess the contribution of MCP to meLabolizable AA now. 
The updated AA profi les renect more current measuremenL'> 
and expectation. but till retain limitations associated with 
dietary influence on bacteria and protozoa AA composition. 

The inclusion of the protozoa contribution to MCP 
(16.5 percent) becomes important because protozoa contain 
much more L ys than bacteria (Jensen cl al., 2006). with val
ues up to l w ice as high (Reynal et al., 2003; Fessenden et al.. 
2017). Because of the poten Lial for bacterial contamination 
of protozoa! amples (Sy lvester et al.. 2005), lhe difference 
in L ys might even be greater. The high Lys concentration in 
protozoa! protein i likely due to diaminopimelic acid me
tabolism (Wi !Iiams and Coleman. 1992: Martin et al.. 1996). 
Merchen and Titgemeyer ( 1992) did not note a di ITerence in 
supply of Lys re. ulting from defaunation of growing rumi
nants. The greater L y concentration of protozoa can make a 
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signiftcanl difference ir prolozoal oulOow is enhanced by fasler 
k" (Jouany, 1996), as expecled for dairy versus beef caule. 
U nfortunalely, protozoa! Ly. outflow has rarely been sludied 
in dairy call le. Tihe lie concenlralion was al. o higher for pro
tozoa. whereas Mel, Thr, and Val concentrations were lower 
than in bacteria: parliculate-pha e bacleria have increa ed 
Arg and Phe bUl decreased Thr compared with Ouid-phase 
bacleria (Sok el al., 2017). 

NRC (2001) assumed that the TP in MCP reaching the 
duodenum was 80 percem digestible. Results using isotope. 
or intragastric infusion of bacterial protein suggest digeslibil
ity greater than 80 percent. and the digestibility of both fungal 
and prolozoal prolein is probably higher than Llnal of bacte
rial protein (Jouany. 1996). Tas et al. ( 1981) estimated true 
digestibility of microbial protein at 87 percent. compared to 
81 percent from intragastric infusion (Storm et al ., 1983). Ap
parent absorption of nucleic acid-free bacterial 15N in sleer 
was 74 pen.:enl (Salter and Smith. 1984), wh ich was higher 
ll1an apparenl absorption of nonarnmonia 15N in growing 
steers (Firkin et al.. 1987). In that study.15N absorption be
tween duodenum and ileum was similar lo total N (including 
feed N). Low intakes by these non lactating ruminanls make 
large differences. between apparenl and true digestibil ity: for 
example, from 69 (apparent) to 86 (true) percent of N enter
ing the duodenum (Tas et al ., 1981). Fonseca et al. (20 14) 
reported that nuid- and panicle-associated bacteria had tan
dardized digestibilities of76.8 and 75.5 percenL respectively. 
for tolal AA in cecectomized roosters. These resuhs are near 
tlie average of 76 percent from their literature search. 

L imiled data on intestinal digestibilily of MCP in dairy 
caule are available. The eslimated mean digestibility of bacte
rial AA-Nin dairy caule ranged from 75 to 77 percent (Larsen 
et al., 200 I). Those authors derived bacterial N and AA from 
duodenal and ileal samples for Lhi calculation, although the 
digestibility could be underestimated because of bacterial cells 
produced in the ileum. ThedigesLibiLity of AA in bacterial cell 
walls (especially diaminopimelic acid) is lower lhan the resl of 
the TP-AA, particularly Gram-po ilive bacteria. Thu , EAA 
digestibilities were all higher than the mean for digestibilily 
of total AA-N. There is insu !Ticient support lo have differential 
dige. tibilities for individual AA in microbial protein. ln Ouid
associated bacteria, His and Met had higherdigesLibilities than 
total AA, and Val was lower; in particle-associated bacteria. 
Arg was higher, and Val was lower in cecectomi zed roosters 
(Fonseca et al., 2014). Based on thi. limited information. the 
committee extended the constant 80 percenl true digestibility 
for all microbial EAA. Con equently, the conver ion or MCP 
10 MP is assumed to be 82.4 percent TP ui CP at 80 percent 
digestibility=65.9 percent (slightly higher lhan 64 percent in 
NRC, 2001). 

Metabo/izable AA from RUP 

White et al. (20 l 7a) evaluated the ruminal degradabil 
ity and intestinal digeslibility of EAA a affecled by feed 
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calegory. 0111ly 10 published studies (53 treatment means) 
reported ruminal AA disappearance in silt• (at 12 or 16 hours) 
that met inclu. ion criteria. The committee deemed that a 
broader databa e wou ld be needed before differential EAA 
mminal degradabil ities or intestinal digestibilities could be 
predicled with confidence. Therefore. the AA profi.le of the 
RUP fraction of feedstuffs is assumed Lo be Lhe same as in the 
original feedsLUIT, which is consistent with NRC (200 I). the 
French PDI (Rulquin et al., 1998), the Dutch DVE/OEB2010 
syslem (van Duinkcrken et al.. 2011), and the Cornell Net 
Carbohydrate and Protein System (CNCPS} (Van Amburgh 
et al., 20 15). Change. in AA profiles probably are greater 
for feeds wiLh higher RDP (Boucher et al.. 2009a). Ratio. 
of AA profile after/before exposure to rumen Ouid changed 
only mode tl y (Mupeta et al., 1997: Harstad and Pre. tl~k
ken, 2001) or greatly depending on the protein source (Cozzi 
etal.. 1995: Paz et al., 20 14). Met. lie. Leu, and Phe increased 
and His and Lys decreased after incubation o f extruded peas 
and soy beans (Walhain et al. , 1992). No slatistic. were done. 
but EAA ratios depended on protein . ource (Piepenbrink 
and Sch ingoethe. 1998). ln canola meal, Tiu-, the branched
chain AAs. and aromatic AA concentrations increased after 
incubation (Boi la and Ingal ls. 1992). Excessive healing can 
convert L - to D-racemers or crossl ink AA, which decreases 
dige.c;libility (Vrese et al, 2000). and intentional heating 
confinned lower Lys intestinal digestibility for some feed 
sources (Boucher et al.. 2009b). 

The intestinal digestibility of AA within the RUP fraction 
was a sumed to be the ,amc as the CP digeslibility for aU 
AAs. Recent in vivo work suggesls that assumption is l ikely 
incorrect (Estes et al.. 2018; Huang el al., 2019). However. 
the literature data were inadequate 10 derive individual AA 
digestibilities for lhe range of ingredients used in dairy dieL<;. 
Future re earch i needed to improve accuracy and con
sistency of predicting digestible RUP and M. 1n addilion. 
re earchers "hould acknowledge the bias caused by under
e. timaling AA recovery during AA hydrolysis, parlicularly 
M et, if not approprialely protected prior to acid hydrolysis 
(Higgs el al., 20 15), and report values for Trp. To develop 
the models of this revised version. the AA composition of 
feed ingredients as reported in Table 19-2 was corrected to 
account for incomplete recovery using correction factors 
(L apierre et al., 2019). Ruminal degradability and intestinal 
digestibility of total AA, not just individual AA, need to be 
reported. o tolal AA can be used for standardization among 
sludies (White et al .• 2017a). 

AA Composition of Postruminal Endogenous Protein 

The AA composition assigned to the posLruminaJ endog
enous duodenal now, which was removed from lhe observed 
now to assess the net supply. was derived from 0rskov et al. 
( 1986). The AA compositio11 of rumen and abomasal Ou ids 
from catlle 111ourished with N-free intragastric infusion was 
averaged: for Leu. only the rumen value was retained. The 
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TABLE 6-2 Amino Acid (AA) Composition o f Lhe Crude (CP) or True (TP) Proteins, Excepl for Feed, lnvolved in Lhe 
Estimation of AA Supply and Recommendations 

g AA,d.-/100 g CP g AA..,lf/100 g TP 0 g AAc..k/100 g TP" 

AA Duodenal Endogenous Microbial' Scurf Whole Ernp1y Body Metabolic Fecal Milk 

Ala -1.69 7.38 9.17 8.59 6.32 3.59 
Arg 4.61 5.47 9 .ro 8.20 5.90 3.74 
A':>X 4.75 13.39 8.39 9.61 7.56 8.14 
Cy~ 1.58 2.09 2.70 1.74 3.31 0.93 
Glx 11 .31 14.98 1-1.69 15.76 15.67 22.55 
Gly 5. 11 6.26 21.08 14.46 8.45 2.04 
H is 2.90 2.21 1.75 3.0-i 3.5-1 2.92 
lle -1.09 6.99 2.96 3.69 5.39 6.18 
Leu 7.67 9.23 6.93 8.27 9. 19 10.56 
Lys 6.23 9.44 5.6-i 7.90 7.61 8.82 
Mel 1.26 2.63 1.40 2.37 1.73 3.03 
Phe 3.98 6.30 3.61 4.4 1 5.28 5.26 
Pro 4.64 4.27 12.35 9.80 8.43 10.33 
Ser 5.24 5.-10 6.45 5.73 7.72 6.71 
Tur S. 18 6.23 4.01 4.84 7.36 4.62 
lirp 1.29 1.37 0.73 I.OS 1.79 1.65 
Tyr 3.62 5.94 2.62 3.08 -l.65 5.83 
Val 5.29 6.88 4.66 5.15 7.01 6.90 

a g AAro.-: AA compo~ition corrccled lo account for the incomplete recovery of AA with 24-hour hydroly~~. C.'(presscd in hydr.lled form. and therefore 
!> wn 10 more lhan I 00 for a given protein. Table modified from Lapierre et al. ( 2020). 

0g AAd<: AA compo~i1ion calculated fmrn the primary ~trucrure of the reference pro1ein of each family. expres.~ed in hydrated form. and lherefore sum 
to more than 100. 

Adapted from Sok et al. (2017) using the correction factors proposed by ~piene et al. (2019). 

AA composition o f endogenous prote in contributing Lo Lhe 
duodenal Oow. once corrected for incomplete recovery with 
24-hour hydrolysis. is presented in Table 6-2. 

POSTABSORPl lVE USE OF METABOLIZABLE 
PROTEIN AND AMINO ACID 

fn NRC (200 1), MP requirements inc luded metabolic fe
cal, endogenous urinary, scurf. growth, gestation. and lacta
uon. Those functions were reta ined in this version. although 
the approache. Lo estimate use o f MP and AA changed. TI1e 
greatest amount of avai lable data was for milk protein yie ld, 
which allowed development o f more comprehen. ive model. 
for lhat function. 

Estimation of Milk Protein Yield 

NRC (2001) predic ted Lhe MP required to support a spe
cific level of mil k and milk protein yield (MPY). Addition
ally, a conceptua l framework for the effects o f individual 
A A on MPV was provided . and recommendations fo r Mel 
and Lys were suggested. Shifting from an MP system to one 
ba ed on AA implie that it is more accurate at predicting 
MPY. There fore, the performance or existing MP-basecl 
equations was used a<; a benchmark. Data for aJI work on 
milk protein were collected from the literature by several 
teams (NRC. 200 1: Hanigan et al.. 2002; Bateman el al., 
2008: Roman-Garcia et al. , 2016) and additional data col-

lected From studies describing the effect of infused AA and 
AA fed in rumen-protected (RP) form. The complete data 
sel contained 1.1 49 treatment mean. from 275 experiments. 
Of these, 898 treatments from 216 sluclies reporting milk 
produc tion and milk protein content or output were used. 

Evaluation of the NRC 2001 Model, Other MP-Based 
Models, and the First limiting AA Concept 

The overall relationship between MP supply and MPV is 
quadratic, reflecting lhe decreased marginal return in MPY 
as protein supply inc reases (Hanigan et al., 1998: Huhtanen 
and Hristov, 2009: Lapierre et a l., 20 J 2a). However. in Lhe 
NRC (200 1) model as in many other models, MPY was 
linearly related LO NIP supply. The NRC (200 1) MP system 
was evaluated using revised ingredie n1 composition data 
(. ee Chapter 19) <md revised energy supply equations (see 
Chapter 3). EsLimation of MP allowable M!PY by Lhe 200 1 
model had an RMSE of 24.9 percent with s ignificant slope 
bias. Overall. the NRC (2001) model undetrpredicted MPY 
by 28 g/d <lnd overpredicted responses to changing MP sup
ply. indicati111g Lhat the partia l efficiency or MP u e (fixed al 
0.67) in response to increased NIP supply was too high. Net 
energy a llowable MPY had an RMS£ of 21.3 percent with 
sign ificant slope bias. The model overpredicted MPY by 
32 g/d on average (P <0.01) and ovcrpredicled the response 
to varying net energy for lactation (NEL). indicating the 
partial e ffic iency of NEL u e may be overpredicted. Protein 
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TABLE 6-3 Residuals Analyses for NRC (200 l )-Based Predictions of Milk Protein Production as Compared 
to Predictions from the Revised M odel" 

NRC (2001)b 

NEL MP Minimum of NEL and MP Equaiion 6-6 

N 922 926 922 926 
Observed mean. gld 922 921 922 92 1 
Predicted mean. g/d 953 890 831 924 
CCC 0.77 0.65 0.7 1 0.75 
RMSE. gld 194 228 210 133 
RMSE. percent mean 21.0 24.9 22.8 14.4 
Mean bias. percent MSE 3 2 19 0.0 
Slop.? bias. p.!rCClll MSE 38 32 2 1 3.1 
Mean bias. gld - 31 31 9 1 - 2.7 
Slope bias. gig -0.38 -0.44 -0.34 0.156 

p~""'°e'"" 0.000 1 0.0002 O.<XXl I 0.54 

PSl<11<HW 0.000 1 0.000 I 0.000 1 0.0001 

• Prediction~ were not adjusted for random study effects. 
b Predicted milk protein (g/d)= allowable milk (kgld)x ob:.erved milk protein(%) x 10. 

synthesis is an integrated process responding Lo both net 
energy and pro tein supply. Historically, the combination has 
been considered using a fir t Limiting nutrient concept, which 
was modeled as the minimum of MPY available from MP or 
from NEL. Predictions based on that concept resulted in an 
RMSE or 22.9 percent with both mean and lope bia ( ee 
Table 6-3). Those biases and errors indicated the 200 I NRC 
models required rcvi ion. 

Predicting Milk Protein from EAA and Energy Supply 

Initial regressjon work indicated that digested energy intake 
(DEr) and AA supply were slrong detem1inants o fMPY. DEi 
was used to represent the elTecLs of energy on milk pro tein 

synthesis as MEI cannot be calculated until the amount or 
catabolized protein is determined. Given that DEi focludes 
DE from MP. there is an inherent correlation among the in
put. that was addressed by removal or the DE associated w ith 
MP, resulting in a nonprotein DEi (DETnp). Addi tionally. this 
approach resolves the issue o fMP having a greater DE value 
than carbohydrate. whjch can lead to optimizers based on DE 
(but not ME or NEL) to use MP rather than carbohydrates 
for energy. Thus, DElnp wa used for the following work. 
Sub. titution of DE concentration for DEi or DElnp resulted 
in much poorer predic tions. 

Because several EAA and energy-yielding sub. trates 
regulate rate. or protein synthesis (Dos el a l., 2004: Gan 
e t a l. , 2011 ; Appuhamy et nl., 2014) and all of Lhc EAA are 
ubstrates for protein ynthesis, one may expect several of 

these LO be important drivers of produclion. This is a potential 
challenge a. many or the dietary nutrients are correlated, in 
panicular among the EAAs. M ethionine supply had the low
est correlations with other EAAs, ranging from 0.74 Lo 0.85 
due lo the large number of studies that utilized independent 

additions o f M el through infusions and feeding RP-Met. 
Hanigan et al. (2000) demonstrated Lhat representations or 
milk protein synthe. i s and milk y ieJd as a func tion or the 
most limiting nutrient (an EAA or energy) were inadequate. 
An additive representation w ith independenl effects of three 
or more EAA. and energy upply resulted in significantly 
better fits to the data and very l ar ge increases in variation 
explained by the models. This concept is well supported 
at Lhe tissue level. w here i ndependent protein ynthesis 
and cell signaling responses to at least Met, Leu. Ile. Thr. 
insulin, and acetate concentration have been observed 
(Appuhamy et al.. 20J 2. 2014: Arriola Apelo et a.I., 2014c). 
and responses in MPY have been verified (Schwab et al.. 
1976: Yoder et al., 2020). The relative supplies of each AA 
also interact to regulate mammary (B equellc et al., 2000: 
Hanigan et al., 2000) and liver AA transpon activity (M yers 
et al .. 2017), re. ulting in variable efficiency of transfer from 
Lhe gut to the mammary cell . which explains the diminish
ing retums response to MP supply (Whitelaw et al., 1 986~ 

L apierre et a l.. 2007a). 
The large number o f factors controlling synthesis results 

in a complicated re. ponse surface and hampers experimental 

and modeling progre . Because it is almost impos ible to 
i solate and conLrol concentrations of all of the factor., future 
experimentation must report mea. urements of a'IJ controlling 
factors and include treatments that independently manipulate 
those factors to ensure that derived re. ponse are truly rep
resentative of each factor. Additionally, experiments using 
multilevel treatments are needed to beller define the response 
surfaces that can be expected to be nonLinear. There is a 
critical need for larger cenll!'al compo ite designs to assess 
and quantify potential interactions among the factors. Jn the 
absence of Lhose types of experiments, the surraccs must be 
derived aero s experiments, ""hich is subject Lo much greater 
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variation and covariation as mamy factors are not control led 
or fu lly reported across experiments. Such work should 
include genomic characterization of the animals so that 
varialion among animals can eventually be at least partially 
described based on genetic potential. 

Given the bio logical tmderpinnings and despite the chal
lenges withdala sufficiency, the committee was able to develop 
a multiple regression equation to predict MPY using an "all
models" approach (Burnham and Anderson, 2002) to evaluate 
all possible combinations of the absorbed supply of individual 
EAA supply: DElnp; digestible starch (dSl). rugestible NDF 
(dNDF), and digeslible FAs (dFAs); and BW and parity. Di
etary macl'Onutrients other than the. e were initia lly screened 
and round to be unre lated LO NCPY. Three different global 
equation fonns were evaluated. The fir. t uti Li zed metabolizable 
EAA and DEinp as the primary driving variables: 

Milk Protein,g/d = Arg+ His+Ile+ Leu +Lys+Met+ Phe 

+Thr+Trp+ Val+NEAA+ L (EAA2 ) 

+ DEinp + dF A+ dNDF + BW +Parity 
+PubID (Equation 6-S) 

where DElnp (Mcal/d) represented DE intake minus the 
energy contribution from MP assuming S.65 kcal/g of MP; 
L11e individual AAs represented metabolizable supplies (g/d) 
of each; NEAA (g/d) represented the absorbed supply of 
nonessential AA; the ICEAA2

) term represented the sum 
of squared individual EAA supplies; dFA and dNDF arc 
expressed as percentage of dietary DM: BW represented the 
reported BW (kg); Parity was a continuous variable ranging 
from 0 to 1 based on the reported number of animals in each 
parity, wilh 0 and I representing first parity and multiparous 
anima ls, respectively: and PubID represented the random 
effect of study. T he second and third equations contained 
the same terms as the first equation, but the inruv idual EAAs 
were expressed as a percentage of the total EAA or as a ratio 
to DElnp. respectively. 

The top S.000 models based on the Akaike information 
criterion (AIC) were extracted from each sel of solutions 
ror further consideration and summarization. The equations 
based on EAA as a ratio LoDElnp proved sta tistical ly inferior 
and were abandoned. The model using AA. represented as 
a ratio to EAA, had very similar performance: however, the 
distinct disadvantage of this form is the inconsistency in re
sponses to a given EAA caused by the division of each EAA 
by the Lola I EAA. With Lhis form, the addition of one EAA to 
the d iet resu lts in a greater denominator, resultin.g in a reduc
tion in the calculated ratios for all other EAA. T his results 
i111 nonadditive responses to individual AAs when they are 
added to the total versus substituted for another AA. which 
is not biologically consistent with the known mechanisms 
(ArriolaApelo et al. , 2014b,c.d). Thus. equations expressing 
AA as a ratio to MPortotal EAA supply were ex.eluded from 
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further consideration. and al I efforts focused on the general 
form represented by Equation 6-5. 

Many of the Lop equations derived from Equation 6-5 
performed equally well, and thus the choice of an equation 
for use was partially dependent on the objectives, how well 
the equalion of choice matched the biologicall underpinnings. 
and the stabil ity of the derived coefficients and model pre
dictions. Of the EAAs, Trp and Val were each present in 
half of the top 5,000 equatio ns, but the s lope estimates were 
generally negative and deemed nonbiological, and neither 
performed well in cross-evaluations having unstable solution 
estimates (slope estimates varied by more than I 00 percent 
using a bootstrap approach w ith resampling: S imon, 2007). 
Phe and Thr were also present in 48 percent and 47 percent 
of the solutions. respectively. but djd not perfonn well in 
cross-evaluations. Arg was present in 68 percent of the top 
solutions and was stable on cross-evaluation but was deemed 
suspect due to its conditiona l essentiality. The NEAA term 
was aJso present in 68 percent of the top solutions and was 
stable on cross-evaluations, indicaling some apparent effects 
of lota l N supply. Parity and dFA were also present in about 
half of the solutions but unstable during cross-evaluations. 
TI1e remaining terms were present in more than 70 percent 
of the models (excepting Ile and Leu at 59 percent and 
57 percent, respectively), and all were stable during cross
evaluations. 'Based on these statistical and bio logical argu
ments. models containing individual linear terms for Arg. 
Phe, Thr. Trp, Val. dFA. and Parity were nol considered. 
Filtering to remove equations conta ining those terms and 
conducting further tesling of the combination of the excluded 
EAA and the NEAA (OthAA) resulled in the following solu
tion that was selected for use in the model: 

Milk Protei11(g!d) =-97.0+ l.68x His+ 0.885 x lie+ 0.466 
x Leu + 1.15 x Lys + 1.84 x Met + 0 .077 

N~M 

xOthAA-0.002 t5x L EAAb~+ I 0.8 
i=I 

xDEinp-4.60 x (dNDF-J 7.06)-0.420 

x(BW-612) (Equation 6-6) 

whe re the indi vidua l EAA te rms are expressed as 
g absorbed/d, DETnp is Mcal/d, dNDF is percent of DM. 
BW is in kg, and EAAb2 represents the squared supply of 
each of the EAAs present in the equation (His, Ile, Leu, Lys, 
and Met) denoted by the subscript a. OthAA represents the 
absorbed supply of the NEAA plus Arg, Phe. Thr. Trp, and 
Va l. dNDF and BW are centered LO the mean of the d:ua for 
use in the equation, and lhus their mean values ( 17 .06 percent 
and 612 kg, respectively) were inc luded as subtractions in 
the equation. The selecced model also reflects refitting after 
the squared EAA Lenn was reduced to a summation of the 
squares of His, Lie. Leu, Lys, and Mel All terms in Equation 
6-6 were stable under cross-evaluation, and the equation had 
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FIGURE 6-3 Residual errors for predictions of true milk protein 
hy Equation 6-6. Data in the top panel were not corrected for Lhc 
random effects or study. and data in tht: bottom panel were cor
rected for those effects. Data colored black represent observed 
versus predicted. and the data colorcd red represent residuals versus 
ptcdicted. TI1e lines connecting poims (i.e .. splines) arc the l inear 
regressions within study. 

stable RMSE and CCC c~Limates across the evaluationi.. 
Protein y ield prediction. from this equation represent Lhe 
predicted milk NP. upportcd by a given djct (NP-milk). 

The RMSE for Equation 6-6 was l..J..4 percent w ith 
0 percent mean bias anti 3 .J percent o f the MSE as slope bias. 
and the CCC was 0.75 and represents a subi.tantial improve
ment in fit over the NRC (200 J) equation (see Table 6-3}. The 
residual errors for the predictions arc displayed in Figure 6-3. 

Correlations among parameter estimatei. should be low if 
the data are adequate 10 uniquely define those parameLcr . . 
<\nd Lhis wa. the case for a ll of Lhc linear cocfficiems in Equa

tion 6-6 with the exception of a correlation o f 0 .67 between 
the coefficients for Leu and Lys. --0.5 l for OthAA and Ilc 
cocfficien1.. and -0..+3 for Lys and His coefficients. The 
remainder were all below 0.32 i_n absolute terms. 

Residual error for MPV were plotted and regre . . ed 
against Lhe supp l ies or each individu:ll metabol i.t.ab lc EAA 
and of total mc taboliL.able EAA to appraise performance 
relative to each or Lhe primary inputs. If the effects of these 
i11pu~ :.u·c appropriately captured in the prediction equations, 
there should be no observable slope or mean deviation in the 
residual errors. Conversely, if the re::.iduals arc corre lated 
with an input that i, repre.ented in the predicLion equations. 

NUTRIENT REQUIREMENTS OF DAIR>' CAITLE 

Lhat is an indication that the representation i s inadequate . If 
the rcsitluaL arc correlated w ith inputs not rcpresemed in the 
prediction equations, that i. an indication that tho. e input 
hould be added to the . chcmc. As expected. no evidence of 

biased responses to an) or the EAA supplies was observed. 
indicaung that the effects or those inputs are appropriately 
captured in the model. The residual errors were cemercd on 
the line or unity. and there were no systematic deviations 

from that l ine throughout the range of me1abol ia1b le AA 
supplies. The response. to indiv idual EAAs were runher 
evaluated in a similar manner using only. tudics that utilized 
infu:-.cd protein or AA sources. The results were the . amc 
as for eva luations using al l or the data. When stuclie. using 
RP-AA were isolated in the same manner, the responses were 

also predicted w ithout bias. Thus. the commiuee conc luded 
that the responses to indiv idual EAAs were unbiased. 

Re. idual errors from Equation 6-6 were also ploued and 
regressed against other dietary and animal descriptors (sec 
Figure 6-..J.). As above. if the tlci.criptor was represented in the 
model. then the eflecL'S should be captured anti there should be 
no paucm to the residuals. If the eITecL wus 11101 in Lhe model. 
there should also be no pattern Lo the re. iduals if the exclu
sion of that errcct wa~ w:mantcd. lf there is a pattern 10 the 
residuals. this suggesL'> the factor docs have an effect and thus 
should be added to Lhe model. The committee ob. erved no 
c lear pattern to the re iduals versus EAA div ided by DETnp. 
indicating that Lhe independent effects o f nhcsc two tcnns 
were properly captured in the model. No obv ious patterns Lo 
the residuals were observed across or wilhmn . tudies when 
plolled against dietary concentrations or dFA, tlNDF, or dSL 
supporting the election of a model that included dNDF but 
excluded tlFA and dSt. The residuals were not significantly 
related to any other variables except for day.s in milk (DIM) 
(-0.79 g/d per DIM) and mi!!.. rat content (-0.96g/d per milk 

fat percent unit). The DfM effect appeared Lo be associated with 
three tutlies in which DIM changed by a few days within swdy 
and thu. was deemed an unreliable e. timate. The commiuee 
felt the addition of milk fat may be problematic for high milk 
fat breeds. which were very poorly represented in the data used 
for model derivation. The potential eITccts of DIM and mi lk fat 
content should be CAamined further in the future. 

Although the revi.cd equation cannot be directly com

pared to the NRC (2001) model as the lauer only provided 
pretliclions of milk produc tion, Lhose predictions can be 
converted Lo milk protein predictions by multiply ing the 
predicted mi II.. production Limes the reported mill.- protein 
concentration for each treatment in the meta-data. 

Because the EAA coefficients of Equation 6-6 represent 
a reference set of parameters renecling a group of animal. 
producing on average 920 g o f mill protein per day. additional 
work was undertaken to address the 1 imitation or u. i ng a qua
dratic equation w ith a fixed maximum. Indeed. many herds 
today have pen~ of cows that produce more milk protein than 
can be achieved at the apex predicted by Equation 6-6. The 

PREPUBLICATION COPY-Uncorrected Proofs 



PROTEIN 

200-
100 · 

0 • .:-= .. s.• 
-100 • 
- 200·. 

30 so 70 90 
Digestible energy, Mcalld 

200 · • 
100 

0 • 

- 100· 

~ 
-200 · 

O> 

c: 
:§ 200 e a. 100· 
~ O· • 
. E - 100-

m -200 · 
::J 

.. 
20 30 

EAA/DE lnp, g/Mcal 

·. 
10 20 30 "'O 

"iii 
Q) 

Digested NDF, % of OM 

a: 200· 
100· • 

O· 

-200 · 
0 10 20 30 40 

Dietary residual OM,% 

200· • ·1 • • 
100· 

~~i( . ~ 0. : 
- 100· . .. : . . . . : . 
-200 

SOO 600 700 800 
Body weight, kg 

200 
100 

0 
-1 00 
- 200 . 

3.0 3.2 3.4 
Digestible energy, Meal/kg 

200 . 
100 

0 
-100 . 
- 200. 

200 
100 . 

2 4 6 
Digested FA. % of OM 

o· ?!il9• 
-100 . 
- 200. 

0 10 20 30 40 50 

200. 
100 . 

O· 
-100 
- 200. 

200. 
100 -

O · 
-100 
-200 

2 

Digested starch. % of OM 

100 200 300 
Days in milk 

3 4 5 6 
Milk fat,% 

83 

FIG LJRE 6-4 Residual errors from Equation 6-6 corrected for study effect. ver~us various diet and onimal factors. 

rorm of the equation remained the same. but a et of algebraic 

equations was devised to allow scaling of the linear and qua
dratic coefficient for the EAA based on rolling herd average 
for mill-. protein (see Chapter 20). 

Metabolizable Protein and Amino Acid Recommendations 

T he challenge in mov ing from a linear representation of 
tile relation hip between tvrP or AA supply anti MPY LO a mul
l i fac torial. non linear function w ith <ldditive respon. e. to inde
pendent variables is that one cannot define a set requirement 
for any of the driving variables. Indeed, an infinite combina
tion or inputs would achieve a common level of production. 
and this prevent identification of a single set of requiremenLc;. 
Because of all olf the possible combina1ions of EAA y ielding 
a given level or production Lhat can val)1 w ithout bounds ac
cording to the above model. establii.hing reasonable bi ologi 
cal bounds is critical. T hese bounds or suggested guidel ines 
are provided for both MP and EAA based on net EAA use 
calculated in a facto1ial manner and respective target efficien
c ies. T he factorial approach fir. L require. the identification 

and quantification of the functions that create a direct net 

demand on the EA/\ supply. either being protein secretion or 
protein accretion , often referred Lo as NP requirement. T hese 
functions are directly using E AA. Lhat are removed. on a net 
ba is, from Llhc avai lable pool of EAA~ and therefore must 
be replenished by at least an equi valent amount on a t imely 
basis. The second step is 10 M sign an efficiency of utilization 
of the MP or EAA supply to support the. e di fferent functions. 
111e recommendations arc calculated a the NP requirement 

divided by an efficiency. E stimation or target efficiency for 
MP and each EAA is detailed below. 

A lthough the commiuee developed an equation to pre
dict MPY, described in the section above. in paral lel, the. 
commillee also defined MP and EAA recommendations 10 

serve as general guidelines w hen MPY is entered r:.uherthan 
predicted. becau. c nn equation w ith multip le indcpcndenl 
variables could still hide EAA imbalance. For example, a 
diet providing extremely low Lys but high L eu suppl ies (a. in 
corn-based d icts) could sti II predicl hjgh. but unachievable. 
MPY due Lo EAA imbalance. The first pan of this section 
will de. c ribe the N P . ecretion and accretion. In the . econd 
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pan. 1he basis of 1he calcu la1ion for lhe 1arget efficiencies of 
utiliLalion of MP and EAA is presented. 

Secretion and Accretion 

The quantifica1ion of protein ~crction and accretion. 1he 
b~is for lhc e:.timation of lhe MP and EAA recommendation. 
b detailed below. To be consiMent among lhe different func
tions, each f uncl.ion b quantified as TP (as opposed to CP). 
and the secre1ion or accretion of AA is calculated as TP secre-
1ion or accrelion mulliplied by its respective AA composition. 
Furthermore. secretion and accretion represent NP or net AA 
demand; hence. thol'>e values need to be divided by efficiency 
to obtain total MP (or metabolil<tblc AA) requiremenL Rather 
than using the word "maintenance'' lo refer Lo requirements 
related 10 . curf. endogenous urinary loss, and metabolic fecal 
protein (MFP), reference will be made 10 nonproductive func
tions (INRA. 2018) in this cdition. Indeed. IVIFP represents the 
large. I contribution to so-called maintenance, but its magni
tude L'> dri\en by lo-..,e-. a'i.ociated '' ith the high DMJ of the 
lactating dairy CO\\ and. a.'> such. cannot truly be considered 
a maintenance requirement nece"~ to sustain co" ~al 
metabolic runcllon. Once the net TP or AA export or accretion 
i:. determined for each function. recommendations are calcu
lated a., the sum of e\pon and accretion, each divided b} ii!> 
respecti,el> a.-.,1gned (endogenous urinaJ) loss and gro" lh) or 
target (i.curf + M FP +MPV+ gesta1ion) efficiencies. 

Scurf 

NRC (2001) based 1hc estimation of scurf requirements on 
Swanson ( 1977). After exumination of more than 2,400 indi
v idual calorimelry observa1ions on cuLtlccollected in the U.S. 
Depar1menL of Agricul1urc-Bcltsville from Lhe mid-1960s Lo 
the mid- 1990s, 1he equation for scurf protein from Swanson 
( 1977) ha!> been re1ained in the currem revision. but the com
mittee adjusted 1hc equation from a CP ba. is to a TP basis: 

NP-scurf (g/d>=0.20x BW'"11'x0.85=0.17 xBWoM 
(Equation 6-7a) 

where 0.85 reprci.ent" the TP/CP ra1io of scurf. based on it 
AA compo'>ition and total N contenl. 

To a..<,sel>s lhe net AA demand for scurf secretion. NP-scurf 
is muhiplied by il'> AA compo\ition. The AA composition 
of scurf was estunated using the head. hide. feet. and Lail 
composition reported by William<; ( 1978) and' an Amburgh 
et al. (2015). The mean of lhc11e s1udie1'>. corrected to account 
for incomplete recovery of AA with 24-hour hydroly:.is 
(Lapierre et al.. 2019). is reponcd on a TP basi. in Table 6-2. 

Nc1AA-scu rf (g/d ) = NP-sc urfx r AA l / I 00 
'"Jrr·SCUl'f 

(Equation 6-7b) 

where rAA,.,rr.s.:urtl is in g AA/100 g TP. 

NUTRIENT REQUIREMENTS OF DAIRY CAITLC 

Endogenous Urinary Excretion 

The estimate of endogenous urinary NP requiremem used 
b) mo-.1 model-. i" 2.75 g CPA.g awn.so ba~d on S\\anson 
( 1977). llO\\.e\Cr. urinary N CACretion is derived from the ca-
1abolhm of metabolites and is not a protein secretion per .,e 
ai. for the other nonproductive functions. To beuerdefine the 
AA composition of thi-. '>CCrelion. a literature reviC\' wa.-. con
ducted to quantify the composition of endogenous urinary-
( Lapierre et al.. 2020). Brieny. the major N-me1aboli1e. in 
urine contributing to endogenous urinary losses are endog
enous urea, endogenous purine derivatives (PD), crea1inine 
and crcaiine. hippuric acid, and 3-rnethyl-Hms. From this re
view, daily cxcrelion (per kg of BW) of endogenous urea has 
been quantified as 10 mg N, creatinine excretion as 9.46 mg N 
(25.5 mg crcminine). mid creatine excretion estimated as 0.37 
1hat of crea1ininc (i.e., 3.5 mg N). Daily urinary excretion of 
endogenous PD "as estimmed to average 27. I mg N/BWO 7~. 
Urinary cxcre1ion of Hii. (rng/d) as 3-meihyl-His e<.1uals 
7.82 +0.55 x BW. U!>tng a database from Spek et al. (20 13). 
the remainder of the "measured" endogenou. urinary-N eA
crction. reprc .. cnling 46 percent ofthjs fraction. wa.' assumed 
to be hippuric acid. fonned in the li\er to detoxify bcnLoic 
acid onginatmg from rumen fennentation of dietary phenolic 
compounds. Although h1ppuric acid cannot be purely defined 
as "cndogenou-.," it h~t'> probabl> been included in pre' ious 
estimates of cndogcnou\ urinary excretion. Beside hippuric 
acid. mO'>t of lhe e:.timaLions of urinary excretion were based 
on BW. and therefore the endogcnou urinary-N eAcretion 
was expressed relative to BW and averaged 53 mg NA.g BW. 
Using a different approach. Lhc lNRA (2018) estimated a 
daily endogenous urinary-N loss averaging 50 mg N/kg BW. 
Compounds c.:onstiluting endogenous urinary-N excretion ~u-e 
no1 protein per 11c but N-me1abolites 1hat have AA as 1heir 
origin; lhererore. Lhe !>landard N to CPconversion is ussumcd. 
meaning that the TP/CP ratio was e1 as 1.0. 

NP-endogcnou' urinary (g/d) =53 x 6.25 x BW x 0.001 
(Equation 6-8a) 

The initial rca'>on to re' isit the endogenous urinar} excre
tion wa., to identify which lv\i. were upiitream of urinaJ) en
dogenou., IOS\CS. After C\Umination or the syn1hesis process 
of the N-compound-. detailed above. onJy the endogenous 
ureu and 3-mclhyl-Hb excretion create a direct demand 
on EAA if we consider Arg as a conditionally e!>sential AA. 
Endogenou'> PD are synthesiLed from Asp, Gin, and Gly: 
creatinc and crcatinine from Arg and Gly: and hippuric acid 
from Gly. Therefore. for all EAAs except His. endogenous 
urinary urea cxcrclion (0.0 IO g N/BW per day) is u. ed 10 
estimate the AA endogenous urinary loss. assuming 1hat 
this loss has the AA compo~i1ion of the whole empty body 
reviewed in Lapierre et ul. (2020: sec Table 6--2). TI1ereforc. 
forrll l EAAs C.tCCpl ltis: 
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NetAA-endogenous urinary (g/d) = 0.0 I 0 

X 6.25 X BW X [AAetn-WoolcEmrryBody] I WO 
(Equation 6-8b) 

w here BW is in kg. and [AAco1T-Whold:inpt)Bod>l is in g AA I 
l OO g T P. 

For His, lhe loss of urinary 3-melhyl His must be added: 

NeLHi -endogenou urinary (g/d) His. g/d = (0.0 I 0 

x 6.25 x nw x [HisC(lrr-\\'holcEmpiyBodyl I I 00)+ (7.82 

+ 0.55 x BW) I I ,OOO (Equation 6-8c) 

w here IHiscorr·WholcErnp1yBodyl is in g His/ I 00 g TP. 

Metabolic Fecal Protein 

T he MFP secreti on hould represent the endogenou. 
proteins secreted or sloughed in the gut lumen and not di
gested in Lhe small intestine. They create a net demand on 
the digeslible flow of AA: indeed. except for Phe. more than 
80 percent or the EAAs used by the gut are derived from 
circulating (i.e .. from previously absorbed) AA (M.acRae 
et al.. 1997). whereas the remainder would be from intestinal 
supply but is still derived from estimated metabolizablcAA. 
NRC (2001) estimated MFP from DML However, rumen 

microbial synthesis from urea doe not create a demand on 
metaboliz.able AA and should not be included i n MFP. Ac
cording ly, because this MFP value consists or " bacteria and 
bacterial debri synthesized in the cecum and large inte tine. 
keratinized cells, and a host o f o ther compounds" (Swanson. 
1982), NRC (2001) con·ected the initial calculation for the 
amount of undigested ruminal bacterial CP appearing in the 
feces of dairy cattle, and MFP (g MP/d) was estimated a<; 

l(DMI (kg)x 30)-0.50((bacterial MP/0.80)- bacLe1ial MP)j. 
This estimate was used as is for MP requirements, with no 
conversion o f CP secretion to TP and no efficiency factor 
assigned to MFP excretion. 

Using an i otopic dilution approach. OuelleL et al. (2002. 
2010) developed a model to estimate MFP, allowing quan
tification of undige ted endogenous proteins. Also. in a 
meta-analysis using 65 growing-finishjng cattle studies (291 
treatment means) and 43 dairy cow Ludjes (164 treatment 
means), Marini et al. (2008) developed an equation regres. -
ing intake of digestible CP on CP intake. The e<1uation had 
an intercept of 30 g CP/kg DMI. which represented MFP 
p lu. undigested bacteria synthesized from urea. This equa
tion, including the NDF concentration of the rations, wa. 
adapted 10 fit the measured fecaJ MFP orig inating only from 
undigested endogenous proteins and adjusLed 10 represent 
the ilea) endogenous now obser ved by Ouellet et al . (2002, 
2007, 20 I 0). In addition, endogenous secretions occurring 
across the hindg ut were included based on observations in 
sheep (Sandek et al., 200 I) and using lhe ileal now of small 
in testinal endogenous protein secretion or 5.1 g CP/kg DMI 
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(Ouellet et al ., 2007). However, due to Lhe scarcity of data on 
the exact orig in or this N, half o f Lhis input was a. sumed to 
originate from endogenous protein. and the other half from 
urea. Therefore, the daily lo s o f CP as MFP was estimated 
from Lapierre et al. (2020) as 

CP-MFP (g/d)=(l J.62+0. 134xNDF~0M)xDMI 
(Equation 6-9a) 

N ote that the tenn MFP is kept. although Lhe forestomach and 
small intestinal loss was u·uly measured at the ileum. Assum
ing 73 percent o fTP in MFP. based on i ts AA composition 
and total N content, 

NP-MFP (g/d) =CP-MFPx0.73 
(Equation 6-9b) 

The AA composition of the MFP is based on lhe AA 
composi1ion of ruminal and abomasal iso lames from 0rskov 
et al. ( 1986). except for Leu. for which only the rumen iso
lates were u ed, and Lhe endogenous now al t!he ileum in pigs 
(Jansman et al.. 2002). We assumed that 70 percent of the 
MFP iJ from un<lige. ted duodenal now and the remaining 
30 percent from the intestine (Ouellet et al., 2002, 2010). 
The averaged composition is detailed in Table 6-2. Therefore. 
indi vidual A A secretion in MFP would be 

NctAA-MFP (g/d) = NP-MFP x [ AArorr·MFP] I I 00 

(Equation 6-9c) 

where rAAcorr-MFPl is in gAA/1 00 g TP. 

Milk 

Milk TP secretion is the casiesl export protein to measure. 
The factor 10 convert Lhe N concenu·ation mnto CP in milk 
. hould be 6.34. related to the AA composition o f milk (Kar
man and van Bockel. 1986), rather than 6.38. A. for the other 
secreted prot,eins, it is expressed as TP. If the TP/CP ratio is 
not known, the NPN content o f the milk CP is assumed to 
be 4 .9 percent (D ePeters and Cant, I 992), and a fixed ratio 
of T P/CP o f 0 .95 1 will be used by the model. 

Because early , tudies reponed less Lhan a 3 percent dif
ference in the EAA composition or milk protein produced 
from cows fed solely NPN sources and milk protein from 
control cows (Syvaoj a and Virtanen. 1965) .and no effec1 of 
forage/grain ratio on the AA composition or milk (Feather 
ston et al.. 1964), Lhe AA composition of milk p rotein has 
been assumed to be constant. This may prove to be untrue 
under more severe dietary manipulations such as experienced 
during AA deletion studies. However, addjtional data are 
required to furthertest that hypothesis. Milk AA composition 
has therefore been calculated based on the primary structure 
of the reference protein of each family. a detai led by Farrell 
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et al. (2004) using the approach of Swaisgood ( 1995). Milk 
true protein fractions reported in 15 manuscripts published 
between 1980 and 2012 (L apierre et al., 2020) averaged 
82.4 percent casein (percentage of total protein: 35 .2 percent 
cxs I -casein. 7 .6 percent <J.s2-casein, 30.9 percent ~-casein, 
and 8. 7 percent K-casein) and 17 .6 percent whey (percent
age of total protein: 3.7 percent a-lactalbumin, 10.5 percent 
~-lactoglobulin. 1.04 percent albumin, 1.64 percent lgG I , 
0. 18 percent lgG2. 0.04 percent lgA, 0.33 percent lgM, and 
0.21 percem lac toferrin). The AA compo. ition of milk TP 
calculated using this procedure is presented in Table 6-2. 
With thi. approach, there i no need 10 correct for incomplete 
recovery from 24-hour hydrolyse .. 

NetAA-Milk (g/d) = NP-Milk (g/d) X f AA..,~tc·l'-lill<.J I 100 

(Equation 6-10) 

w here NP-milk = milk TP yield and [AAc,.ic-Milk] is in g 
AA/100 g TP. 

Pregnancy 

Knowledge of U1e rates of nutrient accretion in conceptus 
tissues (fetus, placenta, fetal Ou ids, and uteru ) i Umited for 
dairy catUe. Pregnancy requirements were calculated a de
scribed for energy in Chapter 3. The size of the gravid uterus 
at a gi ven gestation day was estimated based on calf birth
weight (see Chapter 3). From that function, 1.he daily gain in 
ma. s (kg/cl) of lhe gravid uterus (GainGrUicr) was calculated 
(see Chapter 3). and that gain was assumed 10 contain 125 g 
of proteiJ1/kg of wet weight (Bell et al. , 1995). 

NP-Gestation (g/d)= Gain0 ..u
10
.x 125 
(Equation 6-1 la) 

Use of a constant fraction of protein for gravid uterine 
gain based on that derived at parturition wi ll introduce some 
bias at Lime pomts prior to parturition. but the errors are likely 
small and will cancel out by parturition. The model includes 
involution of the uterus postpartum. The rate of involution 
of ute1ine tissue postpartum and the fate of the AA from the 
iil1voluling tissue are unknown. Because of the lack of data. U1e 
commiuee assumed complete involution required 4 weeks (see 
Chapter 3), and related AA would contribute to NP supply. 

The AA composition of protein accretion associated with 
pregnancy is based on the AA composition of the whole 
empty body (see Table 6-2) because direct data are unavail
able. Individual AA accretion for pregnancy is 

NelAA-Gc tation (g/d)= NP-gestation 

X I AA.,.lrr·Wh~~Emp1yBodyl / J 00 
(Equation 6-1 l b) 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

Based on the equations above and assuming typica l DMI 
of dry cows, djet DM wou ld need 10 contain 829 g of MP 
(9.6 percent CP) at 60 days prepartum and 956 g of MP 
( I 3.5 percent CP) at 5 days prepartum, if the efficiency or 
converLing MP lo NP-Gestation i. 0.33 as used by NRC 
(200 l ) and 60 percent or dietary CP is retained in MP. Data 
are very limited on AA metabolism in gestating, nonlactating 
dairy cow . Tn cows at this physiological statlllS, li ver removal 
of group I AA (His, M et., Phe + Tyr. and Trp) relative to 
net portal ab orption is approx imately tw ice a large as the 
ratio observed in lactating dairy cows (Wray-Cahen et al.. 
1997: L arsen et al., 20 15). A lthough it i not clear if high 
li ver removal o f group I AA prepanum is related LO excess 
protein feeding or dilTerence in physiological status. data are 
not uflicient to change the efficiency u ed in NRC (2001 ). 

Using mil k yield in the subsequent lac tation as the re-
ponse variable. dry cows' diet. with as litlle as 11 percent 

CP appear adequate (see Chapter 12). However, few indi 
vidual studies included dry cow, fed dieLS w ith < I 0 percent 
CP. Low-protein diets may reduce DMI and fiber diges
tion, resulting in less NEL than predicted. Furthermore. 
based on a meta-analysis, diets with at least 14.5 percenL 
CP yielded po itive responses when fed to late-gestation 
nulliparous animals (see Chapter 12). To provide adequate 
RDP (- 10 percent of DM, discussed above) for DND and 
digestibility. dry cows ' diets would need to contain about 
12 percent CP (greater concentration. would likely ben
efit late-gestation hei fers), and the commillee recommends 
maintaining that concentration of CP. Another juslification 
for recommending higher concemralions of CP is because 
the protein required to produce colostrum is not included in 
requirement calculations. Holstein cows may secrete more 
than l kg or protein in first milking colostrum. Although 
colostrum synthesis only occurs over a few days. it still 
represents a significant demand for AA. Estimated MP re
quirements forge. tation by a dry cow producing a calf with 
a birthweight o f 44 kg (see Table 3-3, Chapter 3) are about 
25 percent less at 60 day prepartum and 37 percent greater 
at 5 days prepartum compared to NRC (2001 ). 

Growth 

Target frame growth rates for an average Holstein cow 
(mature BW or?OO kg) during first and second l actations are 
0.19 and 0. 15 kg/d. respecti vely, assuming that postpartum 
BW at first and second cal vimgs is 82 percent and 92 percent 
of mature BW. For Jersey cows (with mature BW of 520 kg). 
targets are 0.14 and 0.1 1 kg/d for first and second lactations. 
These target rates as ume that frame growtlh occurs consis
tently over the lactation, regardless of changes in intake. milk 
production, and body conditio n. The protein concentration or 
empty gain is a function ofBW relative to mature weight. and 
empty BW gain associated wil.h frame growth is considered 
85 percent of live BW ga in in cows. Using equations from 
Chapter I J for cow at 82 percent and 92 percent of mature 
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BW, the protein content of BW gain associated with frame 
growth would be 11 .2 and I 0.6 perccnl for first- and second
lactation cow .. Because values are. o similar, growth during 
lactation was considered to contain 11.0 percent protein. 
Therefore, during lactation: 

NP-growth (g/d) =Frame weight gain (g/d) x 0.11 x0.86 
(Equation 6- I 2a) 

The equations for heifers are in Chapter I I. 
The default vaJ ues for frame ga in during lactation can be 

altered by u. ers. The 0.86 is the ratio ofTP/CP derived from 
the AAc~n composition or the CP. The AA compos.ition or 
growth is based on theAA composition or the whole empty 
body (sec Table 6-2). Individual AA accretion for growth i 

NetAA-growth (g/d) =NP-growth 

X I AAcorr-WholeEmp1)•B<Xl) l / I 00 
(Equation 6-l2b) 

where [AAoorr-\\lholcEmr-yBndyl is in g ANI 00 g TP. 

Under most condjtions. Lhe amount ofTP and AA required 
~or growth during lactation will be extremely low (al target 
rates or growth, TP will equal 13 to 18 g/d). 

Efficiency of Uti lization of MP and AA 

The approach used to estimate MPY acknowledge. that 
the efficiency of uolization or MP or AA is variable. Eu
ropean models (e.g., NorFor, 2011: Van Duinkerken et al.. 
201 l: INRA. 2018) have adopted a variable efficiency of 
utilization of l\llP. Because the efficiency of utiliza1ion of 
MP and AA is variable, the concept or a ·•single," fixed MP 
or AA requirement i. no longer tenable. One must consider 
tl1e problem from a marginal return basis where the system 
is optimized when the marginal return from the last unit or 
input nutrient becomes 0. However, we on ly have respon. e 
functions for milk protein. and Lhus the overall NP response 
Lo nutrient inputs is not reflected in the model system. De
spite this limitation, if one assumes thal nonproducLive NP 
requirements are met before milk protein output is maxi
mized, a target efficiency for use o r AA and M P within the 
model sy. tem can likely be identi fied as an approximation or 
the point where the marginal return becomes 0. 

The use or a combined efficiency for use or AA and MP 
~or the. ecreoon function. or scurf. MFP, and milk has been 
suggested (Lapierre et :.l.I.. 2007a). The efficiency or use for 
ge tation i not known, and different efficiencies (e.g., 0.50. 
0.33, and 0.65) have been proposed by different committees 
(NRC, 1989, 200 I: NASEM , 2016) with little orno support
ing data. Because of lack or data. the commiuee retained 
the efficiency (0.33) used by the previous commiuee (NRC, 
200 I) for nonlactaling animal . The efficiency or AA for 
growth i. also lower (0.40: NASEM. 20 16). However. the NP 
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needed to support growth and gestation by lactating cows is 
very small relative LO other NP u. es. For simplic ity, growth 
and gestaLion were assumed to have the . ame efficiency a. 
other functions for lactating cow but not for growing heifers 
or dry cows. An efficiency or 1.0 was used for endogenous 
urinary losses, because, contrru·y 10 the other secretions that 
are proteins, these losses are end product. or N-rnetabolite 
metabolism, as in INRA (2018). For lactating cows, effi
ciency or utilization ofMP (Eff_MP) and or individual AA 
(Eff_AA) for the other functions is assumed variable and is 
calculated as 

and 

EfT_ MP =(NP-scurf+ N P-MFP+ NP-milk 
+ NP-gestaoon + NP-growth) I (MP supply 

- NP-endogenou urinary) 
(Equation 6-l 3a) 

Eff_AA = (NetAA-scurf + NelAA-MFP 
+ NelAA-M ilk+ NelAA-gestation +Net AA growth) 
I (metabolit:able AA - NetAA-endogcnous urinary) 

(Equation 6- 13b) 

Using a combined efficiency for . curr, MFP, and lactation. 
and 100 percent efficiency for endogenous urinary re. ulted in 
improved predictions or the efficiency of Ml' use compared 
Lo fixed efficiencie for the nonproduc1ive functions and a 
variable efficiency solely for MPY (Sauva111 et al.. 20 15). 
The CNCPS- Version 6.5 (van Amburgh et al., 20 15) also 
opted for a combined efficiency or utilization or AA, which 
included curr, MFP. lactation, and endogenou. urinary lo s. 

The efficiency of utilization of MP and individual AAs 
was calculated as detailed above for each treatment included 
in the database described in the sccLion " Estimation of MPY.'' 
The commitlee then, a priori, removed some sltldics for 
uncertainties regarding the true availability or AA supply 
(e.g .. dietary M et analogs) and sLUdies involving intravenous 
infusions to ·end up with a fi nal dmabase of 921 treatment 
means. As expected, the calculated efficiencies were highly 
variable (see Table 6-4). 

Target Efficiencies of Utillzation of MP and AA 

Although the effic iency or utilization of MP and AA to 
support pro1ei11 export plu accreoon is variable. guidelines 
(not requirements) for adequate supplies or MP and individual 
EAAi:; are presented, based on the assumption that energy 
requirements are met. Target efficiencies were estimated as 
follows. First. studies were coded 10 look specifically at 1he 
increment or MP supply. Because ufficienL details were not 
included to estimate protein accretion, an average growth of 
0. 19 kg/cl (equivalent to 18 gTP/d as0.19 x0. 11 x0.86, where 
0.11 = protein/empty BW gain and 0.86=empty BW/BW) 
was assumed for first-lactation H o!. Lein cows and 0.14 kg/d 
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TAB L E 6-4 Proposed Target Efficiencies and Descriptive Sta tistics of the Effic iencies ofMetabolizable Proteins 
and Essential Amino Acids in the Database Used to Determine the Target Efficiencies 

MP orAA Target Mean 

MP 0.69 0.66 
His 0.75 0.78 
Ille 0.71 0.61 
Leu 0.73 0.67 
Lys 0.72 0.67 
Met 0.73 0.7 1 
Phe 0.60 0.54 
Tur 0.64 0.58 
Trp 0.86 0.77 
Val 0.74 0.66 

( 13 g TP/d) for first- lactation Jersey cow . a~ established in 
lhe previous section, whereas gestation requirements were set 
to 0. Equations relating the sum of export plus accretion of NP 
or individual Ne I.AA to their respective efficiency of utiliza
tion (dependent variable) were developed using the nna.mv 
fonction from the metafor package in R (Viechtbauer, 20 I 0; R 
Core Team. 2013. version 3.4.1, 2017-06-30). T he hierarchy 
of the studies was considered, and data were weighted by 
..Jn. Unbiased estimate of fixed elTects and val id estimates 
of SE were obtained using the robust function in the metafor 
package. The linear and quadratic terms were signi ficant 
(P < 0.02) for MP and all EAAs. The target efficiencies (i.e., 
the efficiency when the um of NP or EAA export plus ac
cretion was max imal) were obtained using the first derivative 
of these equations relating the sum of export plus accreted 
NP or i ndividual EAA to the efficiency o r utilization of MP 
or individual EAA. Combining these results w it11 careful 
examination of efficiencies observed in deletion studies, the 
target efficiency o r Phe was increased from 0.57 to 0.60 to 
better reflect observations reported when only Pbe supply 
was modified.1l1ese target effic iencies, as well as statistics of 
ob. erved effic ieucie , are in Table 6-4. The target efficiency 
o r Phe and Thr may be lightly underestimated, but due to the 
lack of data. an underestimate of efficiency was preferred to 
a resultant underestimate of recommended supply. 

Target efficiencies can be u. ed LO as.e s diets and identify 
A As that may be limited or in excess. Efficiencies greater 
than the target efficiencies are an indication that for tho e 
EAAs, supply may be short and negati vely impact MPY. On 
the other band, EAAs with efficiencies less than the target are 
more likely to be in excess. which may not be harmful to the 
animal (unless there is a severe imbalnnce) but h.as economic 
and environmental costs. Under certain situations, efficien
c ies greater thm target can be achieved without necessarily 
adversely affecting MPY, as evidenced by the number of 
obser vations above the target values. Unfonunately, despite 
their crucial bio~ogical roles, invol vement of EAAs in func
tions like lo. s or regain of body tissue, reproduction. and 
immune response i less well de cribed in the literature than 

SD Minimum Ma.ximum 

0. 102 0.35 1.00 
0. 14 1 0.34 1.2 1 
0.088 0.36 0.93 
0. 120 0.24 1.0 J 

0. 106 0.35 1.05 
0. 120 0.36 1.1 3 
0.087 0.23 0.82 
0.078 0.35 0.86 
0. 125 0.42 1.20 
0.099 0.37 1.0 I 

the functions used in the current version to estimate the ef 
ficiency ofEA As, espec ially when it comes to quantification; 
hence, they could not be included in the current calculations. 
However. even if not accounted in the cun·ent estimations or 
the efficiencies. a ranking could be done and the EAA with 
the largest dilTerence between the observed and the target 
efficiencies would be the EAA with the shonest supply. So 
even though the true efficiency of each EAA might not be 
exaclly right , U1e ran king among EAAs might be a useful 
indication or their relative . upply. A lso. the current frame
work based on biological functions could be adapted as more 
knowledge is gained on these di fTerent functions, and they 
could be included in the equations or estimation of the ef 
ficiency or utilization of EAAs. Additional work is required 
to more clearly identify the potential optimal efficiencies that 
could be achieved with ration balanced for all or the EAAs 
as well as defining confidence intervals surrounding these 
efficienci es. 

Recommendations of MP and EAA 

After characterizati.on of the daily NP and NelAA . ecre
tion or accretion and defining target efficiencies, recommen
dations for adequate MP and AA supply can be detennined 
by dividing NP or NeLAA by Lhe target eniciencies. Effi
ciencie! of llS ing MP for growth (approximately 0.40) and 
gestation (0.33) are substan1ially lower than the efficiency for 
other uses. Jn lactating cows, growth i s a very minor use of 
NfP, and because of the assumption needed, when deriving 
recommendations for MP and EAA. i t was gi ven the same 
target efficiency as milk. The NP accreted for gestation in 
late-lactatioll. lower milk-yielding cows can be substantial; 
hence, its efliciency was kept at 0.33. The NP supply equa
tion. di cussed above are used to estimate NelAA require
ments for the various fw1ctions and thus are based on protein 
content ca lculated from AA composition rather than CP (i.e., 
niu·ogen x 6.25). 111e base data for those equations, however. 
were CP: therefore, MP requirements (but not AA require
ments) are calculated ru 
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TABLE 6-5 Example of Adequate fasential Amino Acid Supplie for a M alure Non pregnant Cow (650 kg BW) 
Consuming 26 kg/d of a Diel with 34 Percem NeuLral Detergent Fiber with Graded Milk Protein Yield (MPY), Based 
on Target Efficiencies in Table 6-4 

MPY. g/d His lie Leu Ly~ 

I.OOO 
1.200 

IAOO 

I.OOO 
1.200 
1.400 

55 11 2 187 159 
63 130 2 16 183 
7 1 147 245 208 

2.60 5.29 8.83 7.48 
2.6 1 5.37 8.97 7.00 
2.62 5.44 9.08 7.69 

Recommended MP supply= f(NP-scurr+ NP-MFP 
+ NP-milk + NP-growth) I Target_EIT_MPl 

+ (NP-ge. tation I 0.33) +NP-endogenous urinary 
(Equation 6-14a) 

Recommendation for individual EAA 
digestible now = f(NeLAA-scurr + NeLAA-MFP 

+ NetAA-Milk + NeLAA-growth) I Target_Eff_AA] 
+ (NetAA-gest.ation I 0.33) +AA-endogenous urinary 

(Equation 6-14b) 

For nonlacLaLing animals (growing heifers and !ale-gestation 
cows and heifers). equal.ion are 

Recommendation for MP supply= (NP-scurf+ NP-MFP) 
I Target_Eff_MP +(NP-gestation I 0.33) + (NP-growLh 

I 0.40) +NP-endogenous urinary 
(Equation 6- I 4c) 

Recommendation for individual EAA 
digestible now= f (NetAA-. curf + NeLAA-MFP) 

I Target_Eff_AA l + (NetAA-gesLation I 0.33) 
+(NetAA-growth I 0.40) +AA-endogenous urinary 

(Equation 6-14d) 

Emphasi should be placed on meeting Lhe EAA rather 
than MP recommendation . l ndeed, in . tudies where EAA 
but not MP recommendations were met, cows fed low MP 
diets and infused with mixtures of EAA (meeting EAA but 
below MP recommendation) had similar MPY lhan cows 
receiving an infusion of EAA+ NEAA (at EAA and MP 
recommendations) (e.g .. Schwab el al. , 1976; Metcal f et al., 
1996; Docpel and Lapierre. 2010). Recommendations for 
MP are given mainly for general comparison and are, on 
average, lower than the NRC (200 I ) recommendations. The 
currenl recommendalions do not include any requirement for 
endogenous duodenal now, as it is not included in Lhe sup
p ly. Al. o, in the currenl edition: (I) the relaLive proportion 
of EAA Lo MP i slightly higher lhan in the previou edition 

g/d 

Met Phe T hr Trp Vu! MP 

50 11 7 110 26 125 2. 122 
58 134 124 30 144 2.4 11 
67 152 139 34 162 2.701 

% MP 

2.35 5.51 5.19 1.23 5.89 
2 . ..J2 5.57 5.16 1.24 5.96 
2.-16 5.63 5.14 1.25 6.0 1 

becau e the digestible flows of AA are corrected for incom
plete recovery o f AA in 24-hour hydrolyses and because 
MP recommendations are lower than in Lhe previous edition. 
and (2) a recommendation for a single ratio or AA to MP 
is not given because this ratio changes as Lhe proportion of 
the net output or milk increases relative to molal oulput (see 
Table 6-5). However. when calculated in g/d for an average 
cow, the recommendations of Lys and M et are in a similar 
range compared with the estimations obtained with Lhe pro
portional approach in NRC (200 1). 

MEETING THE RECOMMENDATIONS FOR 
METABOLIZABLE PROTEIN AND AMINO ACID 

Balancing for MP 

The relatfonship between MPY and protein supply is 
belier when upply was expressed as MP compared wilh 
CP, with a slight improvement of the relationship when the 
quadratic term or MP was included (e.g .• Huhtanen and 
Hristov. 2009: Lapierre et al., 2009). Because MP supply i 
the sum of ~MP from MCP and from RUP, economics have 
generally favored achieving maximum or near-maximum 
MCP because of Lhe relaLively low cosl of RDP and the 
good AA profile of MCP. Santos et al. ( 1998) publ ished a 
comprehensive review of lhe elTect or replacing soybean 
meal with various source or RUP on proLein metabolism 
and production. and in 76 percenl of the metabolism studies. 
higher RUP (i.e .. lower ROP) decreased MCP now to the 
small intestine. Similarly. Ipharraguerre and Clark (2005) 
reported that Lhe mean milk production responses to replac
ing soybean meal with RUP supplements varied from -2.5 
to +2. 75 percent. fn addition. inadequate RDP supply can 
reduce digestibility and energy supply (Lee el al., 20 l 2b; Luo 
et al .. 2018). Therefore, RDP and fermentab le energy provi
sions should be complementary to support efficient MCP 
synthesis. A ll hough balancing diets for MP can be used as a 
general guide, balancing for individual EAAs deri ved from 
Lhe MP. as. uming that RDP supply is suffic ienl LO maintain 
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an efficient rumen fermentation, should allow achieving 
similar animal per fonnance but al a lower total MP and CP 
s.upply. Improved balance or supply of certain metabolizable 
EAAs may also increase DMI (see later section). 

Balancing for Individual AAs 

AAs are the nutrients used as building blocks for the 
synthesis of all proteins. Metabolizable AAs are also vital 
to support a multitude of metabolic pathways. but Lo a 
lesser quantitative extent. For exampJe. M et contributes to 
multiple pathways, including provision of a methy l group 
for many transmethy lation reactions (Manjarin et al., 2014) . 
Also, AAs except L eu ruid Lys can serve as precursors for 
g luconeogenesis: all AAs can be converted to FAs or erve 
as immediate sources of energy when oxidized co C02 (e.g., 
Bequette et al.. 1996: Lapierre et al.. 2002). Whether these 
needs are fully met when needs for protein synthesis are 
met is not clear. Some of these reactions and mo lecules can 
influence longer-tenn animal health. and thus the effect or 
a deficiency may not manifest within the time frame used 
for many produc tion studies. In addition, some A As play an 
active role in intracellular signal ing, especially invol v ing the 
mechanistic target of mTOR (Arriola Apela et al. , 2014b). 
The effects or A A , energy supply, insulin. and other factors 
on these signaling pathways appear 10 explain why the con
cept of the barrel and stave with a single limiting AA does 
not fully explain observed lactational responses, whereas the 
additive model represented by Equation 6-6 captures more of 
the observed variation. Current knowledge, however, l imits 
our estimation of the EAA recommendations to their effect 
on protein secretion and accretion and the associated effi
ciency of ulilizallion. Further research is required lo explore 
iiiteractions among EAAs and energy (Arriola Apelo et al., 
2014a). D efining recommendations based only on such pro
ductive functions, however, does not mean that the roles or 
A As in functions other than direct incorporation into protein 
are not imponan l but rather reflects the Jack of knowledge on 
the adequate assessment of these roles and the quantification 
of these demandis. 

Recommendations for MP are mainly given as a general 
guideline and to maimain historical perspective. As pointed 
out by NRC (2001), diets that provide sufficient amounL~ of 
MP may still be defic ient in one or more EAAs. Conversely, 
diets that are apparently deficieiit in MP may also be com
pletely sufficient in EAAs, and thus the emphasis should 
be put on balancing for indiv idual EAAs. Indeed, from 
experiments where the supply of a single AA or a group or 
AAs has been changed. total MP supply per se is not the 
best predictor of "MPY. For example, deletion of His, Lys, or 
Mel from a total AA mixture in fused postruminally did not 
change total MP supply significantly but decreased MPV by 
20 percent (Weekes et al., 2006). Deletion of His or Phe from 
an EAA mixture decreased MPY by 23 percent (Doelman 
et al., 2015), whereas deletion o r Phe from a complete AA 
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mix ture decreased MPY by 16 percent (Doepel et al., 2016) 
with a minimal impact on MP supply. Infusion of NEAA did 
not affect MPY, despite a significant increase in MP supply 
(Doepel and L apierre. 2010).Admilledly, the variation of the 
proportion of NEAA to MP supply is often beyond the ex
pected physio logical range in infusion studies, but vari ations 
due to dietary allerations can also be substantial. For example. 
from the database used by Doepel et al. (2004), with digestive 
flows of EAA estimated with NRC (2001 ), the proportion of 
total EAA relative to MP supply in control treatments var
ied from 42 lo 48 percent (mean 45.4 percent): so, a ration 
providing 3,000 g/d ofMP could supply between 1,260 and 
1,440 g of EAA. In Lee et al. (20 l 2a) and Giallongo et al. 
(2016). inclusion or RP-His, -Lys, and -Met aJlowed MP to 
decrease by 450 g/d while maintaining MPY. In Haque et al. 
(2015), substituting EAA to maintain the EAA supply while 
decreasing MP supply by 375 g/d maintained MPY. Together. 
these results indicate that the supply of individual EAAs and 
not total MP drives MPY. These studies show that one AA 
per se cannot be declared ''limiting." The limitation occurs 
when the supply is sufficicnll y low to afTecl protein synthesis. 
which can be encountered for all EAAs. as shown with dele
tion studies (e.g .• Weekes et al.. 2006: Doelman et al., 2015; 
Doepel and L apien-e, 2016) and as reflected in Equation 6-6. 

Earlier work . uggested that His might be l imiting in grass 
silage-based diets (Vanhatal o et al., I 999: Korhonen et al.. 
2000: Huhtanen et al .. 2002). However, diets fed in these 
studies were also low in CP 1(be1ween 13.2 and 14.7 percent 
CP). Similarly, in corn silage-based diets with low protein 
concentration ( 14 percent CP), RP-Met plus RP-Lys were 
unsuccessful in restoring MPV lo lhe level observed with 
adequate MP diets (Lee et al .. 2012b.c). The addition of RP
His to RP-M et and RP-L ys lo a defic ient MP diet restored 
MPY lo the level oflheadequateMP diet. Inclusion of single 
AA as RP-His or RP-Lys or RP-Met to a deficient MP diet 
was insufficient lo restore MPY to that of tlhe adequate MP 
diet, but the combination of the three RP-A As was effec
tive in maintaining MPY similar to the adequate MP diet 
(Giallongo et al., 2016). The overall cond usions were as 
follows: ( L) at low CP concentrations, Lhe piroportion of MP 
originating from microbial protein increases; (2) although 
MCP is considered to have a good AA profile, it is low in 
His (see Table 6-2) relative to the composition or proteins 
involved in the determination of requirements (milk, MFP, and 
endogenous urinary); and (3) when the proportion o r MCP 
relative to to tal MP supply increases. His supply decreases 
more rapidly than the supply of the other AAs and may cre
ate a deficiency. Low-protein diets may have multiple EAA 
deficiencies, which will be apparent when metabolizable 
EAA supply is evaluated. 

With sufficient knowledge, rations can be balanced for 
individual EAAs. and once the recommendation for each 
EAA is met, there should be no need to balance for M P. The 
modeling work undertaken herein and by others represents 
a significant step on that path. The relationships among Hjs, 
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L ys. and Met and MPY are well defined by Lhe l iterature, but 
other EA As are not as well studied. Whether those EAAs are 
generally sufficient in most diets is uncertain, and the lack 
of clean comparisons presumably contributed to greater un
certainties associated with their coefficients in Equation 6-6. 
Clearly, all EAAs are important, and it is possible that some 
NEAAs are important (Luo et al., 2018). More research is 
needed to beuer characterize these additional AAs. The cur
reni work represents a first step and provides a framework 
that is analogous to Lhe approach taken in swine and poultry 
nutrition, where diets are prepared with large proportions of 
individual EAA ingredients. This practice has even led LO a 
shortage of totaU N for de novo synthesis of NEAA, which 
can be alleviated through supp5y of NPN in the diet (e.g., 
M ansi Ila et al.. 2017). Such a shortage of NPN is less likely 
to happen in dairy rations because of the significant recycling 
of BUN to the rumen and the need for adequate RDP to sup
port maximal microbial growth. 

Amino Acid Metabolism 

Essential AA 

Essential AAs were initially classified into two functional 
groups, groups I and 2, based on their pauern of utilization 
by the mammary gland of dairy cows (Mepham. 1982): AAs 
from group l have a stoichiometric tmnsfer of mammary 
uptake to milk protein, and group 2 AAs have a mammary 
uptake greater than secretion in milk protein. Further mea
surement'> of AA net nux across the portal-drained viscera 
(PDV), the liver. and U1e mammary g land confirmed these 
classes. This grouping does not mean that the EAAs in the 
same group share common metabolic pathways. Group I 
AAs, including His, Mei. Phe + Tyr, and Trp are, on a net 

basis. substantially extracted by the liver, barely removed 
by peripheral tissues, and extracted by the mammary gland 
on a net basis nearly equal to that secreted in milk protein 
(Lapierre et al ., 2012.a). In contrast. group 2 AAs, inc ludfog 
De, Leu, Lys, and Val, are catabolized by the PDV, barely 
removed by the Liver, catabolized by peripheral tissues, and 
extracted by the mammary gland at a higher rate nhan secreted 
imo milk protein. The excess uptake of group 2 AAs relative 

to milk protein output increases with increased AA supply. 
Although U1eir metabolism pattern differs from the branched
chain AAs and Lys, A rg ru1d Thr could also be categorized in 
group 2. M ammary uptake of Arg and perhaps Tur is larger 
than secretion in milk protein; it did not vary with their sup
ply (Lapierre et a l., 20123). The excess mammary uptake of 
group 2 AAs, relative to milk supply, can be used for mam
mary synthesis of NEAAs. For example, tile carbons from 
Leu were incorporated into Glu (Woh lt et al., 1977). The N 
of excess Leu in goat (Rubert-Aleman et al., I 999) and of 
Lys in cows (Lapierre et al., 2009) was lransfen-ed 10 many 
NEAAs, either used for milk protein synthesis or released 
into the mammary vein. Similarly, the large excess of Arg 
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uptake is used to support mainly Pro but also A la. Asp. Glu, 
Gly, and Ser (Clark et al., 1975; Roets el al., 1979). Some 
AAs such as Leu and Lys can provide ketogenic products Ulat 
are used for fat synthesis and ATP or NADPH production. A 
balance modlel summarizing these interchanges, including 
metabolism of nonnitrogenous compounds, was found to 
largely be in balance for carbon and nitrogen, suggesting that 
our knowledge regarding inputs and outputs for the mrunmary 
gland is mostly complete (Hanigan et al., 2001). 

Nonessentiaf M 

The classification or AA as being EAA or NEAA origi
nates from research with nonruminanl animals (Hou et al., 
2015). Research with ruminants. especially dairy cattle, is 
exLreme ly limited buL indicates Lhe classificntion is similar 
to nonruminants (B lack et al ., 1952, 1955, 1957: Black and 
Kleiber. 1958). Jn these former studies, however, Arg was 
included in the NEAA group. NRC (2001) termed Arg as 
essential because even if A rg can be synthesized by animal 
tissues, it would beat rates insufficicnllo meet requirements. 
particularly for high levels of producLion. However, deletion 
of A rg from an AA mixLure did nol aITect MPY (Doepel 
and L apierre, 2011 ). but Arg was significant in the model 
selecLion process above. It was removed from the model 
due to the conditional-esserntial ity designation rather than 
for statistical reasons. Given iL<; presence in the best models. 
further work to define its role in MPY is warranted. 

Other studies supported the general distribution of AAs 
into EAAs and NEAAs in a more indirect way. Postruminal 
infusions of a mixture of the 9 EA As plus Airg was sufficient 
to increase MPY, and addition of the NEAA to the infused 
mixture did not further increase l\.1PY (Schwab et al., 1 976~ 

M etcalf et al., 1996: Doepel and Lapierre, 2010). These 

observations indicate that under normal feeding conditions. 
individual NEAAs absorbed in amounts less than required 
for metabolic need can be synthesized at a sufficient rate such 
that MPY is not affected. A lthough there is no evidence that 
NEAAs as a group can limit MPY when dairy cattle are fed 
conventional diets, research is LOO limited to total ly rule out 
the potential importance of specific NEAAs. Lndeed, regula
tion or the rate of protein symhesis may be dominant over 

direct substrate effects (Luo et al., 2018). 
There might also be an impact of low NEAA supply 

because EAAs are required to synthesi.re several or the 
NEAAs. For example, in nonruminants such as swine and 
pou ILry. the EA As, Met and Phe, are precursors or Ule NEAAs. 
Cys and Tyr, respectively. Jorgensen and Larson (1968) re
ported that liver and mammary tissue from cows was able 
to synthesize Tyr from Phe. In lactating goats, 5.3 percent 
of the net Phe taken up by mammary glands was converted 
to Tyr (Hanigan et al.. 2009). In dairy cows. the conver
sion of Phe to Tyr within the mammary gland represented 
7 percent or the Tyr secreted into milk protein (Lemosquet 
et al.. 20 I 0). If the digestive nows of Cys or Tyr are limited. 
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their de novo synthesis from their EAA-precursor might 
be insufficient N o clear studies involving dairy cattle have 
measured the extent tha1 these two NEA A s, Cys and Tyr, can 
"spare" M el and Phe. Pruekvimolphan and Grummer (2001 ) 
concluded from an experiment with lactating dairy cows fed 
a M et-deficient diet lhat Cys in feather meal probably can
not substitute for M et in MP. rn fact. Cys concentration is 
very low in milk protein, which is the largest net demand on 
metabolizable A A. Therefore, the ratio o f Cys to Cys + M et 
is much lower in milk (0.23) compared with lhal in microbial 
protein (0.46) or in most of lhe feed ingredients, especially 
the plant proteins, usually averaging greater th an 0.40 (see 
Table 19-2). Therefore, the likelihood that digestive now of 
C ys would be low enough to decrease M et availability due 
to i ts de novo synthesis is low in lactating cows fed typical 
diets. However, the ratio of Tyr to Tyr + Phe in milk (0.53) is 
higher than in MCP (0.48) and in most feed ingredients (u. u
ally less 1han 0.45). Increased MPY has been observed when 
fo rmaldehyde-treated canola meal was supplemented with 
dietary Tyr (Rae and Ingalls, 1984). but substantial amounts 
of Tyr were destroyed or rendered unavailable by formalde
hyde treatment (Rae et al.. 1983). The MPY response in the 
Fo nner study may have occurred because or deficiency in Tyr 
or in Phe if used 10 synthesize Tyr; however. because no dif
ferences were observed belweelll Lreatmems on Phe and Tyr 
plasma concentrations, detem1ining which mechanism was 
responsible for the lower MPY i s not possible. D eletion or 
Phe from a total AA mixture infused postruminally in cows 
fed a protein-deficient diet decreased MPY and plasma Phe 
concentrations but had no effect on plasma Ty r concenlra
tjons (D oepel et al. , 2016), whereas when Phe was deleted 
from an EAA mix1ure. plasma Tyr concentrations decreased 
(Doelman et al., 2015). O verall, no clear evidence suggests 
that for lactating cows. Cys and l'yr are of concern. However. 
more research is needed to clearly determine wheLher under 
s.ome circumstances. de novo synthesis of these two NEAAs 
would occur Lo an extent that would decrease the availability 
or their EAA-precursor and direclly limi1 protein . y nlhesis. 

Two other NEAAs have received some auention. Pro and 
Gin ( including its intermediate precursor Glu) are similar 
in thal ( 1) concenlraLions of both are considerably higher 
in milk protein ( 10.3 and 22.5 percent o f TP, respectively) 
than in MCP (4 .3 and 15.0 percent ofTP, respectively) or in 
most feedstuffs. (2) extraction by the lactating dairy mam
m ary gland is considerably less than the quantities secreted 
i11 milk protein (Clark e1 al. , 1978: Jllg et a l.. 1987), and (3) 
both can be synthesized in the mammary gland from Arg. 
either through transfer o f the C skeleton for Pro or through 
transamination o f the excess N from Arg for Gin. Duodenal 
infusions of Pro were only effective in increasing MPY in 
mid-lactation cows but not in early lactation (Bruckental 
et al., 199 1) and had no elTect in another study (Alumot et al.. 
1983); however. mammary uptake of Arg decreased and milk 
fat concentration increased in al I three studies. Gin has been 
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hypothesized Lo limit milk protein synthesis in cows dming 
early lactation (M eijer e1 al., 1995). The reasons for the hy
pothesis were low plasma G in concentrations after calving 
and slower recovery than fo r the other AAs (Meijer et al.. 
1995; Doepel et al.. 2002). as well as the multiple functions 
involving Gin. including the immune system. purine and 
pyrimidine synthesis, and as an energy source (Doepel et al.. 
2006), all or which are very demanding in early lactation. 
However. postruminal infusion of 300 g/d of Gin during the 
first 3 weeks postca.lving had on.ly a limited effect on milk 
production, metabolic parameters, and immune function 
(Doepel et al., 2006). 

The above milk protein meta-analysis demonstrated that 
collectively the NEAAs plus Arg, Phe, Tl11r. Trp. and Val 
had a small but highly significant impact on milk protein 
synthesis (Equation 6-6). Consideration of only the NEAA 
was also significant and thus the efTec1 is not driven solely 
by Arg, Phe, Tur, Trp, and Val. Because thi:s elTect is small 
and not c learly demonstrated in controlled trials. the com
miuee recommend. that the focus for balancing AAs should 
be placed on the EAAs. excluding Arg. 

Rumen-Protected AA 

Because ingested free A A s are readily catabolized by the 
microbes in the rumen. A As need to be fed in a protected 
form to avoid or limit degradation by rumen microbes; how
ever, this protection should nol significantly interfere w ith 
absorption from the intestine. WiLhout direct AA supple
mentation, minimal concentrations of free AAs are present 
in rumen fluid (Lewis and Emery, 1962: Velie et al., 1 997~ 

Volden et al.. 2001 ) because AA arisfog rrom hydrolysis 
of RDP are rapidly used for microbial protein synthesis or 
deaminated (L ewis and Emery, 1962). Even w ith diets aver
aging 66 percent of the CP as RDP, the contribution of free 
AAs to the to-Lal duodenal nux of AAs was less than 2 percent 
(Volden et al., 2001 ). 

When unprotected forms of Lys. M et, and Thr were given 
in amounts similar to those recommended for protected forms 
(9 LO 20 g), apparent ruminal degradation over an 8-hour pe
riod averaged 88 and 90 percent (Velie et al. , 1997: Volden 
et al., 1998). Ruminal escape of 10 to 12 percent would be 
unlikely to elicit a detectable response at such low feeding 
levels. However, at higher doses (48 to 120 g), ruminal degra
dation decreased to 73 Lo 78 percent (Velie e1 a l., 1997; Volden 
e1 al., 1998), suggesting that the need for rnmen protection 
could be eliminated with high oral do es of free AAs. Such 
high doses, however, can be costly and m:iy have deLrimental 
or toxic elTects on the cow. For example, with the high dose 
ofunpro1ected M et, it was noted that " after administration of 
M el al the 120 g dosage, an unpleasant odor emanated from 
the cows. Mucous membranes were discolored, and feed 
intake was transient I y depressed" (Vel le et al., 1997), suggest
ing that the animals experienced some level o f sulfur toxicity. 
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In add ition, rumen populations may adapl lo these high levels 
and become more efficient at degrading the A As over a longer 
period but may be overwhelmed in the short Lenn. 

Types of Protection 

Because Lys and Met often limit MPY. considerable ef
fort has been made lo develop technologies thal wou ld allow 
them to escape ruminal degradation without compromising 
their absorption in lhe small intestine. The bioavailabilily of a 
RP-AA is the combination of its rumen escape and intestinal 
digestibility. At the lime of thi. writing, only these lwo AAs 
are commercia lly available in RP form. For research proj
ects, however, other RP-AAs have been produced and have 
been effective (e.g .. Hi fLee et a t.. 2012a l: Leu fArriola 
Apelo el al.. 2014al: Ile and Val [Leal-Yepes cl al., 20191). 
Commercial products differ in the technology used to protect 
the AAs from ruminal degradation. Details are not g iven for 
specific commercial proclucts, bul brieny, the matrix used for 
encap ulation is a combination of pH-sensitive polymer and 
lipid, lipid, a combination of fiber and lipid, or caJcium salts 
of long-chain FAs. The pH-sensitive coaling depends on the 
dilTerences in pH between the rumen (encapsulated at mmcn 
pH) and abomasum (released at acid pH). Physical protection 
y. lems (e.g .. lipid coating) must provide a reasonable degree 

of protection against ruminal degradation while providing a 
reasonable degree of intestinal release. Physical handling of 
lhe RP-AA prior lo ingestion might alter the bioavailability 
a some coatings are usccptible Lo damage during feed 
manufacturing (e.g., pelleting) and diet preparation (Wu and 
Papas, 1997). Methods Lo assess bioavailabilily of RP-AA arc 
detailed in Chapter 18. 

D- and L-lsomers of an AA 

The D- and L-isomers of an AA are chemicaJly idemical, 
but one is the mi1Tor image of the other. w ith the amino group 
being on one side or the other of lhc carbon chain. De. pile 
this small difference. mammals can on ly incorporate the 
L -isomer of AAs into proteins. Small amounts of D-AAs 
ex ist in bacterial cell walls and in free fo1m in some planl .. 
The AAs produced industrially in pure form by fermenla
l}on (e.g., Lys, Thr. and Trp) are L-i omer . . Jn contra l. 
AAs produced from chemical synthesis (e.g .. Met) are a 
DL-racemic mixlllre. Animals need to convert the D-form 
inlo the L-form before it can be utilized for protein synthe
s is. Such conversion in mammals involves D-AA oxidase. 
The D form of Met is deaminnted to yie ld the keto acid, 
2-oxo-4-methylthiobutanoale. T his can then be reaminated 
lo the L-form of Mel (Friedman and Gumbmann, 1989). The 
efficiency of conversion of D-Mel to L-Met is pecics de
pendent: raL~, chicks, pigs. rabbi ts. and dogs all demonstrate 
conversion to L-Met when 0 -Mel is administered by either 
oral or intravenous route., ahhough this is not the case with 
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primates (Lewis and Baker, 1995). In growing callle. aboma
sa1 infusions of D- and L-Met produced imilar increases in 
N retention (Campbell et al., 1996). although it tended 1.0 be 
less with DL-Met infusion compared with an equimolar dose 
of L-Met (Ttitgemeyer and Merchen, 1990). In dairy cows. 
a minimum of 75 percent of a bolus do. e D-[ I - 13C]Met wa 
transfonned into L-r l-13C]Met (Lapien-e el al., 2012b). The 
behavior of the two isomers was, however, totaJly different: 
the half-life of D-Met was much greater than the ha lf-life 
o f L-Mel (52 versus 8 minutes). The mammary gland did 
not extract any 0-Mel. and the fractional hepatic removal or 
D-Met was numerically lower than the fracLional extraction 
o f L-Mel, leading to an accumu lation of Lhe D-isomer in 
plasma (Lapierre et al., 20 L2b). 111erefore, L-Mel synthe
sized from the D-i omer elsewhere in lhe body, not in the 
li ver or the mammary gland, could be used LO support milk 
protein synthes is. No detrimental effects of the 0-i. omer 
over the L- isomer of Met are evident. The longer half- life 
of 0 -Mel could offer the op portunity to delay clearance of 
the absorbed Met and acl as a potential reservoir for L-Met 
synthesis (Lapierre e t al.. 2012b). 

Met Analogs 

Feeding an analog of AA may be an alternative to coated or 
encap ulated rorms or AA because it would not be affected by 
handling such as pelleting and may be less expensive. Many 
analogs have been tested (Schwab, 1995), bul the most studied 
i. an analog of Met. OL-2-hydroxy-4-methylthiobutanoate 
(HMTBA). often referred to as HMB. The analog HMTBA has 
long been proposed as a means Lo provide Mel and increase 
milk and protein yields of dairy cows fed rations limited in Met 
(Polan et al., 1970). The Ca salt of HMTBA has been studied 
as a supplement ror inereasimg milk and milk fat production 
(e.g., Loerch and Oke, 1989) but is no longer manufactured. 
Liquid HMTBA is available and extensively used in the poul
try and swine industry as a sLrb titule for Met 

There i. no con en. us on the "Met bioavailability" of 
HMTBA (rnminal escape x imestinal absorption x conversion 
lo Met), bul HMTBA is more resistant to rnmen microbial 
degradation than free Mel (Belasco, l 972, J 980; Pauerson 
a nd Kung, 1988). lL can be absorbed across the ruminal and 
omasal epithelium (Mccollum et al.. 2000), and ruminant 
possess the e nzymes lo convert HMTBA to Met (Be lasco, 
1972, 1980). Blood concentrations of Met increased linearly 
to HMTBA dose (Feng et al., 2018). Estimations of postru
men availability of HMTBA vary greatly. In dairy cows. 
up LO 50 percent (Koenig et al., 1999. 2002) of the ingested 
dose was reported to llow from the rumen. Also. in dairy 
cows, net portal absorption of HMTBA averaged 13 percent 
of the ingested dose (Lapierre et al., 2007b), s imilar Lo the 
12.5 percent observed in sheep (Lobley et a l., 2006). Tota.I 
bioavailability needs to account for HMTBA conversion to 
Mel and metaboli m in Lhe gut ti sues (McCollum et al.. 
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2000), and such consideralion resulted in an estimate of 
l8 percent o f th e dose inge led being available for po tab
sorpLive use (Lobley et al., 2006). 

The isopropyl ester o f HMTBA (HMBi) has also been 
studied. Rumen escape is greater than HMTBA because it 
is rapidly ab orbed across Lhe rumen wall (Graulet et al., 
2004). This would explain why a positive response in milk 
protein concentration has been ob. erved with HJvffii supple
mentation despite only 2.3 percent o f the HMBi recovered a. 
HMTBA in omasal dJgesLa (Noftsger et al., 2005). Absorbed 
HMBi is converted to HMTBA after or during absorption 
and subsequently converted LO> the keto acid of M et and 
then transaminated to L-M ct (B aker, 1994). The HMTBA 
supplement is a racemic mixture o f D- and L-isorners that 
can both be converted to 2-oxo-4-methylthiobutanoatc fol
lowed by amination to L -M et. 111e ox idase for L -HMTBA 
exists predominantly in the perox isomes within liver and 
kidney, whereas the dehydrogcnase for D-HMTBA is a 
mitochondrial enzyme found in most tissues (Dibner and 
Knight. 1984; M cc ollum et al., 2000: Dibner. 2003). In 
v itro (M cCollum et al., 2000) and ovine data (L obley et al.. 
2006) indicate that HMTBA conversion to L-M et occurs in 
m any tissues. ln dairy callle, intravenous infused HMTBA 
provided 15 percent of the M et used for milk protein secre
tion, of which 85 percent was produced in other ti sue. 
and transported lo the mamma1·y gland through blood. The 
remaining 15 percent was synthesized directly in the mam
m ary gland. The li ver removed 38 percent o f the infused do. e 
of HMTBA. but that removed wa not apparently converted 
to M et as net M et hepatic release declined (Lapierre et al.. 
201 I). A ltogether. this would explain why measuring Mel 
plasma concentration is not an appropriate way of estimating 
HMTBA availability and its potential value in supplying Met. 

Effect of RP-AA Supplementation 

Since the publication of the la. t NRC (2001 ). numerou. 
studie. have been published on effects of balancing dairy ra
tions for individual AAs, especially Lys and M el, w ith most 
o f them ba ed 0 11 the proportional approach (expressing the 
supply of each AA as a percentage of MP). B ased on a meta
anaJysis of data from experiments invo lving postruminal 
A A upplementation. V yas and Erdman (2009) reported a 
response in MPY Lo AA supplementation with a marginal 
e f ficiency decreasing from 39 to 25 percenL for Lys and from 
44 to 22 percent for M et over the range of the predic ted AA 
supply. A review by Robinson (2010) concluded Lhal RP-Mel 
increased milk energy yield and the efficiency of N utiliza
tion for milk (N milk/N intake). RP-Lys decrea ed DMI but 
increased the milk/DMI ratio. whereas lhe combination of 
RP-Met and RP-Lys increased milk and milk energy yield, 
milk protein percentage, Lhe efficiency of N utilization. and 
milk/DML However, these improvements were small and un
predictable based on dietary characteristics. A meta-analysis 
(Patton. 2010) performed on two commerci al RP-Met soLu-ces 
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concluded that overall RP-M el increased milk protein per
centage (+-0.07 percent) and yield (+27 g/d). However, milk 
protein response to RP-M et could not be related to dietary 
characte1istics. A meta-analysis perfonned on lhe effect or 
. upplementing RP-Mel plus RP-Lys LO diets w ith ~ 1 5 percent 
CP reported a small improvement in MPY when RP-AA. 
were fed (S inclair et al.. 2014). The author concluded Lhat 
cows fed low CP dieLc; could respond to RP-Met and RP-Ly, 
supplementation if DMI and other AA. were not limiting. 
Finally. a meta-analysis compared responses to M el supple
mentation via posLruminal DL-M et infusion, HMTBA. or an 
RP-M et product (Zanton et al.. 2014). In that analysis. MPY 
increased 2.23 g of protein/g of metabolizable Met, irrespec
tive of lhe M et source. until reaching a breakpoint. Milk 
proLein concentration increa ed for all modes of supplementa
Lion except for HMTBA, in which only milk y ield tended to 
increase in response to the M et analog. The observed MPY 
responses observed by Zanton et al. (2014) are similar to the 
slope coeffic ient for M et in Equation 6-6. The above authors 
al o observed a positive mil lk fat y ield respon. e LhaL did not 
difJer among DL-Met supplements (1.9 g fal/g Mel ). 

Studies have been conducted to evaluate the use of RP
M et during the transition period because or its multiple roles 
during this critical period. Feeding RP-Mel to cows starting 
a few weeks p reparlum and continuing a few weeks postpar
tum ha increa! eel early lactation milk and milk component 
y ields (Osorio et al., 2013: B atiste! et al., 201 7) and improved 
neulrophil function (Osorio el al., 2013; Batiste! et al., 20 18). 
Feeding RP-M et during transition has also reduced various 
measures o f ox idative stress (Batiste! et al ., 201 8), which 
may parlially be responsible for improved immune function. 
Production re pon. e may in part be caused by M et ·s role 
as a methyl donor and i ts role in Lransmelhy lalion reactions 
via activation of S-adenosylmethionine, which is invol ved in 
more than a hundred metabolic reactions (Finkelstein, 1990). 
Supplementation of RP-Met to transition cows may also have 
positive epigenetic effects on the immune system of the catr 
(A lharthi et aJ .. 20 19). 
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NRC (2001) evaluated (without including swdy effects) 

the effect or RDP and RUP on milk protein and DML When 
study wru accom11ed for, the effect ofRDP on DMI persi ted 
blll tO a lesser ex tent (Firkin et al., 2006). N umerous studies 
used ingredients that were high in RDP to i sonitrogenously 
substitute for either a different protein source or the same 
source processed 10 be higher in RUP. Based on a review 
of the literature, a limitatiofl of RDP decreases MCP now 
to the duodenum and DMI (Santos et al., 1998). M any of 
those studies arc in Lhe daLabase used by tlhe cun-ent com
miuee. However, many additional llldie. with greaLer range 
and diversity were added for the current work. In essemially 
all cases, RDP has been estimated using feed library values 
or by subtraction of observed microbial N and an esLimate 
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of endogenous N from observed total nonammonia flows. 
lncreasing RDP (if limited) increases MCP production and 
often DMT, and both MCP and DMI increase MP supply 
even though RDP it elf does not contribu1e directly to MP. 
IJ1 studies designed to test the specific role of RDP directly, 
RDP had a large influence on MCP flow to the omasum (Rey
na( and Broderick, 2005). Replacing true protein sources or 
RDP with urea also progressively depressed MCP llow (Brito 
et al.. 2007: Broderick and Reynal, 2009). An RDP limi1a1ion 
depressed DMI linearly (Cyriac et a l., 2008). 

Dietary CP percentage is positively associated with DMI 
(A llen, 2000). This association was reinforced, regardless 
of whether evaluated in crossover or continuous lactation 
experiments (Zanton. 2016). Although CP typically was 
measured. RDP typically was not measured. In another 
meta-analysis using model outputs (Daniel et al., 2016), DMJ 
was related nonlinearly to MP but still not maximized at the 
centcred point of 9.7 percent MP (about 17.2 percent CP). 
Yet. mechanisms for DMI depression with decreasing CP 
percent. long related to improvements in fiber digestibility 
and alleviation o f fill, still await further characterization (Sin
clair et al., 2014). Some potentia l mechanisms are discussed 
iJn Chapter2. Incieasing RDP from 9.4 to 10.3 percent ofDM 
increased DMI, but DMI decreased when RDP was increased 
from 11 .0 to 12. I percent of DM (Mutsvangwa et al.. 20 16). 
Martineau et al. (2016) suggested that provision of MP 
from casein via postruminaJ infusions (not increasing RDP) 
increased DMl when dietary MP was deficient but induced a 
satiety effect when dietary MP exceeded recommendations. 
In the latter case, more ammonia from RUP would need to 
be c leared by the li ver. Mobilization of body protein reserves 
could contribute to hypophagia in early lactation (see Chap
ter 2). Carder and Weiss (2017) noted that careful allention 
to providing metabol izable A As increased production of milk 
and milk components in cru·ly lactation. apparently sparing 
body protein mobilization, and even showing potemial for a 
longer-term response after peak milk. Clearly, more research 
is needed on the role of mctabol izable AA supply for cows 
i;n the first 30 days of lactation. 

Numerous studies have been conducted since NRC (2001) 
to evaluate lowering dietary CP (typically avoiding limited 
RDP) while maimaining upplyoflimiLing EAA. Decreasing 
CP from 17. 1 to 15.8 percent decreased DMT, but supplement
iJng RP-Met increased DMI (Broderick cl al., 2009). Despite 
lowering NDF digestibility, feeding MP-deficient diets did 
not depress DMI, whereas supplementing RP-His to the 
MP-deficient diet increased DMl and MPY (Giallongo et al., 
2015, 2017). When MF was deficient, dairy cattle decreased 
DMl; however, DMl was numerically but not always signili
canlly recovered by supplementing RP-Met, RP-Lys, and RP
His: when His alone was added. DMI was almost the same as 
supplementation with all three RP-AAs, which fully recov
ered milk protein yield (Giallongo et al., 2016). Of the RP-AAs 
typically stud ied, the greatest response in DMl appears to 
be from RP-His (Pauon et al., 2015: Giallongo et al.. 20 17). 
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When MP was deficient, Met and Lys extraction into tissues 
was estimated to increase relative 10 those AAs that were not 
deficient (Lee et al., 2015). Metabolizable His appears to 
become increasingly limiting as microbial protein makes up 
an increasing proportion of the MP (Giallongo et al., 2016), 
and increased supply ofmetabolizable His (when it is limited 
in MP) seems to be directed preferentially toward the mam
mary gland (Sadri et al., 2016). Thus, increasing MPY could 
increase mammary extraction of blood EAA in addition to 
His and pull DMI. Pallon et a l. (2015) expla ined the relative 
constancy of plasma EAA concentrations over the lactation 
cycle and the challenge to relate concentrations to physiologi
cal functions such as control of voluntary feed intake. Clearly. 
the role of EAA in short- and long-term regulation of milk 
protein synthesis awaits further understanding (Arriola Apelo 
et aJ., 2014b; Cant et al., 2018), and future efforts should help 
delineate a role for metabolizable AA supply afTecting DML 
particularly in longer-Le1m srudies (Hristov et al., 2019). 

EFFECTS OF PROTEIN ON REPRODUCTION 

Based largely on the seminal efforts described by Butler 
et aL ( 1998), NRC (200 I) discussed studies regarding the 
negative correlation between excess dietary CP and fertility 
in dairy cattle. Since then, numerous studies have had spe
cific objectiv·es to address a mechanism ror such a response. 
with likely responses related to urea or ammonia toxicity on 
oocyte, embryo, and uterine environments (Thatcher et al.. 
2011 ; Berry et al.. 20 16). One meta-analysis supported a role 
for excess BUN depressing fertility (Lean et al., 2012). In 
contrast, another meta-analysis (Sinclair et al., 2014) lessened 
such a role. but the authors noted that many of the studies in 
the prior meta-analysis used low-producing cows. Berry et al. 
(2016) noted a c tear distinction among production systems 
in which studies with pasture-fed cattle lacked any negative 
association even though grazing cattle typically have much 
higher BUN than those fed total mixed rations. Based on 
herd records, lowering milk urea N (MUN: a proxy for BUN). 
within the range of 9.0 to 18.0 mg/dL, was suggested to 
have only a modest opportunity to improve fertility through 
dietary adjustments (Guo et al., 2004). Those authors noted 
that MUN was more related to individual cows within herds 
than among herds such that dietary formulation per se played 
a minimal role compared with other factors in the negative 
association of MUN with fertility. An MP deficiency could 
promote problems in early lactation and therefore lower fertil
ity (Drackley and Cardoso, 2014). whereas diets with excess 
MP relative to ME should be avoided (Diskin et al., 2016). 

Dairy cows suffer a myriad of issues in the transition 
period (see Chapter 12) that cou Id influence tissue energy 
balance and other factors related to reproduction. For 
example, services per conception leading to pregnancy in
creased by 0.46 when mastiLis was experienced preservice 
and increased to 0. 72 services per conception when both 
pre- and postservice mastitis was included (Dolecheck et at.. 
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2019). Energetic efficiency was expected to decrease by up to 
n5 percent when cows experienced innammatory respon e 
(Bertoni et a I.. 20 15). However. Bertoni et al. (20 15) and 
Enger (2019) could not atlribllle quantitative requirement. 
for M P or AAs despite increased synlhesis of acute-phase 
proteins. antibodie . and other protein. during, Lhe innam
matory response associated with clinical maslitis. Similar ly. 
tl1e role of mobil izaLion of non-esterified FA in innamrna
tory responses tlhat depress ferti l ity is well recognized (Le 
Blanc. 2014: Sordillo et al., 2016), whereas Lherc i s a more 
limited understanding of how inflammatory responses are 
related to MP supply. Enhancing Lhe postruminal . upply of 
t\llet and His in lhe transition cow likely increase the ability 
to reduce fat infi lLration in Lhe l iver (Coleman et al.. 2020), 
which likely enhances reproductive success. Tho e aulhors 
also noted that DMI could increase and Lhat innammatory 
markers could decrease in lhe tran ition period by increa. -
ing metabolizable M et supply. Arg and several other AAs 
( including nonessentials) were inferred to have a role in 
moderating innammation, but studies are lacking in rumi 
nants and especjalJy with respect to reproduction. 

Appropriate protein feeding in the transition cow is criti 
cal LO provide metabolizable A A to limit the mobilization 
of body protein reserves. enhance peak milk production, 
and maintain higher milk producLion. The postpartum cow 
ha a supply of labi le protein reserves. but the. e are les. 
tl1an her supp ly o f energy from adipose tissue (Drackley 
and Cardoso, 2014). As the postpartum cow adapts to high 
milk produclion. tissue-mobi li zed AA must compete for 
oxidation and gluconeogenes is by the l iver and will not 
necessarily be diverted toward mammary protein synlhe is 
(Larsen et al.. 2015). Proper upply of . Larch should help 
optimize the effi ciency of AA metabolism by the mammary 
gland (Cantalapiedra-Hijar el al., 2015). Increasing starch 
supply (wilhout causing ruminal ac idos is) should help limit 
rnobilizalion of A A from muscle or direct more AA toward 
repleni. hing peripheral tissues (Nichols et al.. 20 16) and 
fatty ac ids fronn adipose ti. sue (DrackJey and Cardo o, 
2014) at the same time that increasing insulin secretion helps 
tl1e reproductive tissues compete for nuLrienLS (Lucy el al., 
2014). Thus, M P must be adequate to support Lhe increas
ing milk product ion and to stimulate increasing DMI in Lhe 
postpartum cow (Amanlou et al.. 2017). Optimization of 
mctabolizable AA and ME will help Lo limit fertility issue 
tl1m have been associated wilh high BUN. 

Concentrations of MUN can be useful at Lhe farm level to 
evaluate supply ofCP. For example, Pauon et al. (2014) de
scribed opportunities LO use MUN in managerial approaches 
such as to safely lower dietary CP while meeting metaboliz
able AA targets. However, the usefulness o f Lhese valueJ is 
diminished by variation among cows and herds due to genelic 
and management factors (Wood et aL 2003; Aguilar el al.. 
2012). For example, dietary concemrations of Na and K <u-e 
important determinants of pla. ma and M UN concentrations 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

(Spek et al. , 2013). These factors likely expmain some of the 
varialion among studies (Hristov et al., 201 8). Greater at 
tention to herd and other dietary characteristics might help 
explain variability in M UN and its potential to improve 
reproductive management. For example. a drop in M UN 
from before versus after artificial inseminam ion was as,oci
ated wilh increased risk for conception fai lure, which was 
more important than Lhe MUN concentration per se (Albaaj 
et al., 20 17). Given the current proclivity to decrease CP to 
minimize environmental pre sure and it. integration into 
an improved AA supply-requirement system, the current 
commiuee does not support a role or exce. s protein (i.e., to 
be beyond a reasonable safety factor) in Lhe impairment or 
fertility unless the high BUN results from insufficient energy 
and exce sive body Lis. ue mobilization (Patton et al.. 201 4). 
Instead, the commiuee agrees Lhat more auention is needed 
to assess fertility in light o f lower-protein diets. Wilhin a 
reasonable target for MP supply relative to requirements. 
rertility should not be impaired. 

UREA RECYCLING AND ENERGY COST 

Ammonia deri ved from microbial protein degradati on 
in the gut is absorbed into the portal vein and detoxified by 
conversion to urea in the liver, wherea. excess absorbed 
AA that are catabolized in nonhepalic tis ues are shuttled to 
Lhe liver in Al a and Gin and Lhe N removed and converted 
to urea. In dairy cows, the equivalent o f 60 to 85 percent or 
digested Ni converted to urea in the liver (e.g .. L apierre and 
Lobley. 2001 : Ruiz et al., 2002: Recktenwald et al.. 20 14). To 
sustain anabolism when protein intake is low, niminants have 
evolved to salvage part of the synthesi zed urea by recycling 
into Lhe lumen of Lhe gut, either througb sali va or by direct 
tran fer from the blood across the epilhelial wall (Reynolds 
and Kristensen, 2008: Batista et al. , 2017). Recycled urea 
is hydrolyzed 10 ammonia by bacterial urease (Patra and 
Aschenbach, 20 18), and ammonia can be either reabsorbed 
into blood a ammonia or used to support 1nicrobial protein 
ynlhesis. Part of microbial protein is digested and used to 

support anabolism, and part wi ll be excreted in Lhe feces (un
digested rumen microbial protein and most o f the hindgut
produced microbial protein). The potential futile cycle or 
BUN reconversion to ammonia i apparent ly regulated by 
expression of urea transpor ters (Cal samiglfa et al., 2010). 
As explained previously, between 15 percent and 30 percent 
of rumen microbial N should be derived from BUN in dairy 
caule (L i et al., 2019). which agrees wilh data from olher 
ruminants (Batista et al. , 2017). 

Allhough adequate RDP i s needed to support M CP pro
duction and DMJ, exces RDP beyond a reasonable safety 
factor should be minimized to reduce urea excretion in urine 
and the environmental impact of dairy production systems 
(see Chapter 14). Excess dietary protein, parlicularly RDP. 
was positively associated w ith increased heat production 
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(Reed et al.. 20 17), allhough the lauer results are inconsistent 
with earlier worrk (Tyrrell et al., 1970), which showed a 
minimal elTect on heal production. Although hepatic urea 
symhesis requires ATP, this cost is mjnor relative to other 
energetic cosL~ resulung from deamination of excess AAs 
and other metabolic proce. ses (Reynolds. 2005). The 
commiuee does account for the energy associated with 
urinary N loss in derivation of metabolizable energy (see 
Chapter 3) but not any increa e in heat production associ
ated with increased urinary N loss. Urinary urea excretion 
i s greater in dairy caule experiencing heat stress, resulting 
from metabolic stre. s responses described by IRfus (20 19). 
Therefore. based on limited data, feeding to meet but not 
exceed RDP and AA requirements is recommended when 
cows are experiencing heat Lr~ s. 
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Minerals 

Not all minerals wi ll be discussed in this chapter. For 
im1 formation on minerals that are primarily a toxicity con
cern (e.g., aluminum and fluoride) rather than a nutritional 
concern, see N RC (2005). Mineral requircmen~s specific to 
preweaned calves are discussed in Chapter I 0. 

MACROMINERALS 

Calcium 

Functions 

Extracellular calcium (Ca) is essential for formation or 
skeletal tissues. tran mission of nervous tissue impulses. 
excitation of skeletal and cardi ac mu cle contraction. 
blood clotLing, and as a component of milk. Intracellular 
Ca. while 1I 1 O,OOOth or the concentration of extracellular 
Ca, is involved in the activi ty of a wide array of enzymes 
and ser ves as an importam second messenger conveying 
information from the . urface of the cell 10 lhe interior of 
l11e cell. About 98 percent of the Ca in the body is located 
within the skeleton. where Ca, along with phosphate anion, 
serves to provide structural strength and hardness 10 bone. 
TI1e other 2 percent is found primarily in the extracellular 
nuids. Normally, the eoncemrmion of Ca in plasma i 2.2 
to 2.5 mM (9 to 10 mg/dL) in the adult cow, with slightly 
higher values in cal ves. B etween 40 and 45 percent of total 
Ca in plasma is bound to plasma proteins, primarily albumin, 
<tnd another 5 percent is bound 10 organic components of the 
blood such as citrate or inorganic elements. From 45 percent 
(at higher blood p H) to 50 percent (at lower pH) of total Ca 
in plasma exists in the ionized. soluble form. The ionized 
Ca concentration or plasma must be maintained between I 
and 1.25 mM 10 ensure normal nerve membrane and muscle 
end-plate electric potential a111d conductivity. which has 
forced vertebrates Lo evol ve an elaborate system LO maintain 
Ca homeostasis. 111is. ystem allempts to maintain a constant 
concentration of extracellu Jar Ca by increa ing Ca entry into 
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the extracellular fluids whernever there is a loss of Ca from 
the extracellular compartment. When the loss of Ca exceed. 
entry. hypocalcemia can occur. resulting in loss of nerve 
and muscle runclion, which can lead to recumbency and the 
clinical condj1ion referred to as milk fever. 

Calcium Homeostasis 

Ca leave extracellular fluids during bone formation. in 
digestive secretions. sweat. and, in specific situations, urine. 
fn lactating cows, .ecretion o f Ca in milk is by far the great
est loss. accounting for 50 to 75 percent of Ca los es. Ca 
lost via these routes can be replaced from dietary Ca. from 
resorption of Ca . tored in bone, or by resorbing the Ca 
filtered across the renal glomerulus ( i.e., reducing urinary 
Ca loss). U nder most circumstances urinary Ca losses are no 
more than I lo 2 percent of absorbed Ca intake (Knowlton 
and H erbein, 2002: Taylor et al., 2009). When the lo. s of Ca 
from extracellular flujd, exceeds the amount of Ca entering 
the extracellular fluids, plasma concentrations decrease. The 
parathyroid glands monhor the concentration of Ca in carotid 
arterial blood and secrete parathyroid hom1one (PTH) when 
they sense a decrease in blood Ca. Release of PTH imme
diately increases renal reabsorption mechanisms for Ca and 
will stimulate processe. to enhance intestinal absorption of 
Ca and resorption of Ca rrom bone. 

Ab orption of dietary Ca can occur by pa. sive (paracel 
lular) transport between epithelial cells across any portion of 
the digesti ve tract whenever ionized Ca in the digcsta directly 
over the mucosa exceeds 6 mM (Bronner, 1987). TI1ese con
centrations are reached when calves arc fed all-milk diets 
and when cows are given oral Ca drenches ror prevention or 
LreaLment of hypocalcemia (Goff and Hor. I , 1993). Follow
ing drenching, elevated Ca concenu·ations are short- lived as 
a result of di lution with digesta and the formation of com
plexes and chclates that reduce ionized Ca concemrations. 

In nonruminants, as much as 50 percernt of dietary Ca 
ab orplion may be passive (Nellans, 1988). but lhe amount 
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o f passive absorption o f Ca that occurs in dairy cattle is un
known. The dilut ingelTect o f the rumen would likely reduce 
the degree 10 w hich passive Ca absorption occurs. When 
chelates and less soluble salts such as calcium carbonate 
(CaC0 3) and calcium su1fate (CaSO) move out of the rumen 
and interact with hydrochloric acid secreted in the abomasum, 
ionized Ca increases (Goff, 2018). Ca absorptio n is tightly 
regulated and is one o f primary means by which Ca homeo
stasis is mafotained . This suggests Lhat active transport o f Ca 
is the major rollle for Ca absorption in mature ruminants, and 
this process is controlled by 1,25-dihydroxyvitamin D. the 
hormone derived from vitamin D . B y carefully regulating the 
amount of 1.25-dihydroxyvitamin D produced, ttile amount o f 
dietary Ca absorbed can be adjusted to maintain a constant 
concentration or ·extraccl lu lar Ca (De Luca, 1979: Wasserman, 
J98 l ; Bronner, l 987). Regulation of Ca absorption in the 
intestine occurs as 1.25-dihydroxyvitamjn Din blood binds 
vitamin D receptors in the intestinal enterocyte that initiate 
transcription and translation of several key proteins needed 
f.or active transport o f Ca (Goff. 2018). These inc lude an api
cal membrane channel protein that facilitates movement of 
ionized Ca through the cell membrane: production o f calbin
din, which binds. Ca ions as they pass through the enterocyte 
membrane; and plasma membrane Ca ATPase that works 
w ith a sodium/calcium exchanger that pumps intracellular 
Ca through the enterocyte basol ateral membrane into blood 
by exchanging 2 moles o f Ca for 3 moles o f sodium (N a). 

When dietary Ca is insufficient to meet the requirements 
of the animal, Ca will be w ithdrawn from bone to maintain 
a normal concentration of extracellular Ca. ff dietary Ca is 
severely deficient for a prolonged period, the animal will 
develop osteoporosis to the point o f developing fractures. 
but plasma Ca wi ll only be slightly lower than normal. A 
sudden large inc rease in loss o f Ca from the extracellular 
pool (e.g., iniLiation or lactaLion) can result in acute hypocal
cemia before Lhe Ca homeostatic mechanjsms can act. This 
i s discussed in the section on milk fever (see Chapter 12). 

Requirement for Absorbed Calcium 

A factorial system is used to estimate the amounts of Ca 
required for maintenance, growth, pregnancy, and lactation 
as in the previous NRC (200 1) publ ication. 

Maintenance 

The maintena11ce requirement is the amount of ab. orbed Ca 
that is needed to replace endogenous losses in urine and fcces. 
Urinary Ca losses are triv ial, and no reliable methods are cur
rently available to predict urinary losses and thus are ignored. 
Previous estimates for metabolic fecaJ Ca were based on the 
fecal appearance of inu·avenously injected radioisotopes of Ca 
(Yiseketal., 1953: Hansard etal., 1957).The2001 NRCcom
millee set daily metabolic fecal losses al 0.01 54 g Ca/kg body 
weight (BW) for growing heifers and dry cows (Visek et al.. 
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1953; Hansard et al. , 1957) and 0.03 1 g Ca/kg BW (Martz 
ct al., 1990) in lac1a1ing cows. M etabolic fecal requirements 
for mos! minerals should be expressed as a func tfon o f dry 
mauer intake (DMl) reOecting increased losses in feces with 
increased feed consumption. Data from Hansard e1 al. ( 1954. 
1957), Visek et al. ( 1953), and Martz et al. ( 1990, 1999) were 
pooled and regressed on DMI. The regressi on equation in
cluded a non significant intercept that was drnpped resulting 
in an equation applied to all physiological states: 

M aintenance requirement= 0.90 (±0.034) xDMI 
(Equation 7- 1) 

where maintenance requirement is equivalent to metabolic 
focal Ca. g/d: DMI is dry matter intake, kg/d: R2 = 0.92: and 
SE= 1.75 g/d. 

ln NRC (200 l ). the absorbed Ca requirements for main
tenance for a 300-kg growing heifer and 700-kg dry and 
lactating cows were 4.6, 10.8, and 2 1.7 g/d, respectively. In 
the new system based on DMl and assuming intakes of 7. 13. 
and 25 kg/d. the new requirements would be 6.3, 11.7, and 
22.5 g/d. respectively. Although the equation has changed 
from NRC (200 1 ). the amounts o f ab. orbed Ca required for 
maintenance are similar. 

Growth 

Ca deposi tion in bone is the primary fac tor that drives 
Ca requirement for growth. Growing call le require more Ca 
when animals are young and actively accruing bone and less 
as they approach mature skeleial size. A n allometric equation 
(AFRC, 1991 ) was used to estimate the Ca requirement of 
growing calves: 

Ca, gld = ((9.83 x Mw-o.22)xBW--02 2)xADG 
(Equation 7-2) 

where MW is expected mature body weight, kg; BW is cur
rent body weight, kg; and AIDG is average daily gain, kg/d. 

B ased on that equation, absorbed Ca requirements per unit 
BW gain decrease with increasing SW. The N ASEM (2016) 
estimates absorbed Ca requirements for growth as 7 1 g Ca/kg of 
body protein gain but cited more recent experiments that mea
sured as much as 144 g Ca/kg protein gajn. Growth require
ments for Ca estimated using the equation above are generally 
25 to 30 percent greater than the value used by NASEM (2016) 
at small BW s relative to mature weight. but as animals get 
closer to mature weight, the esl.imaled requiremems are much 
greater than those currently used for beer. 

Pregnancy 

The developing feLUs requires a negligible amount of Ca 
until the last trimester of pregnancy (after day 190 of preg
nancy), when the fetal skeleton begins to become calc ified. 
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Petal skeletal ca lci fication is especially great in the last 
weeks before parturition, where lhe absorbed Ca requirement 
for pregnancy can exceed 10 g/d. The absorbed Ca required 
for growth of Lhe uterus and conceptus is be. t described by 
the exponential equation (House and Bell. 1993) for any 
given day or gestation beyond day 190 as 

(Ca 0.02456e(O.US~ I - 0.000071)1 

- 0.02456e(O.OSSSl - O.OOOO?(l-l ))(l- I)) x (BW I 7 15) 

(Equation 7-3) 

w here t is day of gestation. The average cow in Lhe House 
and Bell ( 1993) study weighed 7 15 kg; therefore, gestation 
requirement is scaled to that BW. 

Lactation 

The absorbed Ca requirements for lactation were 1.22 g 
Ca/kg milk for Holstein cows, I .45 g Ca/kg for Jersey cows, 
and 1.37 g/kg for other breeds (NRC, 2001). Castillo et al. 
(20 I 3) reported a medi an mi lk concentration of 1.0 I mg Ca/ 
kg in a survey of bulk tank milk concentrations ·representing 
more than 30,000 cows in 39 California dairy herds. In more 
li mited data, Carroll et al. (2006) reported a mean milk Ca 
concentration of I . I 0, 1.25, and 1.25 g/kg for Holstein, Jersey. 
and Brown Swiss cows. respectively. The mean bulk tank 
milk concentration for 29 Holstein and 3 Jersey herds was 
1 .04 and 1. 13 g Ca/kg, respectively (Robinson et al., 2002). 
These results implied that the values from previous NRC 
publications are too high. 

Sixty-five percent of milk Ca is contained in the casein 
micelles in milk (Gauchcron. 2005). and milk Ca concen
trations are strongly correlated w ith milk casein concentra
tions (Bijl et al., 2012). Survey data from Dutch dairy herds 
over time have shown that milk Ca has increased from 1.15 
to 1.30 g Ca/kg as milk casein has increased from 2.64 to 
2 .88 percent (Bijl et al., 2012). To correct for differences 
in milk protein concenLration among breeds and to accottnt 
f.or the large discrepancy between 2001 dairy NRC milk Ca 
requirements and more recenlly measured milk Ca concentra
tjons, a regression equation that related milk Ca concentraUon 
to milk true protein was developed using herd means (Robin
son et al., 2002: Casti I lo et al., 201 3), treatment means (Kume 
et al .. 1998: Knowlton and Herbein, 2002; Carroll et al., 
2006), and extracted individual cow data (Bijl et al.. 2012). 
T he resulting equation after adjustment for study elJects was 

Milk Ca=0 .295 (±0.73) +0.239 (±0.029) 
x milk true protein percent (Equati.on 7-4) 

w here M i lk Ca i s g Ca/kg milk, root mean square error 
(RMSE)=0.065 . and R2 =0.86. 

Using published (Animal Improvement L aboratory, 2015) 
mean protein concentrations of 3.08 and 3.65 percent for 
Holsteins and Jerseys, respectively, Lhe equation would pre-

107 

diet milk Ca concentrations of 1.03 and 1.17 g Ca/kg, values 
that are more in line with recently reported vaJues. 

Body Tissue Mobilization and Replenishment 

Mobilit.aLion of body tissue in support of lactation in
cludes the mobilizacion of bone Ca to suppor t the demand for 
milk Ca secretion. Each kilogram of body tissue mobilized 
includes 2 1 gash, and Ca accounted for 53 percent of total 
bone a'>h in samples taken at 8 days and 11 weeks postpartum 
(Taylor et al., 2009). This suggests that 11 g of Ca would 
be provided for each kilogram of body tissue mobilized. 
Ca ba lances of - 11 to - 15 g/d were observed in cows fed 
0.52 percent dietary Ca during the first 8 weeks postpartum 
(Taylor et al.. 2009). Ca mobilized at the beginning of lacta
tion needs to be replenished as cows regain mobilized tis
sue stores over Lhe course o f the lactation. Mobilization of 
skeletal Ca is almost inevitable during earl y lactation, and 
cows could lose 800 to 1.300 g of bone Ca in early lactation 
(Ellenberger et al.. 193 1 ). This would require up to 8 g of 
absorbed Ca/d dur ing Lhe last 20 weeks of l actation to re
plenish. However, because o f the uncertainties involved. no 
provision for replenishment o f skeletal Ca mobil ized during 
early lactation was included in the model. 

Calcium Absorption Coefficient 

The amount of Ca that must be fed to meet the require
ment for absorbed Ca is dependent on the availability of Ca 
from lhe diet. The amount of Ca absorbed will generally 
equal the requirement for Ca if Lhe diet contains enough 
available Ca. The proportion of dietary Ca absorbed will 
decrease as dietary Ca increases above requirements. As vi 
tamin D- mediated Ca absorp tion from the intestine is tightly 
regulated, the determination of the efficiency of absorption 
of Ca from a cliet requires that animals be fed at or near their 
Ca requirement. This will ensure that intestinal Ca absorption 
mechanisms are fully activa ted. Few studies fulfil! Lhis cri
terion, suggesting that published absorption data may often 
underestimat,e the availability of Ca. Furthermore, meastu-ing 
Ca availability of specific ingred ients is extremely difficult. 
and data must be extrapolated from total diets. 

Ca absorption i s usually measured using digesti on 
experiments in which apparent Ca ab. orption equals Ca 
intake minus fecal Ca, both expressed in g/d. Since fecal Ca 
includes boLh undigested feed and metabolic fecal Ca, true 
Ca absorption is estimated by adding metabolic fecal Ca to 
app•u·ently absorbed Ca. The absorption coefficient (AC) for 
a diet or feed is calculated as true Ca absorbed (g/d) divided 
by Ca intake (g/d). 

Previous NRC ( 197 1, 1978. l 989) Nutrient Requirements 
of Daily Cattle publications used a single AC for all diets. 
111e 197 1 and 1978 publications assumed an AC of 0.45. 
whereas the 1989 publication used 0.38. The AC was reduced 
in the 1989 Nw rieflf Requirements of Dai1y Cattle partly in 
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response to reports that cows in early lactation were less able 
to utilize dietary Ca (Ramberg, 1974: van't Klooster, 1976), 
making use of a lower coefficient prudent. The 0.38 AC was 
based largely on a summary o f I I experiments with lactating 
dairy cows in which the average apparent absorption of di
etary Ca was 0.38 (Hibbs and Conrad, 1983). In the majority 
of these 11 experiments, cows were fed diets well in excess of 
L11eir Ca requirements. but in 3 of lhe experiments, lhe cows 
were in negative Ca balance, and the AC was still less than 
0.40. In those experiments, al fa.I fa and brome hay supplied 
most of the Ca. The 20 16 Nutrient Requirements of Beef 
Cattle uses a mean true Ca availability from the diet of0.50, 
and the INRA system (INRA, 2018) uses values between 
0.30 and 0.55. The 200 I Dairy NRC adopted a system where 
Ca avaiJability was ba ed on AC of individual feeds rather 
Ll1an using a single dietary average because availability of Ca 
from forages and individual mineral supplements varies w idely 
(Hansard et al.. I 957; Ward et al.. 1972; Martz et al., 1990). 

To accommodate a system based on AC of individual 
feeds. AC based on work o f Hansard et al. (1957) and sum
maries of Lhe reJative availabiJities of mineraJ supplements 
compared Lo ei ther calcium chloride (CaC12) or calcium 
carbonate (CaC03) were adopted. A major factor limiting Ca 
absorption is the solubili Ly of the Ca from them ineral source, 
and CaCl2 represents a source of highly soluble Ca. In NRC 
(2001). CaCI~ was assigned an AC of 0.95. That value was 
based on studies in which 45CaC! was used as a tracer LO mea
sure Ca absorption by young calves (Hansard et al. , 1954). 
Hansard et al. ( 1957) demonslrated that CaCl2 is between 
E .2 and 1.32 Limes more absorbable than CaC03. Therefore, 
Ll1e efficiency o f absorption of Ca from CaC03 was set al 
75 percent. Finally, a lisl of common supplemental sources 
of Ca and an eslimale or the efficiency of absorption o f Ca 
from each source were developed using data summarized by 

Soares (1995a) based on Lheir efficiency of absorption rela
tive to CaCOl" Ln summary, ACs for all mineral supplements 
were based Lhe assumption Lhat CaC1

2 
had an AC of 0.95. 

Unfortunately, lhere were very liuJe data in Lhe literature at 
lhe time with diets fed at near estimated Ca requirements to 
determine whether Lhe adopted ACs agreed with actual mea
sured values. However, since Lhe 2001 publication. several 
appropriate experimems have been conducted. 

To evaluate NRC (200 I) ACs, 45 u·eatmenl means from 
experi1nents with high-producing cows in early lactation were 
assembled (Wohlt et al., 1986; Martz et al., 1999: Knowlton 
and Herbein, 2002; Moreira et at, 2009; Taylor et al., 2009). 
Apparent Ca absorption from those studies was converted to 
trne Ca absorption by subtracting metabolic fecal Ca from 
fecal Ca output (metabolic fecal Ca, g/d = 0.9 x DMI. kg/d). 
Diet ingredient information from those experiments was 
entered into NRC (200 I) software to generate a predicted 
AC for Ca for each diet, and lhose were compared wilh the 
actual measured values. 

The mean 200 I NRC predicted and actual true ACs (based 
on measured apparent absorption and estimated metabolic 
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fecal Ca) were 0.60 and 0.45, respectively. Interesting ly. 
the mean(± SO) measured value (0.45±0.047) for true Ca 

absorption was identical to the average value adopted by the 
1971 and 1979 committees (NRC. 1971, 1978). The range 
in Ca concentration in Lhe diets summarized was from 0.17 
LO l.03 percent, and it is known that excess Ca intake will 
reduce Ca absorption. However. Lhe within-study change in 
true Ca availabi lity was from 0.8 Lo 5.9 g/ I 00 g Ca intake. 
which is equivalent Lo a reduction in the ACs of 0.008 to 
0.059 units/J 00 g Ca intake. This suggests Lhat Lhe effect of 
Ca intake on absorption was small. The predicted intercept 
at zero Ca intake was 50.2 (± 1.5) equivalent Lo a true AC 
of 0.50 and varied little among studies. These observations 
suggest that the previously adopted ACs for feedsLUITs and 
mineral supplements were too high. 

Part of Lhe overpredi ction of Ca absorption 1 ikely stemmed 
from the use of 0.95 true AC for CaCl2 based on vaJues ob
served in yollng (<30 days old) calves prior Lo weaning (Han
sard et al., 1954). In that same study, subsequent measure
ments of absorption from CaCl2 were much lower in animals 
ranging in age from 6 Lo 190 months. The measured AC for 
Ca from CaCl2 was 0.60 and 0.53 in young and mature steers. 
respectively (Hansard et al., 1957). The relative availability or 
CaC03 was based on Lhe 0.95 AC of CaC12 (which was Loo 

high), and the ACs for other mineral supplements were based 
on their availabili ty relative LO CaC03. resulting in an over
estimation of Lhe Ca avaiJabi lity for aJI mineral supplements. 

To correct the observed overprediction of Ca availability. 
the ACs for each o f Lhe feed c lasses and mineral supplements 
were reviewed and adjusted where deemed appropriate. A 
comparison of adjusted AC to lhe other coefficients and liL
eraLUre values (Hansard et al.. 1957: NRC, 2001; Kiarie and 
Nyacholi, 2010) is shown in Table 7-1. The availability of 
CaCl2 was reduced from 0.95 to 0.60, which is more in line 

with measurnd values in functioning ruminants (Hansard 
et al., 1957). For most supplements, the ACs were reduced 
by about 25 percent. In the 2001 NRC. the AC for corn silage 
was set al 0.60, but lhe mean measured value aero. s three 
treatments (Martz et al., 1990, 1999) was 0.425. Therefore. 
a more conservaLive value of 0.40 was assigned. L egume 
silages and hays because of their high Ca concentration can 
be signilicam conLributors of Ca, but for reasons discussed 

above, Lhe AC was held at 0.30. For all other forages. Lhe AC 
was raised to 0.40, a vaJue Lhat is more consistent with values 
observed for grasses and hays reported by Hansard et al. 
( 1957). The coefficient for cereal grains and protein supple
ments was maintained at 0.60. Although there is liule ex
perimental basis for assigning this value, these feedstuffs are 
generally low in Ca and are only minor contributors lo overall 
Ca intake. Most non forage feedstuffs w ill contain only small 
amounts of Ca. A notable exception is for Ca soaps of palm 
oil fatly acids (FAs), which can be 7 Lo 9 percenl Ca. Al
though the FAs in this product are approximately 76 percent 
digestible and digestion can only occur following dissocia
tion of the Ca from the palmitate in the small intestine. it is 
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TABLE 7- 1 Revised Absorplion Coefficienl for Calcium from Mineral Supplements and Feed Ingredient Classes 

Absorplion Coetlicient of Ca 

Mineral Element Source 
2001 Dairy NRC Kiarie and 
AbM>rption Coefficient Adjusted Ab:.orpt ion Hansard et al. Nyachoti (2010) 

Calcium Sourc~ (AC) o f Primary Element Coeflicienb ( 1957)AC Literature AC 

Bone meal. steamed 0.95 0.60 0.61 
Calcium carbonate. CaC03 0.75 0.50 0.46 0.59 
Calcium chloride anhydrous. CaCl! 0.95 0.60 0.57 0.63 
Calcium chlorid.:: dihydratc. C:1C~ 2Hp 0.95 0.60 0.63 
Calcium hydroxide. Ca(OH)~ 0.55 0.60 
Calcium oxide. Cao 0.50 0 .33 
Calcium phosphate (monobasic). Ca (H1P0. )2 0.95 0.60 0.56 0.55 
Calcium sulfate dihydruic. CaS04 2H20 0.70 0.60 
C urucao. pho:.phate 0.70 0.45 
Dicalcium pho~phme (dibasic) CaHPO~ 0.9.J 0.60 0.47 0.73 
Dolomitic lime>1one (magne~ium) 0.60 0.35° 0.50 
Limestone. ground 0.70 0.45 0.4 1 0.50 
Magne.'>ium oxide. MgO 0.70 0..15 
Oy>ter..hell. flour (ground) 0.75 0.50 
Phosphaie. defluorinmed 0.70 0.45 
Phosphate rock 0.30 0.22 
Phosphate rock. ow fluorine 0.30 0.22 0.48 
Soft rock phosphare collo idal clay 0.30 0.22 
Me:lll for al l mineml Mipplcments (except rock 0.86 0.55 0.52 0.57 

phosphate.'>) 
Legume forages 0.30 0.30 0.36 0.58 
Corn )>ilage 0.60 0.40 0.52 
Gr.tss hay> 0.30 0.40 0.45 0.04 
All od1er forage.\ 0.30 0.40 0.45 

0 Ab:;orpt ion value for dolomite from Gerken and Fontenot ( 1%7). 
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FIGURE 7- 1 Comparison of true calcium (Ca) absorption (g/d) (measured apparent absorption adjusted for estimated metabolic focal Ca) 
versus predicted 200 I NRC values (open circles) and tJ1e adju.~ted (solid squares) absorption coefficients for individual feeds as shown in Table 7-1. 
fur measured versus 200 L NRC. the regression equation was as follows: Absorbed Ca. g/d =8.6 (±4.80)+ 0.668 (± 0.0451 4) x Predicted: P < 0.00 I . 
R2 =0.84 . RMSE= 11.2 g/d. For measured versus adjusted, the regression equation was as follows: Absorbed Ca. g/d =2.9 (± 5.24) +0.973 
(± 0.0674) x Predicted: P <0.001. R2 = 0.84. RMSE = 11.4 g/d. 

not likely Lhat Ca absorption would exceed that of CaCf 1, 

so an availability of 0.60 was adopled. The accuracy of the 
new A Cs was examined by elllering the values in lhe 200 I 
NRC software for each of the feed ingredients in the diets 
from experiment with high-producing cows in early lacta-

Lion (Wohlt el al., 1986; M artz et al.. 1999: Knowlton and 
Herbein, 2002: Moreira et al ., 2009: Taylor et aJ .. 2009) and 
then comparmng true Ca absorption (measured apparent plus 
estimated metabolic fecal Ca) with predicted absorbed Ca 
(see Figure 7-1 ). Both ets of coefficient were correlated 

PREPUBLICATION COPY-Uncorrected Proofs 



110 

with measured Ca absorption. As discussed, use of Lhe 200 I 
NRC ACs overpredictcd Ca absorption al hjgh intakes of 
absorbed Ca(. lope= 0.67). After ad ju. tment of the ACs (see 
Table 7-1 ), measured and predicted Ca absorpt ion were in 
good agreement where the slope (0.97) and intercept of the 
predicted versus actual regression equation ilid not difTer from 
! and 0, respectively. The Ca-to-phosphorus (P) ratio was 
once thought to aJTect absorption of Ca and P, but data. uggest 
I.hat the ratio is not critical, unless the ratio is>7: 1 or< l:I 
(ARC. 1980; Miller, 1983) and the model does not adjust 
AC for that ratio. 

A lthough adjustments in the ACs improved the accuracy 
o f prediction of Ca ab. orption, thecommiuee recognizes that 
there is a dearth of measured availability data on individual 
feeds and mineral supplements. This i particularly important 
for comparing mineral supplements and for feeds that can 
provide substantial dietary Ca uch a. legume forage and 
canola meal. M aj or sources of variation for the AC of supple
ments have not been quantjficd. r or example. particle size 
o f limestone can affect rumen pH (Keyser et al. , 1985). but 
il is unknown whether particle size (within typical ranges) 
affect the AC. The increased availability of stable isotopes 
o f Ca such as 4:!Ca and ·a.lea and higher sen itivity of mass 
spectrometer measurements should allow for improved 
estimates of Ca avrulability and metabolic fecaJ Ca los es. 

Effects of Physiologic State 

The amount o f available Ca that will be ab o rbed varie 
with the physiologic state or the animal. Hansard et al. ( 1954) 
and Horst et al. ( 1978) reported that the efficiency of ab orp
cion of Ca decreases markedly as animals become older. A 
animals age, there is a decline in vitamin D receptors in 
I.he intestinal tract (Horst et al., 1990), which i s thought to 
reduce the abil i ty Lo respond LO 1,25-dihydroxyvitamin D. 
The rufference in efficiency of Ca absorption in beef steers 
from I to 6 years of age is nearly negligible (Han. ard et al.. 
1954). Age wa not included as a factor to adjust dietary Ca 
requirement in caule>200 kg BW. 

In early lactation. nearly a ll cows are in negative Cabal 
ance (Ellenberger et al.. 193 1: Ender et al. 197 l : Ramberg, 
1974). As feed and Ca intake increases, most cows transition 
in to po. itive Ca balance about 6 to 8 week. into lactation 
(Ellenberger et al., 193 l ; Hibbs and Conrad. 1983). Cow. 
i:n the first I 0 days of lactation are at greate. l risk of being 
in negative Ca balance (Rmnberg. 1974 ). and many are sub
c linically hypocalcemic during this period (Reinhardt et al., 
20 I I). Ramberg ( 1974) reported that the r~lle of entry of Ca 
in to the extracellular Ouid pool from the intestine increased 
about 1.55-fold from the day before parturition until 10 day 
in milk. Thcreafaer, the rate of entry of Ca into Lhe extracel 
lular pool from Lhe intestine was con. tanl. A stu.idy by van' t 
Klooster ( 1976) demonstrated that Ca absorption increased 
from 22 percent in late ge. tation lo 36 percent by day 8 of 
lactation, after w hk h it remained relatively constant. This 
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represented a 1.6-fold increase in efficiency of Ca absorp
tion over this 8-day perio<l. Regression anal ysis or data or 
Ward et al. ( 1972) predicted that cows need LO be fed 5 g 
Ca/kg milk in early lactatio111 lo avoid negati ve Ca balance. 
However, there was no evidence to demonstrate that nega
ti ve Ca balance in early lactation was detrimental to Lhe cow 
prov ided Lheconcentration o f Ca in plasma remained normal 
(i.e., lactational osteoporo is ensures adequate entry of Ca 
from bone inito the ex Lracellular Ca pool) . 

Calcium Deficiency 

A deficiency of dietary Ca in young animals leads LO a 
failure to mineralize new bone and contributes to retarded 
growth. Rickel i more commonly cau ed by a deficiency 
of vitamin D or P, but a defic iency of Ca can contribute to 
rickets as well. In older animals. a deficiency or djetary Ca 
forces the animal Lo withdraw Ca from bone, which causes 
osteoporosis and osteomal ac ia. making bones prone to 
spontaneous fraclllres. The concentration of Ca in milk is 
not al tered even during a severe dietary deficiency of Ca 
(Becker el al ., 1933 ). 

Excess Dietary Calcium 

Feeding excessive dietary Ca is generally not a ociated 
with any specific toxicity. The maximlUn tolerable level 
(MTL) for Ca in ruminants was set at 1.5 percent of dietary 
dry mailer (DM: NRC. 2005). Feeding excessive Ca could 
interfere with trace mineral absorption (especially zinc rz nJ 
and selenium fSel) and dilutes energy and protein the animal 
might better utilize for increased production. 

Phosphorus 

Physiologic Roles 

P has more known biological functions Lhan any other 
mineral. Aborn 80 percem of the body's P is i111 bones and teeth 
principally as apalile al ts and as calcium phosphate. It is in 
every cell of the body, and almost all energy transactions in
vol ve formation or breaking of high-energy phosphate bonds 
(. uch a. tho e in adenosine triphosphate f ATP]). Pho phory
lalion i a primary regulator of numcrou enzymes. P also i. 
involved in acid-base balance o f blood and other bodily Ou ids, 
as well as in cell differentiation. and is a component of cell 
wall. and eel I content a pho. pholipids and nucleic acid . 

Normal P concentration in blood plasma of dairy animals 
is 1.3 Lo 2.6 rnmol/L (4 to 8 mg/dL). and whole blood con
centrations are six to eight Limes greater (Goff, 2004). Plasma 
concentrations decrease with increasing age and are lower in 
early lactation than later lactation (Forar et al.. 1982). For a 
600-kg cow, approx imately I to 2 g of inorganic phosphate 
i. circulating in blood plasma, 5 lo 8 g o r inorganic p is in 
the extracellular pool. and total intracellular P is about 155 g 
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(Goff, 1998). The intracellular concentration o f P is about 
LO times greater than the concentration in plasma (Goff, 1998). 

Rumen microorganism. also require P (Burroughs et al., 
1951: Breves and Schr6der, 1991), and it is supplied Lo the 
n.tmen by Lhe diet and recycling via saliva. Using various 
technique!, e Li mates of P recycHng in lactaling dairy cows 
fed adequate or excess P range from about 30 to 75 g/d (Ke
breab et al., 2005; Puggaard et al., 20 11 ). Inadequate supply 
of P to the rumen can reduce fiber digestibility. A diet with 
0.24 percent P had lower neutral detergent fibcr (NDF) di
gestibility than a similar diet with 0.34percent P when fed LO 

dairy cows (Puggaard et al., 20 I I). Digc. tibility of NDF was 
reduced even though Lhe concenu·ation of P in rumen fluid 
wa. 3 to 4 mmoL/L, which is greater than the concentralion 
(0.6 to 2.5 mmol/L) that maximized cellulose digestibility 
in vitro (Hall et al., 1961: Chicco et al.. 1965). H owever, no 
evidence is available showing improved ruminal digestion 
once Lhe cow's P requirement is met. 

Phosphorus Homeostasis 

Blood plasma P concentrations are controlled via altera
tions in intestinal ab. orption. P recycling via saliva. renal 
excretion. and bone resorption. Absorption of P from the 
intestines i much less regulated than absorption of Ca. Net 
absorption of P occurs mainly in the . mall intesline (Grace 
et al .. 1974; Reinhardt et al. , 1988), with only small amounts 
absorbed from the nimen, oma<>um, and abomasum. Absorp
tion is thought to occur mainly in the duodenum and jejunum 
(Care et al., 1980; Scoll et al., 1984): however, liu le is known 
about absorption anterior to the small intestine (Breve and 
Schr&ler, 1991 ). Presumably. as in nonruminants. ab orption 
occurs via two d istinct mechanisms. A saturable vitamin D
dependenl active transport system is operative w hen animal 
are fed low P diets. Synthesis of 1,25-dihydroxyvitamin D 
can be stimulated when blood P is low, resulting in more ef
ficient absorption (Horst. 1986). Feeding25-hydroxyvitamin 
D increases circulating 1.25-clihydroxyvitamin D and plasma 
P concentrations (Wilkens et al. , 2012; Weisse! al., 20 I Sb), 
which could indicate increased intestinal absorption of P. 
Passive absorption predominaces when adequate or exces
sive amoum s of potentially absorbablc P are consumed, 
and absorption is proportional to the concentration gradient 
between the lumen of the small intestine and blood plasma 
(Wassennan and Taylor, 1976). However, data suggest that 
thi. process is saturable (Mogodiniyai K asmaei and Hol
tenius, 20 13). and current ruminant P models use Michaeli. -
M enten kinetics 10 describe intestinal absorption (Kebreab 
et al.. 2004; Hill et al. , 2008). 

Renal clearance is usuaJly a minor contributor to P ho
meostasis, but both urinary concentration and excretion of P 
increase as the supply of absorbable P to dairy cows increases 
(Knowlton and Herbein, 2002; Guyton et al., 2003: Knowl 
ton et al. , 2005; Puggaard et al., 2011 ; M ogodiniyai Kasmaei 
and H oltenius. 2013). The increa e in urinary P excreLion 
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as P intake increases is usually less than 10 percent of the 
increase in P intake. Pho phoru recycling via saliva is the 
major homeostatic mechanism for P (Breves and Schr&ler. 
1991 ). Phosphorus absorbed from the intestine in excess of re
quirement elevates blood P, which is then transferred to saliva 
and reenters Lhc rumen. Salivary and plasma concentrations 
of P have a strong positive correlation (Valk et al., 2002). buL 
Lhe mas of P recycled via . aliva is not necessarily correl ated 
with plasma P concentrations when cows are fed marginal 
amounts of P (Puggaard et al., 20 I J ). Recycled P can be used 
by ruminal microorganisms:a portion of it will be reabsorbed 
by the intest~nes. and a portion will pass out in feces. Feca l 
excretion of recycled P is one reason why apparent absorp
tion of P does not reflect u·ue absorp tion of dietary P. 

Requirements for Absorbed Phosphorus 

As described previously (NR.C, 2001 ), Lhc factorial ap
proach was used to estimate the requirement for absorbed 
P by summing requirements for maintenance. growlh. preg
nancy, and lactalion. 

Maintenance 

The maintenance requirement of P is Lhe endogenous fe
cal loss (inevitable fecal los ) plus endogenous urinary loss 
when P supply just meets lhe true requirement. Previously 
(N RC, 200 I), endogenou. urinary P was estimated as 2 mg 
P/kg BW. However, studies wilh dairy cows. steer . and goats 
f cd diets that were at or below requirements consistently 
reported lower lo ses of P in urine than estimated by that 
equation (Bortolussi et al. , 1996; Roclehutscord et al.. 2000: 
Knowlton and Herbein, 2002; Kebreab et al., 2005: Pug
gaard et al .. 20 11 ). In those . tudies, urinary loss of P ranged 
from 0.2 to 0.9 mg/kg BW (mean =0.5; SD =0.28). For the 
Lhree studie using lactaLing dairy cows, the range was 0.24 
to 0.58 mg P/kg BW (mean =0.4; SD =0. 17). Endogenou. 
urinary P los was Cl at 0.6 mg absorbed P/kg BW (i.e .. the 
highe. t reported endogenous urinary Ploss in dairy cows). 

About half of the inevitable fecal loss of P is associated 
with microbial debris and purines and pyrimjdines of nucleic 
acids. The other ponion of endogenous feca l P includes 
sloughed cells. digestive. ecretions, and unabsorbed recycled 
P. As discussed previously (NRC. 2001), endogenous fecalt 
loss should be expressed as a function or DMI. Although 
the amount of endogenous P derived from microbes may 
be more related to intake of fermentable organic mailer 
than DMI (Rodehutscord et al.. 2000), accurately estimat
ing fermentable mauer is diflicu ll. Any gain in ae<:uracy in 
e timating endogenous fecal P by calculaLing it from intake 
of fermentable maucr may be lost by the en·or assoc.iated 
with estimating fermentabili Ly. Therefore, endogenous fecal 
P was es1ima1cd from DMl as done prcviousiy (NRC, 200 I ). 

Ba ed on data from growing bul ls and steer (Bortolussi 
et al.. 1996: KJosch et al.. 1997), NRC (2001) set Lhe absorbed 
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P requirement for endogenous fecal P for growing cattle al 
0 .8 g/kg DMI. Using data from experiments (Speikers el al., 
1993; Valk et al.. 2002: Puggaard et al., 20 I I) in which lactat
ing cows were fed al or below estimated P requirements, fecal 
excretion ranged from 0.95 to I .4 g P/kg DMI (mean= I .2, 
SD = 0.1 4 from 14 treatment means). If the absorbability of 
dietary P is assumed to equal 0.80, then endogenous fecal P 
equals 1.0 g/kg DMJ, which is identicaJ LO the endogenous 
recal P requirement from NRC (2001) . M yers and Beede 
(2009) varied DMl of lactating dairy cows over a wide range 
and measured inevitable fecal loss of P. For cows fed ad libi
tum (ea. 25 kg/d DMI) , endogenous fecal loss equated 1.04 g 
P/kg DMI. In that study, inevitable fecal loss or P increased 
to 1.36 and I . I 9 g P/kg DMI when intake was restricted to 50 
and 75 percent o f ad libitum DMI, respectively. T he severe 
DMJ restric tion imposed likely affected feeding behavior, 
rate or eating. rumination time. and so on. which could affect 
salivary flow and intestinal secretion, so the data from cows 
red the restricted treatments were not used in establishing 
endogenous fecal requirement. Limited data are available 
regarding endogenous fecal P excretion by dry cows. Based 
on isotope dilution, endogenous fecal P was 0.4 g P/kg DMI 
For a corn silage, corn cob diet and 0.5 g P/kg DMI for a diet 
w ith 90 percent corn silage (M artz et al., 1999). With more 
practical diets, endogenous fecal P for dry cows fed low P 
diets (assumed true absorption of dietary P was 0.8) aver
aged I g o f absorbed P/kg DMJ (two treatment means: 0.92 
and 1.07 g/kg DMI) (Valk et al., 2002). The almost 2-fold 
difTerence in estimated endogenous fecal P between those 
methods is diffic ull to explain but was not caused diITerences 
i 111 DM digestibility (similar between studies). Because of the 
atypical diets used in the Martz et al. ( 1999) study, the data 
from Valk et al. (2002) were used to sel the endogenous fecal 
P requirement for dry cows at 1.0 g absorbed P/kg DMI (i.e., 
the same as for Lactating cows). 

Maintenance requirement for absorbed P (endogenous fecal 
and urinary losses): 

Growing heifers (g/d): 0.8 g P/kg DMT 
+ 0.0006 g P/kg BW (Equation 7-Sa) 

Adult cows (g/d): 1.0 g P/kg DMI 
+ 0.0006 g P/kg BW (Equation 7-5b) 

Growth 

The requirement for growth is the amount of absorbed P 
accreted in soft ti ssues plus Lhat deposited in skeletal tissue. 
Skeletal growth comprises a larger portion of live weight gain 
i111 younger hei fers than in older heifer; therefore, the grams 
of P required per kilogram of growth are higher in younger 
animals. The 201 6 beef caule requirement (NASEM , 2016) 
fQr retained P was set at 3.9 g/I 00 g or retained protein. 
Because younger animals deposit greater amoun L"I of protein/ 
kg of ADG. this approach will result in higher P requirements 
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for younger animals compared w ith older animals. The main 
problem with that approach is thal protein concentration in 
live weight growth must be known or estimated accurately. 
111erefore, the allometric equation used previously (NRC. 
2001) was retained: 

P, kg/d ( 1.2 + ((4.635 x MW1l22)(BW--0·22))) x ADG 
(Equation 7-6) 

where MW is expected mature body wei ght. kg: BW is cur
rent body weight, kg: and ADG is average daily gain, kg/d. 

Pregnancy 

N o new data are available on conceptus P accretion: 
therefore, the NRC (200 I ) pregnancy requirement was re
tained. Quanlitali vely. the requirement for P for pregnancy 
i s low until the last trimester. House and Bell ( 1993) mea
sured accretion of Pin conceptuses ( fetus. fetal fluids, and 
membranes. p lacentornes. and uterine tissues) o f 18 mul 
tiparous Hol stein cows slaughtered at vary ing limes from 
190 to 270 days of gestation. Changes in fetal mass and P 
content across the sampling period were similar to earlier data 
(Ellenberger et al., 1950). The requirement for absorbed P lo 

meet demands of the concept us for any day beyond 190 days 
of gestation i s 

Absorbed P, g/d = (0.02743 e<0.05527-0.0000151~ 

- 0.02743e<o.osm -o.oooo7su - l>Xi - 1>) x (BW I 715) 

(Equation 7-7) 

where t is day of gestation (House and B eU, 1993) . The 
average cow weighed 7 15 kg in that study; therefore, the 
requirement was scaled to 7 J 5 kg. 

Estimates o f rates of P accretion in conceptuses o f Hol 
stein cows increase from 1.7 g/d at 190 to 5.4 g/d at 280 days 
of gestation. The P requirement or the concept us at < 190 days 
was set 10 iero in the model. 

Lactation 

The daily m·equirement for absorbed P for lactation is equal 
10 the amount of P secreted in milk daily. M ean (e.g .. treat
m ent groups or fanns) P content of milk ranged from 0.83 
to 1.00 g/kg (Speikers et al., 1993: Wu et al., 2000; Castillo 
et aJ., 2013). For indiv idual cows. milk concentration ranged 
from about 0 .7 to 1.2 g P/kg (Kl op et al., 2014) . N RC (200 I ) 
used a value of 0.90 g P/kg of milk, and newer data (Klop 
et al., 20 13) support that value. Concentrations of protein and 
P in milk are correlated. and milk P can be estimated from 
milk protein (Klop et aL 2013). The lactation requirement 
for absorbed P (g/d) is set at 

Milk protein is unknown: Milk yield (kg/d) x0.90 
(Equation 7-8a) 
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Milk prote in is known: Milk y ield x r0.49 +0. 13 
x Milk true protein (%)] (Equation 7-8b) 

U. ing Equation 7-8b (Klop et al., 2013) witlh an average 
milk true protein of 3. 1 percent y ields an estimated milk 
concentration of 0.88 g P/kg. 

Dietary Requirement and Efficiency of Absorption 

The dietary requirement is lhe total requirement for ab
.. orbed Pdivided by the AC forP from the diet. The u. eoffeed 
(or feed c lass)-specific AC was introduced in NRC (2001), 
and Lhat approach has been expanded. The AC for Pin NRC 
(2001) was set at 0.64 for all forages except corn si l age and 
0.70 for all other feeds. The AC for P supplements ranged 
from 0.30 to 0.90. and the AC for total dieLc; (weighted aver
age from the di etary ingredient ) was usually around 0. 70. 

To accw·ately determine the AC for a specific fecdstuIT or 
mineral source, P must be fed in an amount c lose to Lhe ani
mal's true requirement, and P recycling must be accurately 
quantified. Most studies do not satisfy these experimental 
specifications. Furthe1more. even simple diets will contain 
multiple. ource of P. and accurately partitioning Lhe overall 
dietary AC into AC for ingredients is not possible. Jn Lhe 
previous edition (NRC, 2001 ). the AC for P for all fcedstulTs 
o ther than mineral supplements was based on data for alfalfa 
hay and corn silage. An allernati ve Lo assuming all feedstulTs 
have essentially the same AC is to analytically partition di
etary P into frac tions and estimate Lhe AC for each fraction 
v ia model ing (Hill et al .. 2008: Feng et al., 20 15. 2016). T his 
is the approach used for basal ingredients (described below). 

The AC for P upplement from NRC (2001) wa. retained 
because newer data are not available. These values were 
tabulated from Soares ( 1995b). Pee.ler ( 1972) . and oLher 
sources in the lj terature and are used in the model. Values 
detenntned using ruminants, especially cattle, were given 
preference whenever pos. ible in tabu l ation. Dicalcium 
pho phate (calcil\Jm phosphate cUba ic) with au AC of0.75 in 
caule (Tillman and Brethour. 1958; Challa and Braithwaite. 
I988), phosphoric acid w ith an AC of 0.90 in cattle (Tillman 
and Brethour, 1958). and monosodium phosphate wi th an AC 
of0.90 in sheep (Tillman and Brethour, 1958) were taken a 
reference standards. The AC of P in o ther mineral source. 
were set based on these reference standards (Soares, 1995b). 

Form of Dietary Phosphorus 

For the current model, feed P is analytically partitioned 
in to inorganic P (blue molybdovanadate method: AOAC. 
2000) and organic P ( total P - inorganic P). A model on P 
metabolism and absorption (Hill et al.. 2008: Feng et al., 
2015, 2016) also inc luded a phytale P fraction. but its ab. orp
Lion coefficient was similar to that of the nonphytate organic 
P fraction (0.66 ver us 0.7). Therefore, those two fraction 
were combined into organic P. which implifies analytical 
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requirements. Using the above P model, Lhe AC is 0.84 for 
inorganic P and 0.68 for organic P fraction ( i.e., average for 
phytate and nonphytale organic P). 

The weighted average AC is then c aJculaled based on the 
size of the two P fractions. which is the AC values in the feed 
library. For feeds that did not have P fraction data, AC values 
from similar feedc; were used , onheAC was set at the defau l t 
or 0.72. Additional analytical data are needed regarding P 

fractions or different reed luffs. Feeds can be as. ayed for 
total P and inorganic P and those values enLered in the feed 
Hbrary. but at the time of publication. most commercial labs 
did not conduct those as. ays. FacLOr. other th an form o f P can 
alTect AC: however, these effects have not been adequately 
quantified and cannot be mo deled. 

Phosphorus Intake 

Although not as tightly regulated as Ca, true absorption of 
P dccrea. cs as P intake increase. above requi rements (Challa 
and Braithwaite. 1988: Challa et al.. 1989: Martz el al., 1999): 
however, ade.:1uale data are not available to ac<;urately quantify 
that elTect. Because salivary P typically supplies at least 2-fold 
greater amou ntJ or P to the lumen of the mal I intestine than 
does dietary P, the efficiency of absorption of salivary P is 
important. Salivary P is in the form of sodium and potassium 
phosphate salts. The AC or salivary endogenous P recycled 
to the small inte. tine was 0.68 to 0.81 in bull calves (Challa 
et al.. 1989). Excessive dietary P relative to the requirement 
red uced the efficiency or absorption of inorganic or alivtu·y P 
(Challa et al., 1989). The AC shown in Table 19-3 for mineral 
supplements and the AC values used for the various P fractions 
outHned above hould be con idered maximum ab orption. l f 
P is fed in excess of requirements, lhoseACs will overestimate 
actual absorption: however. because this occurs once the P 
requirement is met, it will not affect the amount or dietary P 
needed lo meet requirements for absorbed P. 

Use of Phytase 

Phytate phosphoms (inositol polyphosphate) i s the com
mon storage fom1 of Pin many plants and usually comprises 
the largest proportion of organic P in concentrates (Nelson 
et al.. 1968: M or e et al., 1992). Forages (or vegetative matter) 
u ually have low conccnLralions or phytate. Nonnal ruminal 
metabolism breaks down mo l of Lhe phytate; however, exog
enous phytase can increase phylate breakdown in the rumen 
(Brask-Pedersen et al.. 2013). Feeding supplemental phytase 
to dairy cows has not consistently reduced fee.al excretion o f P. 
and most studies reported no effect (Guy ton et al.. 2003: Kin
caid et al., 2005: Knowllon et al.. 2005: Knowlton et al., 2007). 

Dietary Calcium 

When cows are fed Pat or above requirements, Ca intake 
ranging from deficient to exces u ually llas not alTected 
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efficiency of P absorption (Hibbs and Conrad. 1983: Moreira 
et al., 2009; Taylor et al., 2009; HctTera et al., 2010). Solu
bility of supplemental Ca (CaC12 versus limestone) did not 
afTect P absorption by dairy cows (Herrera el al., 20 I 0). 
However. Ca and P apparent digestibility are positively cor
related (Hibbs and Conrad, 1983). 

Animal Responses to Varying Oietary Phosphorus 

Produclion responses by growing and lactating cattle to 
differing dietary P concentrations was reviewed in the previ
ous edition; therefore, only more recent studies will be re
\' iewed in detail i n this version. In growing heifers, diets with 
0.3 to 0.34 percent P generally resulted in maximum gain, 
adequate blood P concentrations, and adequate bone strength 
compared with animals fed diets with lower concentrations 
of P (N RC, 200 I). Newer data support that conclusion. A 
study with Holstein and Holstein xJersey crossbred heifers 
that started at 4 months of age and ended at 22 months of 
age found no difTerences in growth (weight and stature), 
reproductive measures, or bone strength between heifers fed 
0.3 or 0.4 percent P (Esser et al.. 2009; Bjelland et al. , 20 11). 

The review conducted previously (NRC. 200 I) concluded 
that for lactating cows, diets with 0.32 lo 0.42 percent P for 
the entire lactalion were sufficient depending on milk yield 
potential. Furthermore. they co·ncluded that no benefits on 
lactational perfonnance occurred when cows were red diets 
with >0.42 percent P. Because or Lhe ability Lo mobilize P 
from bone. longer-term performance swdies evaluating ef
fects of differing concentrations of dietary P on lactaling 
cows are more meaningful than short-term studies. Newer 
studies lasting from 9 weeks 10 two lactations largely sup
port Lhe conclusions reached by the previous committee. 
Grazing dairy cows were fed dieu with approximately 0.22 
or 0.31 percent P starling at about 30 days in milk through 
about 90 days in milk (Reid et al., 2015), and no effects on 
milk yield. milk composition, or feed intake were observed. 
Dietary P concentration of 0.33 or 0.42 percent djd not affect 
milk yield (35. 1 versus 35.4 kg/d). DMJ, or mi lk composi 
tion of mid-lactation Holstein cows fed diets for 14 weeks 
(Wu et al., 2003). H owever, Ho lstein cows fed diets with 
0.32 percent P had reduced yields or fat-corrected miJk (40.3 
versus 44.3 kg/d) and DMJ (25.0 versus 26.5 kg/d) compared 
w ith cows fed diets with 0.44 percent P for 10 weeks. The 
diets with 0.32 percent P did not meet the P requirement 
based on the current model. ln a 23-week experiment (Lopez 
et al., 2004a,b), DMI, milk yield (35.I versus 34.9 kg/d), 
milk composition. health disorders (except occurrence of 
eye inOammation. which was statistically greater in cows fed 
high P), and reproduclive measures did not differ between 
Holstein cows fed diets with 0.37 or 0.57 percent P starting 
immediately after parturition. Similar results were obtained 
when Swedish Red and White caule were red diets with 
0.32 or 0.42 percent P during the first 4 months of lactation 
(Ekelund et al.. 2006). Based on bone markers. cattle in 
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both groups exhibited bone P resorption, but resorption was 
similar between treatment groups. 

Two mullilactation studies eva luated effects of varying 
dietary P concentrations on long-term heaJlh and production 
of dairy cows. ln one study, dairy cows (breed not reported. 
approximately 600 kg BW) were fed diets with 0.24. 0.28. 
or 0.33 percent starting in mid-lactation and continuing 
through a dry period and then for the entire next l actation 
and the subsequent dry period (Valk and Sebek, 1999). No 
treatment effects were observed in the first lactation period 
on milk yield (26.8, 25.9, and 27.S kg/d, respectively). milk 
composition, or DML During the first dry period, cows fed 
the lowest P diet had reduced DMI. During the second lacta
tion, cows fed the lowest P <liet produced significantly less 
milk. consumed less DM, and were losingBW. and because or 
animal welfare concerns, that treatment was tenninated after 
cows were on the treatment for approximalely 12 months. 
No difTerences in milk yield (33.0 versus 34.1 kg/d), DML 
milk composition, or BW were observed between cows fed 
0.28 or 0.33 percent P during the second lactation of the 
experiment. lln another study, milk production (36.4 versus 
35.4) and miJk composition did not differ between Holstein 
cows fed diets wiU1 0.35 or 0.42 percent P (Odongo et at.. 
2007) over two lactations. H owever, first- lactation, but not 
multiparous, cows fed the low P diet had lower DMl than 
first-lactation cows fed 0.42 percent P. BW and body condi
Lion were also lower for first-lactation cows fed the low P 
diet, indicating 0.35 percent dietary P was not adequate for 
first-lactation cows. Data from that experiment could not be 
evaluated with the current model because adequate parity 
data were not included in the study. But overall , data from 
longer-term production studies support the P requirements 
calcu lated using the cutTent model. 

Phosphorus and Reproduction 

The previous edition (NRC. 2001) reviewed published 
research reports from 1923 through 1999 Lo asses the ef
fects of dietary P on reproductive performance of caule, and 
studies published after 1999 have been added to this review. 
In some studies, but not all. severe deficiency of dietary 
P caused infertility or reduced reproductive performance 
of cattle (A lderman. 1963; Morrow, 1969; M cClure. 1994). 
Typically, P concentralion was <0.20 percen L of dietary DM. 
the deficient diet was fed for an extended length of time ( I to 
4 years). and where measured. feed intake was depressed. 
causing coincidental deficiencies of energy, protein, and 
other nut1ients. Low body condition general ly is considered 
the main cause of reduced reproductive efficiency in P-<leficient 
cows (Holmes, 1981). Little ( 1975) demonstrated that deficien
cies of P and protein were additive on failure to exhibit first 
postpartLm1 estrus in grazing mulliparous beef cows. 

In growing heifers, experimentally induced reproduc
tive failure caused by a dietary P deficiency has been very 
difficult to produce. The studjes reviewed by NRC (2001) 
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reported no adverse effects on reproduction in heifers when 
they were fed diets w ith as lilt le as 0.15 percent P for everal 
month. (some . Ludie. la. Led more than 1 year). With lactating 
dairy cows, evidence from available re. earch to support feed
ing P in excess of requirements LO improve reproduction is 
virtually nonexi stenl. Results o f I 0 studies can be summarized 
very succinctly (Steevens et al., 197 1: Carstairs et al., 1980: 
Call et al .. 1987; Brodi. on et al., 1989; Drinlrup et al., 1993: 
Valk and Sebek, 1999: Wu and Saner, 2000: Wu et al., 
2000: L opez et al. , 2004a,c; Odongo et al. , 2007). A ll mea
sures of reproductive perfonnance compared within each 
study were not afffected by Lhe concentration of dietary P with 
one exception. In the study by Steevens et al. ( 1971 ), services 
per conception were greater in Lhe second year for cows fed 
0.40 versus 0.55 percent P. but mot in the first year of study. 
Among these seven studies. dietary P ranged from 0.24 to 
0.62 percent of dietary DM. length of feeding different di
etary P concentrations ranged from the first 12 weeks of lac
tation to as long as three consecutive lactations, and average 
milk yields ranged from 15 to 37 kg/d. As long as dietary P 
was greater than 0.31 percent. reproductive perfom1ance was 
normal and not improved with increased concentrations of P. 
Cows in some o f the studie would not be considered high
producing cows by modern standards. However, the more 
recent studies used cows producing more than 35 kg, and no 
efTect of dietary P on reproduction were observed in those 
s.tudie .. The preponderance of data does not support feedjng 
dietary Pat concentrations in excess of those needed to meet 
dietary requirements LO improve reproductive performance. 

Phosphorus Deficiency 

D etai led description or occurrence, etiology, c l inical 
pathology, diagnosis, and treatment of P deficiency in rumi
nants has been described (Goff, 1998). Signs o f deficiency 
may occur rather quickly if dietary P is insufficient. Defi
ciency i. most common in canle gn\Ling forages on soils low 
in P or in animals con uming exce . ively mature forage or 
crop residues with low P coment. Dairy cows do not seem to 
have the abi I icy to self-select appropriate i makes of P or other 
minerals (Mullelf et al., 1977). Hypophosphatemia can also 
occur when a cow develops a displaced abomasum (Gron
berg et al. , 2005). Non. pecific chronic signs of deficiency 
iil]clude unthrifliness, inappetence. poor growth, and reduced 
milk yields. but signs are often complicated by coincidental 
deficiencies of other nutrienL<; such as protein or energy. 
Animals may be chron ically hypophosphatemic (<4 mg/dL 
in pl:lsma), but Lhe concentration or Pin milk remains within 
the normal range. Hemoglobinuria (Jubb et al., 1990) and 
liver dysfunction (Grlinberg et aJ., 2005) are associated with 
hypophosphatemfa. ln severe deficiency cases, bone mass i 
lost. and bones become weak. Severe clinical manifestations 
of P deficiency include acute hypophosphatemia, rickets in 
young growing animals, and osteomalacia in adults. Cows 
may also exhibit pica. 
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Acute hypophosphatemia (less than 2 mg P/dL of plasma) 
may occur w hen cow arc fed marginally low dietary P and 
challenged by extra demand for Pin late pregnancy with ac
celerated feta( growth, espec ially with Lwin fetuses and with 
colostrum and milk formation during early la.ctalion. Thedis
ea. e usually i complicated with concurrent hypocalcemia. 
hypomagnesemia, and possibly hypoglycemia. 

Concentrations o f P in plasma often fall below the nor
mal range in lhe periparturient period (Gronberg. 2008). 
In other mammaJ., physiologic correction can occur rather 
rapidly as P absorption is re ponsive to renal production 
of 1,25-dihydroxyvitarnin D, which i. stimulated by low 
P in the blood (Reinhardt et al., 1988: Gorr, 1998). Feed
ing periparturn dairy cows 25-hydroxyvitamin D increased 
plasma 1.25-dihydroxyvitamin D and elevated p la ma P 
(Wi lkens et al., 2012: Weiss et al., 20 l5b). Secretion or 
corti. o l around parturition may depre. s concentrations of P 
in plasma. Intravenous Ca to con-cct hypocalcemia usually 
results in a rise in Pin p lasma because parathyroid hormone 
secretion i lowered, reducing urinary and alivary lo s of 
P. l t also timulates resumption of gut motility. recycling or 
salivary P, and absorption. Oral or intrnvenous administration 
or a soluble form of P such as sodium monophosphate can 
help correct hypophosphatemia. Jn some cows w ith severe 
cases or c linical milk fever, protracted hypophosphatemia 
(Pin pla. ma <I mg/dL) occurs with recumbency: even with 
successful treatment for hypoca lcemia. P in blood remains 
low. This disorder is not weU understood. However, increas
ing the amount or concentration of Pin the diet in exces or 
requirement in late pregnancy or early lactatjon will probably 
not correct llypophosphatemia in the periparturient period, 
as this disorder eems to occur econdary to hypocalcemia. 

When yolllllg calves are fed P-deficient diets, rickets occurs 
from a failure of mineralization in osteoid and cartilaginous 
(growth plate) matrices during bone remodel ing. In contrast. 
in mawre animals (no active growth plates), osteomalacia 
occur over time with Pdeficiency with failure or mineraliza
tion or the remodcled o. tcoid mauix. Ln the adult, Pin bone 
released during remodeling is used to maintain concentra
tions of Pin blood rather than being reincorporated into bone. 
I n young animals. bone carti lage remains unmineralized. 
re ulling in bone that can be nexed without breaking. 

Maximum Tolerable Level 

N RC (2005) set the MTL of P for cattle al 0.7 percent 
o f diet DM. That concentration wa. cho. en becau e studies 
feeding higher concentrations were lacking, not because data 
were avai lab le showing negative effects when cattle were 
fed diet with >0.7 percent P. Long-tenn feeding of excess 
P can cause problem. w ith calcium metabolism, inducing 
excessive bone re orption and urinary calculi. secondary 
10 the elevated concenlrations of P in blood (NRC, 2005). 
M ost often, P toxicity is complicated w ith low dielary Ca. 
but nuninant can tolerate a wide ratio of Ca-to-P as long 
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~· P and Ca are adequate. Supplemental phosphate!-. gl\Cn 
m large oral doses are not considered highly toxic but can 
result in mild diarrhea and abuC>minal dil'>tress. Dair) cattle 
arc quite adept at excreting execs.-. ab orbed P to maintain 
concentrations or P in blooo within a normal range via 
salivary i.ccreLion and fccal excretion (Challa e l al ., 1989). 
Urinary excretion or P aJ o may increa'ic. although iL'> quan
titati"c 11nportance is small rclat1\c to fccal excretion. Feed
ing 0.69 percent P to Hol. tein f-'rie. ian cows for 14 \\Cd.s 

prcpartum through 22 '' eei..s or lactation caused no problem!\ 
or :.ign.., or Lo.xkit) (De Boer et al., 1981 ). In comra'>t, a 
meta-analysis dctennined that even moderate O\'erfeeding or 
P during the prepartum period wa, a risl factor for hypocal
cemia (Lcun et al.. 2006). High P intake (>80 g/d) by cow. 
approaching parturition increa1,cu blood P and incidences of 
mill fc\cr and hypocalcemia (Reinhardt and Conrad. 1980). 
High (Ol~ percent vcN;us 0.22 percent) dietary P reduced ap
parent ab~rption or magne. ium C Mg) in pregnant dairy heifer 
(Schonew1lle et al.. 19~). 

Magnesium 

Mg ii. a major intracellular cation that is a cofactor for 
enLymatic reactions in every mujor metabolic pathway. Ex
tracellular Mg is vital LO norma I nerve conduction, muscle 
function, and bone mineral formation and i invohed 
in Ca and P homcostasis. Lo'' concentmtions of serum 
Mg auenunte PTH releru,e in responl'>e 10 low erum Ca 
(T~l~llsul i et al.. 1980), and in humans and laboratory 
animals. low Mg ),(atu. resulL'> in lower serum concentnuions 
of 1,25-dihydroxyvitamin D and can result in vitamin D 
i n:.eni.itivity and perhaps PTH insensitivity (Rude and 
Gruber, 2004; Sahota et al., 2006). The concentration or Mg 
in plasma of cows is nonnally bct\\CCn 0.75 and 1.0 mmol/L 
( 1.8 and 2...1 mg/dL). In an adult cow, 60 to 70 percent of the 
body'. Mg ii. in bone (200 to 250 g).a small amount is in the 
blood and other extracellular fluid ( <4 g>. and Lhe remainder 
i:- in.-.idc eel b. (-90 g) (Storry and Rool.. 1962). Bone is not a 
significant 'ource of Mg that can be utiliLed in time:. of defi
cit Maintenance of normal concentration of Mg in plasma is 
nearly totally dependent on absorption of dietary Mg. 

Magnesium Requirement 

A factorial approach was taken Lo de. cribc the Mg require
ment!> of dairy caule. 

Maintenance 

Fecal losi. or endogcnou Mg was set at 0.3 g Mg/kg DMI 
a. explained below. When cows display i.igns of clinical h)po
magnescmia, urinary Mg loss is ci.:-.entially tero, but for cows 
near the threshold of hypomagnc~cmia. urinary lo s in adult 
dairy CO\\ s \\as approximate!) 0.0007 g Mg/lg BW (Schone
wille et al., 2000b). which wru, \Cl a.-. the obligate urinary loss. 

NUTRIENT REQUIREMENTS Of DAIRY CATTLE 

Growth 

In heifers. the Mg content of the body decreases from 
about 0.65 g Mg/kg m birth lO about 0.2 g/kg at 500 lg BW 
(BlaxLer and tvlcGill, 1956): therefore. the value of 0.45 g 
Mg/kg ADG used in the 200 I NRC is a reasonable average 
growth requirement. 

Pregnancy 

In pregnant animnl\. fctal-placcntal accretion of Mg is 
about 0.18 g/d in Holstcins from day 190 until the end of 
prcgnanc) (Hou.e and Bell. 1993). However, ba.-.ed on the 
Mg concentration in the body of a newborn call' (O laxter and 
McGill, 1956), estimated accretion rate for Mg was aboul 
0.3 g/d in late gestation. Con idcring Lhe problems as~oci
ated with hypomagnc .. emia at parturition. 0.3 g/d ii. used 10 

de. cribc the fctal rcquiremcm for ~lg. and requirements urc 
\caled to 715 lg maternal BW. 

Lactation 

Milk has an avcmge Mg concentration of about 0.1 I g 
(IJennanscn cl al.. 2005: van Hui.ten et al.. 2009: Ca~Li llo 
et al.. 2013). Colo:.tn11n contain:. about 0.38 g Mg/kg (!>cc 
Chapter 12). Because cows have limited store!> of labile Mg. 
diets for late-gestation CO\\ s must be fonnu lated 10 provide 
adequate Mg for colostral gcnesi-.. 

Dietary requirements. not absorbed requirements. arc 
generally similar to NRC (2001 ): however. the previous 
\Crsion included a subMantiaJ safety factor. Jr a similar 
safety factor \\a included, dietary requirement:. would be 
approx imately 25 percent grealer than the previous version. 

Summary of Equations (g absorbed Mg/d) 

Maimenancc=0.3x DMI +0.0007 x BW 

(Equalion 7-9) 

Growth= 0.45 x ADG {Equation 7- 10) 

Gestation (> 190d prcgnanl)=0.3x(BW /7 15) 

(Equation 7-11) 

Lactation=O.I I x M ilk (Equation 7-12) 

where DMI. ADG, and mill are in lg/d. and BW ii, in kg. 

Absorption and Dietary Req.uirements 

Mg is absorbed primarily from the smal I intestine of 
young calves. As the rumen and the reticulum develop, they 
become the main site for Mg absorption (Pfeffer et al.. 1970: 
Marten and Ra} s:.iguicr, 1980). but some absorption may 
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occur in Lhe large intestine. ln adu lt ruminants, the small 
intestine is a siLc of neL secretion of Mg, but absorpLion may 
still occur in that siLe (Greene el al., 1983). Absorption or 
Mg from Lhe rumen mosLly occurs via two active mechanisms 
(Leonhard-Marek et al., 2010; Fach, 20 15; Martens et al., 
2018). One mechanism (polential difference-dependent up
take) is driven by an e lectrical gradient at the apical ( luminal) 
membrane and is an active process inhibited by elevaLed po
tassium (K) concentrations in rumen Ouid (Leonhard-Marek 
and Martens, 1996: Leonhard-Marek et al .. 2010; Pach, 
2015). This is a high-affinity, low-capaciLy Lransponer sys
tem. The second system (low affinity, high capacity) is driven 
by the Mg concentration gradiemt thal can exist between the 
rumen contents and Lhe epilhelial cell and is independent 
of Lhe elecLrical polential difference and not sensitive LO K 
concenLralions. This transport sysLem is active and electri
cally neutral: therefore. it involves eilher cotransport of an 
anion (e.g., c1- o r HC0

3
- ) or an exchange wilh intracellular 

protons (Leonhard-Marek eL a I., 20 I 0: Fach, 20 15). The 
exact mechanism is not known at this time. 

Factors Affecting Absorption 

Absorption of Mg does not ap pear 10 be under any type 
of hom1onal regulation; excess absorbed Mg is filtered by 
the kidney and excreted. A major driver of Mg absorption is 
the gradient between intracellular Mg and rumen contents. 
An increase in Mg intake usually linearly increases the con
centration of Mg in rumen Ouid, which usually increa cs ap
parent and calculated true absorption of Mg (Jittakhol et al., 
2004a.b.c). However, Mg absorption might be saturable. 
Increasing dietary Mg concentrations above I. I percent con
tinued to increase Lhe concentration of soluble Mg in rumen 
nuid but did nol increase apparent or true absorption of Mg 
by dry dairy cows (JiuakhoL et a l.. 2004b). 

Martens et d. (2018) reviewed Mg absorption by rumi
nants and antagonists to absorptions in great de ta ii. Dietary K 
is a ignificant antagon ist to Mg absorption because ruminal 
K disrupts the electrical gradient needed to drive Mg absorp
tion (Fisher et al ., 1994: Ram et al., 1998: Schonew ille et al., 
1999, 2008: Jiuakhot et a l., 2004c; Weiss, 2004). lnadequate 
imtake of sodium (Na) increases Lhe concemraLion of K in 
rumen Ou id (Bailey. 1961; Martens et al.. 1987) and reduces 
absorption of Mg (Martens et al. 1987). However. once the 
Na requirement is met, dietary Na does not appear to afTecL 
Mg absorption. High dietary P concentration (ea. 0.6 percent) 
reduced apparent Mg absorption in heifers by about 18 percent 
(Schnewille et al., 1994), but within typical djecary concentra
tions, eITecLS of dietary P are probably small. 

Abrupt elevation in concentrations of rurninal ammonia re
d uces Mg absorption; however. chronic elevation (i.e., several 
days) did not affect Mg absorption (Gabel and Martens, 1986). 
High concentratiions of rnrninal ammonia reduce the electri
cal potential, bul the change probably is not great enough to 
afTect Mg absorption. The adaption response suggests Lhe 
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involvement of inducible transport proteins, and a lteration 
of the Na/proton pump has been implicated (Fach, 2015). 
Dietary changes that cause ari abrupt increase in ruminal am
monia (e.g., initial turnout onto high-protein pasture) should 
be avoided; however, once animals are adapted, high ruminal 
ammonia does not appear to affect Mg absorption. 

Rumen pH is negatively correlated witlh Mg solubility 
and under in vitro and other experimental sih1ations, a small 
drop in pH within the nonnal physiological range (6.5 to 
5.5) has increased Mg solubility by more Lhan 50 percent 
(Dalley et al., 1997). When rumen pH was reduced by more 
realistic dieL manipulation (i.e., increased starch concentra
tions), ruminal Mg concentrations increased (Schonewi lle 
et al.. 2000a), but Lhe effect was less consistent than with 
in vitro systems. FurLhe1mo:re, the effect of rumfoal pH on 
absorption or Mg was less dramatic than changes in solubil
ity (Hom and Smith. 1978). In addition to Mg solubility. 
pH may have direct efTecL<> o n Mg absorplion systems. In 
cell culture experiments, Mg permeability through a protein 
channel increased markedly as pH decreased below 7 (Li 
eL aJ. , 2007). lncreasing lhe dietary concentration of readily 
fennentable carbohydrates can increase apparent absorption 
of Mg. Adding 30 percent sta rch to a diet increased apparent 
Mg absorption by 50 percent (0.37 versus 0.24) or 28 percent 
(0.25 ver. us 0.20) when goats were fed low (0.8 percent) or 
high (3.4 percent) K diets. respectively (Schonewille et al.. 
1997). However, apparent Mg absorption did not differ 
when dairy cows were fed diets with JO or 20 percent starch 
(Schonewille et al.. 2000a). More data wilh caLLle are needed 
before the efTects of d ietary starch can be modeled. 

SupplernenLal dietary rat can reduce apparent digestibility 
of Mg. but the reduction was not related to Lhe concentration 
of supplemental fat i11 lhe diet (Jenkins and Palmquist. 1 984~ 

Rahnema el aJ., 1994). Apparent Mg absorption decreased 
about 20 percent when cattle were fed diets that contained 
2.5 to 5 percent added fat compared with control diets wilh 
no added rat. Supplementing up to 5 percent added fat from 
whole couonseed d id not affect apparent Mg absorption 
(Smith et al.. 1981 ). Although data are limited. assuming a 
20 percent reduction in absorption of Mg when supplemen
tal fat is fed is recommended but was not included in the 
evaluation model. Feeding ionophores increased apparent 
absorption of Mg by beef caule and dairy caule by I 0 to 
28 percent when magnesium oxide (MgO) was fed (Greene 
et al.. I 986a: Spears et al., I 989; Tebbe et a l., 2018). How
ever. monensin reduced absorption of Mg by 23 percent 
when magnesium su lfate was fed (Tebbe et al., 2018). Effects 
of monensin on Mg absorption are not included in the model. 

The avai lability of Mg from MgO is affected by particle 
size (smaller particles enhance absorption), calcination 
temperature, and origin (Jesse eL al., 1981; van Ravenswaay 
et al.. 1989: Xin eL al.. 1989~ Hemingway en al.. 1998). Par
ticle size also likely affects Mg availability from magnesium 
carbonate (MgC03). magnesium hydroxide (Mg(OH)2), and 
dolomitic limestone. 
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TABLE 7-2 Description of Data Used Lo Generate 
Magnesium Eqll!ations" 

Mean so Minimum M;~ximum 

Dry mailer intal..e. kg/d 13.6 6.49 5.8 26. I 
Diel K. glkg 24.9 12.7 6.9 75.6 
Diel Mg, glkg 3.60 2.75 1.08 17.3 
Mg iniake, g/d 42.6 23...1 11.8 124.3 
Supplemental Mg. 27.0 28.I 0 90 

percent of 101al Mg 
True absorption of Mg 0.26 0.10 0.07 0.47 

uNine1y-seve11 1reaiment meuns. 

Quantifying Absorption 

Jn NRC (2001), inadequate data were available for a rigor
ous evaluation or Mg absorplion, but a . ubstanlial number 
of studies have since been published. However. quantitative 
estimates of the true absorption of Mg are still difficult 10 

obtain because or Lhe unccnaimy regarding the daily loss or 
endogenous feca l Mg. Endogenous feca l Mg has been ex
pre. ed relative LO BW, and typical estimates were 2 to 5 mg 
Mg/kg BW (Greene et al., I 986b: NRC, 2001: Schonewille 
et al.. 2008). However, saliva and digestive secretions are 
important contributors to endogenous fecal Mg, and these 
arc related more 10 DMl than BW, especially when com
paring across physiologic states (e.g., dry ver us lactating 
cow). Therefore. data from two meta-analyses (Weis .. 2004: 
Schonewille et al., 2008) were used to estimate endogenous 
fecal Mg as a function of DMl. Dietary Mg (g/kg of diet 
OM) was regressed on concentration of apparently digested 
Mg (g/kg) with trial as a random effect, but because or the 
negative efTcct of K only studies with dietary K ~ percent 
were used. The absolute value of the intercept, 0.3 g Mg/kg 
DMl, is an estimate of endogenous fecal Mg. Jn sheep, los. 
of endogenous recal Mg was positively coll'elated with serum 
concentrations of Mg (Allsop and Rook. 1979). 1f this is 
true for dairy cattle, cow. consuming les than adequate Mg 
could have a lower l.oss of endogenou. fecal Mg Lhan cow 
fed adequate Mg, but no adjustment was made Lo endogenous 
fecal Mg loss ba ed on Mg status of the cow. 

Adequate data were available to quantify the relationship 
between dietary K concentration and Mg absorption by dairy 
cows. Data from studies us ing heifers. dry cows. and lactat
ing cow (Weiss, 2004; Holtenius et al., 2008; Schonewi lle 
et al.. 2008) were combined (see Table 7-2). If the amount of 
supplemental Mg as a percentage or total diet Mg could not 
be calculated, the study was deleted. The final data set con
tained 97 treatment mean. from 23 studies. True absorption 
of Mg wru calculated as described above, and only dietary 
K concen tration and percentage of total Mg provided by 
supplemental sources (MgO was the source of supplemental 
ft.1fg in all studies except for three) were statistically related to 
it. TI1e e1Tect of dietary K was not linear: transfonning to the 
natural logarithm provided the best fit. The resulLing equation 
(trial was included as a random efTect) was 

NUTRIENT REQUIREMENTS OF DAIRY CAITLE 

True Mg absorption =(44. I -5.42x ln(K)-0.08 
xSupplcmcntal) I 100 {Equation 7-13) 

where K is expressed as glkg total diet and Supplemen
tal= percentage of dietary Mg provided by MgO. Standard 
errors associated with the coefficients are 4.8. 1 .54. and 0.034 
for intercept, K, and . upplemental coefficients, respectively. 

A potential problem with this equation ms the collinear
ity between dietary Mg concentraLion and supplementation 
(r= 0. 70): however dietary M g concentration was not sta
tistically related with true absorption or Mg. Seuing supple
mental Mg at 0 and basal dietary K as 12 g/kg of diet DM (ap
pro~imate K requirement), true absorption of Mg from basal 
diet=0.31, which was assigned as the defa1Ult for all feeds. 
Setting. upplemental Mg at J 00 percent and dietary K at 12 g/ 
kg yield an estimate of0.23 as the default avai lability for Mg 
from MgO. which is 26 percent lower than true absorption 
of Mg from basal feeds. This agree with individual studies 
(vru1 Ravenswaay et al.. 1989; Davenport et al., 1990: Hol
tenius et al. , 2008) in which apparent absorption of Mg was 
measured for diet with and wilhout supplemental MgO and 
with <20 g of K/kg DM. ln I.hose studies, trne absorption or 
Mg from MgO (calcu lated us ing the djfTerence method) was 
22 to 45 percent lower Lhan the uue absorption or Mg from 
the basal diet. The prediction en-or associated with Equation 
7-13 is high (95 percent prediction interval associated with 
eslimated ACs is+ 0.16): u ers may wi h to adjust ACs based 
on risk tolerance. ln the previous NRC, the default AC for 
basal ingredient was reduced by 1-SD unit from the mean. 

Ab. orption coefficients for common Mg supplements are 
in Table 19-3 (see Chapter 19). 111e default value for MgO 
reflects the average of the MgO used in the experiments~ 
however, . ubstamial variation exists among MgO sources. 
which can influence Mg avai labi lity as discu sed above. 
High-quality MgO (e.g .. small particle size and proper cal
cination procedures) may have greater avaimability than the 
default value. The proportion of particles <0.25 mm in MgO is 
positively correlated. and Lhe proportion of particles> 1.0 mm 
is negatively correlated with apparent absorption of Mg. 
Solubility of Mg from MgO in various solutions (water, 
citric acid, weak hydrochloric acid. buffered rumen fluid) is 
positively correlated with Mg absorption, bun current data are 
not adequate 10 use solubility to quanti fy or adjust the ACs. 

Few data are available for other Mg upplements. Rela
tive to MgO, calculated true absorption of M g was 1.7 times 
greater (van Ravenswaay et al., 1989) for magnesium sulfale 
(MgS04) . about the . ame for Mg(OH)2 (Davenport et al.. 
1990: Hemingway et al.. 1998) and reagent-grade MgC03 
(Ammerman et al., 1972), about 0.5 limes for dolomite 
limestone (Gerken and Fontenot, 1967), a111d 0.2 times for 
magnesite (Ammennan et al., 1972). However, Tebbe et al. 
(2018) reported that in diets without monensin, apparent 
absorption of Mg when MgS04 wa. fed was only about 
10 percent greater Lhan that from MgO. Ba ed on available 
data and becau. e efficiency or Mg absorption differs between 
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s.heep and callle, data from dairy cows were given more 
weight than data from sheep, and the true absorption of Mg 
from MgS0

4 
was assumed to be 20 percent greater than that 

from MgO. With monensin, apparent absorption of Mg when 
MgSO ~ was fed was about 30 percent lower than when MgO 
was fed (this effect is not included in the model) . D ata are 
not available for M gCl1. but because of similar solubility to 
MgSO~, they were assigned the same AC. 

Magnesium Deficiency 

A deficiency of Mg is of greater practical concern than 
deficiency of most other minerals because of the I imited labile 
stores ofMg within the body and becauseof thecommonlyoc
curring antagonists of Mg ab orption di cussed above. A clini
cal deficiency of Mg results in muscle twitchjng, hyperexcit
abi lj Ly. convulsions. and often death (M arten et al., 20 18) and 
is commonly referred lo as grass or lactation tenany because 
il o ften occurs in spring when caHle are first let o ut to graze. 
and it i. more common in lactaLing than nonlactaling cattle. 
The direct cause of clinical sign. i low concentrnlion of Mg 
in cerebrospinal nuid Low concentrations of Mg in plasma 
(less than approx imately 0.7 mmol/L) are not a. ociatcd w ith 
any specific clinical signs but are a risk factor for cl inical hy
pocalcemia (discu. sed in more detail in Chapter 12). 

Maximum Tolerable Level 

Cattle can ex·crete large amoums of M g in urine, so Mg 
toxici ty is not a practica l problem in dairy callle. A lthough 
an MTL of 0.6 percent has been e. tablished (NRC, 2005). 
negative effects in cau le have been observed only when dietary 
concentrations are> I percent. The negative elJ'ects of high 
Mg are general ly reduced feed intake. reduced diet digesl 
ib ility, and osmotic dian·hea. 

The Strong Ions: Sodium, Potassium, and Chlorine 

Na. K. and ch loride (Ci-) are completely dissociated in 
body fluids (Stewart, 1978) and are the maj or contributor. 
lo blood and cellular strong ion difference. Their relative 
concemrations in various body tissues are light ly regulated 
s.ince they . erve as osmoregulators that modulate water ab
s.orplion and movement between extracellular and intracel 
lular fluids and a<:ros lhe rumen and intestinal wa ll. and they 
have large impacts on systemic acid-base balance (Hu and 
Murphy, 2004). The dietary strong ions are absorbed with 
true absorplions of 0.9 or greate r. Therefore. fecal strong 
ion excretion is primarily or metabolic origin. Regulation 
o f strong ion balance occurs mostly via the kidney through 
urinary excretion. When cattle arc fed typical diets. strong 
cation (K+ and N a+) excretion far exceeds strong anion (Ci-) 
cxcrelion. This results in increased urinary bicarbonate ion 
excretion to maintain electrochemical neutrality. Because of 
this. callle and other ruminants generally excrete an alkaline 
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urine (pH 7.5 to 8). When c 1- is fed in excess of needs and 
insufficient cation (Na+ and K+) are available to balance 
excretion of c 1-, there is a reduction in urinary bicarbonate 
excretion and urine pH decreases. Thus. shifls in the relative 
amounts o f excess Na+. K+, and c 1- that are excreted in the 
urine can have profounJ effects on acid-base status. Dieuu-y 
cation- anion dilTerence (DCAD ). measured in mEq/kg diet 
DM. is a frequently used meai;ure of the relative balance 
among the strong cations Na+ and K+ and strong anions (Ci
anci sometime. s-2) (Ender etaJ .. 197 1:Mongin etal .. 1981) . 
DCAD is strongly associated with urinary pH (Constable 
et al., 2009) and acid-base status of lhc cow (Hu and Mur
phy, 2004) and i used in transition cow feeding Lo reduce 
incidence o f hypocalcemia at caJ ving (see Chapter 12). 

Because strong ion intakes in excess of the requirements 
are excreted in the urine, urine volume anti, correspond
ingly, water intake are directly related to . trong ion intake. 
Bannink et al. ( 1999) showed a direct linear relationship be
tween urine volume and strong ion intake exists in lactating 
cows. The increa. ed urine volume dilute. the nitrogen (N) 
concentratim1 in tu·ine. Correspondjngly, increa. jng dietary 
sO<.lium chloride (NaCl) (Spek et al., 20 12) and potassium 
sesquicarbonate (Iwaniuk et al.. 20 14) linearly decreases 
milk urea N concenlralions. 

Fecal Sodium, Potassium, and Chlorine 

Ruminants evolved consuming forages that were high 
in K (>20 g K/kg DM), low in Na (~ l g Na/kg DM), and 
moderate in C l (3 to 6 g Cl/kg DM). Therefore, their require
ments renect the ilifferences in relative K, Na, and Cl con
centration. o f feeds. Drury cow feces contrun approxjmately 
85 percent water. Fecal water output was strongly related LO 

the sum of Na. K, and Cl fecal excretion when expressed 
on an equival ent weight basis in 122 balance experiments 
with dairy cows with a mean fccal strong ion excretion r.ue 
of 3.47 (± 1.24) equivalents per day. where Fecal Hp. 
Lid = 15.5 (± I. 78) + 5.88 (± 0.385) x Fecal Strong Ions 
(Eq/d); RMSE=3.89: R2 = 0.861; P<0.001. Because of the 
relationship between strong ion and fecaJ water excretion. 
the commillee suggests that metabolic fecal irequiremenL'\ for 
Na, K, and Cl are likely due Lo the need to maintain osmotic 
balance and consistent fecal moisture content. 

Sodium 

Callie evol ved on feeds that are low in Na; hence, lhey de
veloped efficient absorptive processes and a tenacious abil ity to 
conserve Na via the kidney. but they have only a small reservoir 
of Na in a form that is readily available for metabolism. 

Physiologic Roles 

Na is the primary extracellular cation {Aitken, 1976). 
lu addition. 30 to 50 percent of totaJ body Na j in a 
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noncxchangcablc frac1ion in the crystalline tructurc of 
bone (Eld man et al.. 1954). The exchangeable fraction of Na 
modulates cxtract:llular Ouid volume and acid-base equilib
rium CStev.urt. 1983: McKeO\\n. 1986). Heart function and 
nerve impul.,e conduction and transmbsion are dependent 
on the proper balance of Na and K. Na aho play~ an indi -
pensable role in sodium pola'>sium adeno:-ine tripho. phate 
cnLyme (Na-K ATPa.'>e) rcspon'>ible for crealine elecLrical 
gradients for nu1rient tram.port. The Na- K pump is essential 
for all eukaryo1ic cells. enabling. transport of eluco c, amino 
acids CAAs), and pho. phatc into cell!> and hydrogen (H).Ca, 
bicarbonaic. K. nnd Cl ions out of cells (Lechene. 1988). So
dium bicarbonate (NnHC03) il- a major component of saliva 
lhat helpi. buffer acids produced during rumen fermentation 
(Erdman. 1988). 

Typical Nu concentrations in blood plasma are 150 mEq/L 
and 160 to 180 mEq/L in :-aJiva. Na is the predominant cat
ion in rumen Ouid "ilh a typical con tent of 80 Lo 90 mEq/L. 
but the range can be from 50 to 140 mEq/L (Bennink et al.. 
1978: Catterton and Erdman. 20 16). Ruminal conccmratiom. 
of Na and K are '>trongl) negati,ely correlated (Cauerton 
and Erdman. 2016). Increased dic1ary K results in increased 
rumen K concentrations. \\ h1ch i.limulate Na absorption 
across the rumen wall and reduce rumen Na concen1ra1ion 
to maintain electrical and osmotic ncu1raJit) (r\Jartens and 
Blume, 1987). 

Sodium Utilization and Homeostasis 

Absorption occur1, throughout the digestive u-act, and di
etary Na generally is assumed to be a Imo. t completely avail
able. Absorption occurs by an ac1ive transport proces!- in 1hc 
rcticulorumen. ubomasum. omasum, anti duodenum. Passive 
ab orption abo occurs through the intestinal wall, so lhere 
is a tendency towartl equal conccmrations in intestinal and 
fccal Ouicb. However. substantial aclhe ab orption aeainst 
a i.iLable concentration gradient occur!-. in 1he lower~ mall 
intestine anti large inteMine (Renkema et al., 1962). 

Na and K can interchange such that in a-deficient 
animal!.. K e~cretion i'> incrca."ied, prO\ iding a mechanism that 
help. ensure that ruminants can sub. is1 on feeds IO\\ in a 
O\er long periods of lime. Na conccntralion in blood and 
tissue:- are maintained principal!) via reab. orplion and ex
cretion by the lidneys. Excretion of Na, K. and Cl is closely 
synchroni.Gcd. Na h. the central effector of ion excretion. 
and change in renal reabsorp1ion arc chief tleterminanti. of 

a excretion. Endocrine control via li!.sue receptors and the 
rcnin- ungiotcnsin 1>ystem. altlostcronc, and atriaJ natriurctic 
factor monitor and modulate Na concentration. in variou:
tissues, which consequcn1ly control nuid volume, blood pres
sure. K conccn1ra1ions. and renal proces:-ing of other ions. 
When cuule urc depicted or Na. salivary gland dccrea:-.e 
sccrcLion of Na in sali\'a. The decrease in Na contcm is re
placed reciprocally by nearly the. ume concentra1ion of K 
(van Lecuwen. 1970: Morris and Gartner, 197 1 ). 
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Requirement for Absorbed Sodium 

Maintenance 

The factorial method w~ u!>ed to derhe the absorbed Na 
requirement. The maintenance requiremen1 for absorbed Na 
is equal to lhe ineviiable lo. s~ in feces and urine of animaJ 
fed \Cry near their true requirement. In the review of the 
litera1ure on a. lhe 2001 N RC commiuee recogni.GC<l that 
previous suggcs1cd maintenance requirement (0.015 g Na/kg 
BW) uJ.ed for growing heifers and mature CO\\S \vould be 
insurricicnt for lactating cows and would re ult in c linical 
signs of deficiency or reduced milk yield . Therefore. the 
maintenance requirement was empirically set for muture 
cows al 0.038 g Na/kg BW. 

Urinary excretion of Na i:o. dependent on the relative ex
cretion rate.., of the 01her "itrong ion. (K+ and Cl- ) 10 mainlain 
electrochemical neutrality in lhc urine and the acid-ba..,e bal
ance of lhc CO\\. Bccau.,c of these interrelationships. it is not 
pos::.ible to develop a consistent e timatc of endogenous uri
nary excretion of Na or strong ions. Therefore. the commit
tee"!> estimate of lhc maintenance requirement is based solcl) 
on the inevitable losses of Na in fcce • . Metabolic fecal excrc
Lion of a '"a~ e<,timatcd from the results of 137 indi\idual 
Na digestibility measuremen1s from eight experiments in 
\\hich cow., "-Cre fed diet' ranging from 0.27 10 1. 17 percent 
Na. The metabolic fccal requirement was determinetl by 
regre::..,ion of absorbed Na on Na intake, both expressed as 
grams per ki logram (g Na/l.g) of tliet DM. The resulting 
regression equation \\US as follO\\S: Absorbed Na=-1.45 
(± 0.25)+0.98 (± 0.036) Na Intake; RMSE=0.52: R:!=0.91: 
P<0.001. Metabolic fecal Na equals 1.45 g/kg DMI. The 
:-.lope was not di1Tcren1 from I : Lhercforc, absorp1ion effi 
c iency is :.l'>:-umed to be 1.0 ( sec below). 

T his maintenance requirement was adopted for bolh 
gro""ing and lac1ating animals. For a 650-kg co'' consum
ing 28 kg of feed DM, the me1abolic fecal requirement 
for Na woul<.l be 41 g of dieiary Na/d. Thi~ is a higher buL 
also a more theoretically based value compared \\ iLh the 
previous 200 I NRC estimate of 30 g/d for a lactating cow 
of the ...ame ::.itc (0.038 g u/kg BW x 700 kg/0.90 AC). A 
300-kg growing animal con::.uming 7 kg DM/d would have 
a maintenance rcquircmcnl of I 0 g/d (0. 145 percent of diet 
OM) or double the maintenance requirement of 4.5 g from 
the 200 1 NRC report. Maintenance requiremenl'> for dry 
cows arc also abou1 tloubled compared with Lhe previous 
'en.ion. A re\ ie'' of Na requirements for beef ca11Jc ::.ug
gestcd that Na requirements for lactating and growing beef 
caule \\ere 0.10 and 0.07 percent of diet OM. respec1i,ely 
(Morris, 1980). Since o. morcgulation in the feccs i. being 
u. ecJ 31' the baJ.is for the new maintenance requirement and 
K can replace Na in that role, diets with lower Na concen
trations (0.07 percent) can likely be fed w iLhout affccling 
animal performance. a. .. suming tha1 lhe diet contains more 
than adequate amoun1s of K . 
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Effect of Environmental Temperature 

Sweating, fo r a id in heal balance. includes secrelion or 
Na (Jenkinson and Mabon, 1973) and other e lectro lytes . 
B ased on the Agric ultural Research Counc il (ARC, 1980) 
recommendations. the prev ious commiuee suggested lhal an 
addilional increment of 0. 10 and 0.50 g Na/100 kg BW be 
fe d to animals maintained at a mbient temperatures of25°C to 
3 0°C and >30°C, respeclively. For a 700-kg cow, this would 
translate into an additional 0.7 and 3.5 g/d o r absorbed Na for 
cows housed at 25°C to 30°C and >30°C, respectively. The 
losses of electroJytes in sweat are dependent on an animal's 
s.weating rate and the concentration o f minerals in the sweat. 
w hich have been shown to cha nge with the ra te of sccre
tfon (Sonner et al., 201 5). In humans, Na+ and c 1- content 
increases from 30 to 90 mEq/L as sweating rate increases, 
w hereas K+ con te nt decreases from 20 to 5 mEq/L (Sonner 
et al., 2015). There are little reliable data on the composition 
o f sweat in cattle. Jenkinson a nd Mabon ( 1973) suggested 
that Nn and Cl excretion rate decreased in re la tion to K in 
Ayrshire cattle, but reevaluation o f their data suggested that 
there were no changes in sweat compositio n in animals that 
were actua lly heat stressed (>25°C, te mperature humidity 
i11dex [THll ?:.72). T he mean Na+ concentration was 0 .25 g/L 
( 11 mEq/L). 

Jenkinson and Mabon 's ( 1973) Na excre tion data were 
l'i t to an exponential equation related to TH L where Na ex
c re tion, g per/M2/d = 0. 198e0·o.wx THt . R2 =0.9687. Using 
s urface area calc ulated by the Brod y ( 1945) equa ti on 
(M2 = 0.147xBWo.56) . a 700-kg cow would be expec ted to 
have a surface area o f 5.8 m1 . Combined with the predicted 
N a excretion rate per unit body surface area, Lhe expecteJ 
N a excretion in sweat was sma l I (0 .64 to I . I 0 g) per day in 
c ows housed between 25° and 35°C and a THI from 72 to 
85. The measure d sweating rates in Jenkinson and Mabon's 
( 1973) study ranged from 5 to 66 mL/m2/h (0. 12 to 1.9 Lid). 
This is similar to the mo re recently reported range o f sweat
ing rates observed in lactating Ho lste in cow. under heat 
s tress with either a shade cloth (19 to 33 g/m2/h) (Dikmen 
et a l., 2014) o r evaporati ve cooling (S to 25 g/m21h) (Dik
men et a l., 2015). 

Those sweating rates are on the very low end or the re
ported range( l4 to 600 g/m2/h) in a meta-analysis of sweat
ing rates in cattle (Thompson eL at. , 2011 ). This suggests that 
actual Na loss in sweat could be as much as 5- Lo I 0-fold 
g reater in heat- tressed cows, assuming lhe Na content in 
sweat does no t change. Based o n reported sweating rates in 
dairy cows during heat stress that was abated by evapora
tive cooling (Dikme n et al. 20 15), Na losses in sweat would 
be minimal. The committee emphasizes the need for more 
reliable data using simultaneously measured sweating rates 
and sweat composition before a Na requirement during heat 
s tress can be established. No provision is provided in lhe 
model Lo do so. 
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Growth 

In the model, the requirement of absorbed Na for growth 
was set a t 1.4 g/kg o f ADO ror animals weighing between 
150 and 600 kg live BW (Gueguen et al., 1989). 

Pregnancy 

Slaughter data from 18 mulliparous pregnant Hols tein 
cows were used to quantify the requireme nt for absorbed 
Na of the conceptus during the last trimester (House and Bell. 
1993). Requirements for all mineral elements are negligible to 
about 190 days of gestation .111e Na requirement of the concep
tus is 1.4 g/d x (B W / 715) from J 90 to 270 days of gestation 
(the BW term scales values lo lhe average BW in lhat study) 
but should no t be used to compute lhe Na requirement for days 
o f gestation < 190 (House and Bell, 1993). 

Lactation 

T he previous report set lhe absorbed Na requirement for 
milk at 0.65 g/kg, which was based on the average Na con
centration in milk fro m severa l studies (0.63 g/kg) as reported 
by lhe ARC ( 1965). However, the weighted average milk Na 
concentration summarized across several more recent studies 
(Fisher et al., 1994: Sanchez et al., I 994a.c, 1997; Silanikove 
et al., 1997; Kume et aJ., 1998; Robinson et at. 2002; van 
Hulzen et al.. 2009: Castillo et al. , 2013; Khelil-Arfa et al.. 
2014; Visentin et at., 2016) was 0.41 (± 0.037) g Na/kg . nearly 
40 percent lower than the previous 200 I NRC value. Milk Na 
is related to incidence o f mastitis and increases with e levated 
milk somatic cell count (SCC) (Harmon. 1994). With greatly 
improved management techniques for prevention of mastitis, 
milk Na concentrations would be expected to have decreased 
during the pa5l 50 years. The absorbed N a require ment for 
lactation was set at 0 .4 g/kg milk. 

Summary of Equations (g absorbed Na/d) 

Maintenance= 1.45 x DMI (Equation 7- 14) 

Growth = l.4 x ADG (Equation 7- 15) 

Gestation (> 190 d pregnant)= 1.4 x (BW / 7 15) 
(Equation 7 -1 6) 

Lactation = 0.4 x Milk ( Equation 7-17) 

where DMI, ADG, and milk are in kg/d, and BW is in kg. 

Dietary Requirement and Efficiency of Absorption 

T he regression coefficient of 0.98 for absorbed Na versus 
dietary Na was not statistica lly d iffe rent from I, implying 
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that Lrue absorption is I 00 percenl. The previous commillee 
(NRC, 200 I ) set the Na absorption rate at 90 percent, which 
seemed too low g iven the ruminant animals' ability to survive 
on extremely low Na diets. Ln addilion. Na from typical feeds 
is solubilized and released in the liquid matrix of digesta and 
is readily available ror ab. orption. Feedstuffs commonly 
used in diets f'or dairy cattle do not contain enough Na to 
meet requirement. . and supplemental sources typically ac
count f'orthe majority of an animal 's total Na intake. 

NaCl is the most often used supplement, and its Na i. 
considered I 00 percent available. The efficiency of absorp
t.ion of Na from other. ahs (e.g., NaHC0

3
, sodium carbonate 

I Na2C03), sodium sesquicarbomate [Na3H (C03)2J) is al o 
con. idered essentially I 00 percent. When some animal by
producl feedstuffs containing bone are fed, Na would be le s 
available as it is tightly bound in the crystalline structure. 
However, these sources represent rare circumstance and 
are minor Na sources compared to typical supplemental Na 
salts. Therefore. the committee set the AC for Na at 1.00 f'or 
all feed . 

For a 650-kg cow consuming 28 kg/d of feed DM, the 
metabolic fecal requirement for Na (28 kgx 1.45 g Na/kg) 
would be 41 g of dietary Na/d. The milk prod uc Lion require
ment for a cow producing 45 kg/d milk would be 18 g/d 
(45 kg milk x0.4 g Na/kg in milk) for a totaJ Na requirement 
of 59 g/d or 0.21 percent Na in the djet DM. This compar el 
with the previous requirement of 36 g (50 x 0.65 I 0.90) for 
milk production and 27 g (700 x 0.038 I 0.90) for mainte
nance for a total of 63 g Na/d (0.25 percent o f diet DM) . 
While the maintenance requirement for Na has increased. the 
reduced requjremenl for Na in milk more than compensated. 
such that total Na requirement are slightly lower than in the 
2001 NRC. 

lactational Responses to Varying Dietary 
Sodium Concentrations 

Kemp and Geurink ( 1966) reported that 0.14 percent Na 
in grazed forage was sufficient to support more than 30 kg 
of milk production per day. However, feeding lac tating dairy 
cows a diet with no supplemental NaCl (0. 16 percent Na. dry 
basis) resulted in marked depressions in DMI and milk yield 
after just l to 2 weeks of feedimg (M allonee et al., I 982a). 
Empirical modeling of data from 15 experiments with lactat
i11g cows conducted in either cool orwann seasons suggested 
that DMI and milk yield were improved by dietary concen u·a
tion. of Na well above those needed LO meet requirements 
(Sanchez e t nl., 1994b.c). DMI and milk yield responses over 
a range of dietary Na concentrations (0.11 Lo 1.20 percent, dry 
basis) were curvilinear, with maximum perfonnance at 0.70 
to 0.80 percent Na. Concentrations of Na, K , Cl, Ca, and P 
in diet DM ranged from bel ow those needed to meet require
ments to concentrations considerably higher. Thus, there is a 
potential confounding between Na and DCAD. and it is not 
known whether the optimal Na concentration would vary if 
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the dietary concentrations of other macrominerals would have 
been closer to requirements. There were interactions of Na 
with K , Cl, and Pon DMT. indicating that respon e. Lo Na 
di!Tered over the nmge of dietary concentrations to those min
eral . In addition, interactions of dietary Na with K. Cl, and 
P on DMI differed in experiments conducted in the cool or 
warm season. In hot weather, milk yield and DMI increased 
when Na increa eel from basal (0. 18 percent Na, dry basis) 
to 0.55 percent dietary Na with either NaCl or NaH C03; Cl 
was equalized among diets (Schneider et al., 1986). 

Little evidence exists for a Na-by-K interaction when 
dietary Cl was held con. tanl, and Na and K were fed at or 
above their estimated requirement. Na and K were equally 
effective when dietary anion cation diITerence was increased 
by addition or either cation. In on ly one tudy ( l waniuk and 
Erdman. 2015) was Na more effective than Kin maintajning 
milk rat, but cation had no elTect on milk yield or intake. In 
other experiments (West et al.. 1992: Sanchez et al. , 1997; 
Hu and Kung, 2009), the K/Na ratio did not affect intake or 
milk production. Wildman et al. (2007) showed a quadratic 
effect of the K/Na ratio on miJk production but no e!Tect on 
intake or milk composition. 

Sodium Deficiency 

Babcock ( 1905) fed a diet very low in Na to dairy cows 
and described intense craving for salt, licking and chewing 
various objects, and general pica. Deficiency signs were 
manifested within 2 to 3 weeks. Na deficiency igns may 
not develop for weeks to mo nths. depending on rate of milk 
production. However, feed intake and milk yield began to 
decline I to 2 week after cows were fed a diet without 
supplemental NaCl (0. 16 percent Na), and pica and drink
ing of urine of other cows were obser ved (Mal lonee et al.. 
1982a). Although dietary Cl concenu·ation was not measured 
in tl1at study, potassium ch loride (KCI) was supplemented 
(1.0 percent lotal dietary K ), so Cl deficiency was probably 
not the cause of the condition. The condition was reversed 
quickly by inclusion of NaCl in the diet. Other deficiency 
signs include loss of appetite; rapid loss ofBW; an unthrifty. 
haggard appearance: lusterless eyes: and rough hair coal 
(Underwood. 1981 ). More extreme signs of deficiency in
clude incoordination, shiveri ng, weakness. dehydration. and 
cardiac arrhythmia leading t<> death. 

Free-Choice Feeding of Sodium Chloride and Sodium 
(Sodium Chloride) Toxicity 

Cattle con ume salt liberally when it is available. Smith 
et al. (1953) found that lactating cows consumed more salt 
when provided free-choice in granular versus block form. 
but consumption of block was sufficient to meet needs for 
lactation. Demott et al. ( 1968) fed lactating cows 4 percent 
NaCl in a grain mix al I kg of grain for each 2 kg of 4 percent 
fat--corrected milk yield for 2 weeks without i ll effects on milk 
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y ield. BW, or general health. Although total DMl wa<> not 
measured, the N a concentr:llion of the total diet DM would 
have been about 0.8 to 1.0 percenL. High intake o f NaCl can 
increase the incidence m1d severity of udder edema (Randall 
et al., 1974). Feeding diets w ith 0.88 percent Nn from NaCl 
or NaHC0 3 to mid- lactation Holstein cow. did nOL cause 
toxicity or reduce feed intake and milk y ield compared w ith 
0.55 percen1 Na (Schneider et al. , 1986). 

A major facLOr innuencing the degree o f exhibition o f 
N aCl toxicosis is Lhc availability and quality of drinking 
water. Extensive discussion of Lhe effects of high Na and 
c 1- concentratio ns in drinking water is provided in Chap
ter 9. N RC (2005) set the MTL o f NaCl at 3 percent of diet 
OM for lactating caule and 4.5 percent for growing canle. 

Chloride 

The requirements for c1- ror vrui ous classes o f dai ry Callie 
are the least studied of any strong ion. Nonetheless. i ts phy i
o logic roles and interrelationships with Na and K are extremely 
importanL Typical ly. c 1- i. provided in lhe diet as NaCl, which 
is solubilized, releasing the negatively charged c 1- ion for ab
sorption. c1- is f unclionally importanl because of it propensity 
lo accept electrons during metabolism. 

Physiologic Roles 

c 1- i. the major anion in the body involved i n regulation 

o f osmotic pressure. making up more than 60 percent o f the 
to1al anion equivalen1s in the extracellular fluid. As a strong 
anion, it always is d i. sociated in solution. IL is essential for 
transport of car bon d ioxide a111d oxygen. the chief anion 
in gastric secretions. and accompanied by H+ in nearly 
equivalent amounts. It is needed for activation o f pancreatic 

amy lase, and ch lorinated compounds are produced by ome 
phagocytic cells to kill pathogens. Typical concentrations of 
c 1- are from 90 and 110 mEq/L in blood plasma and 10 to 
30 m.EqfL in ruminal Ouid. The concentration of c1- in cattle 
wa. estimated to be about 1.2 to I .4 g/kg over the range of 
lOO to 500 kg empty body weight (EBW: ARC, 1980). 

CJtilizalion and Homeostasis 

About 80 percent of Lhe Cl- entering the dige live tract 
arises from digestive secretions in saliva, gasu·ic lluid, bile, 
and pancreatic jlLiCe. Cl- is absorbed throughout Lhe digestive 
tract. lt, like Na. i . ab orbed m ainly from the upper small 
inLesLine by passive diffusion foHowing Na along an electric 
gradient. c 1- is transported across the ruminal wall to blood 
against a wide concentration gradient (Sperber and Hyden, 
1952). M artens and B lume ( 1987) showed that c 1- wa co
trnnsported actively with Na across the rumen wall, although 
Lhe exact mechanism is unclear. Substantial absorption of 
c 1- from gastric. ecretions (hydrochloric acid) occurs in the 
distal ileum and large intestine by exchange w ith secreted 
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bicarbonate. A ppreciable quantities of c 1- are excreted in lhe 
feccs, in pan lo maintain o matic balance along with the other 
. trong ions (Na+ and K ) to maintain recal moisture content. 
Ln the short term, relatively large day-to-day difference in 
dietary intake of c 1- have lillle effect on the total c 1- enter
ing Lhe digeslive u·acL Much smaller amOlmls o f Cl- are lost 
in weat main ly as NaCl or K CI. c1- fed in exces. of needs 
for maintenance and milk produc tion is primarily excreted 
in the urine. 

Tight regu la1ion or the concentration of c1- in extracel
lular fluid and i1s homeostasis is coup led intimately to that 
of Na. The role o f ci- in maintaining ionic and nuid balance 
was thought to be passive to that of Na and K. However , Fell
man et al. (1984b) showed that during c 1- de fic iency, the ion 

functioned independently to mediate c 1- conservation. c 1-
was conserved by reduc ing excretion by the kidney, as well 
as in feces and milk. Exce s c 1- intake is excreted mainly in 
urine of steers and sheep (Nelson et al., 195.5), but in lactat
ing cows. a significant amount o f c 1- is excreted v ia feces 
(Coppock, 1986). Normally. anion concentration in extracel 
lular fluid is reguJated secondari ly to cation concentra1ions. 
and when the amount exceeds reabsorption capability or the 
kidney. excess c 1- is excreted in urine (Hilw ig. 1976). c1-
excretion is tied Lo excretion of strong cations, acid-base bal
ance. and maintenance of electrochemical neutrality of the 
urine (Stewart, 198 1) . Under normal circums1ances. excess 
calions are secreted in conjunction with c1- , and bicarbonate 
ion excretion increases to maintain electrochemical bal
ance. re ulting in alkaline urine. I f bicarbonate or electro ly te 
Cations need to be conser ved in relation lO C l- , Cl- excretion 
i accompanied by ammonium ions and urine pH decreases 
to maintain systemic acid-base balance. 

Requirement for Absorbed Chloride 

Maintenance 

The factorial method was u. ed Lo derive Lhe absorbed c 1-
requiremen1. Jn the previous report (NRC. 200 I), the main
tenance requ irement for c 1- was . et at 2.25 g/100 kg BW. 
This requ irement was based on the suggestion that inevitable 
endogenous losse o f c1- in feces and urine on a mass basis 

are about 50 percent higher than that or Na (Gueguen et al.. 
1989), but no ex pcrimental evidence for that was given. Fell
man et al. ( I 984b) showed that urinar y excretion of c 1- was 
minimal ( <2 g/d) during c 1- deficiency. Urinary excretion of 
Cl- is dependent on Lhe relative urinary excretion rates o r K 
and Na (SLewarL. 198 1) such t.hal il is nol possible Lo develop 
a con istent estimate of endogenous urinary excretion o f Na. 

W ith the relationship between recal water excrelion and 
total strong ion excretion (see Na d iscu sion). the commit
tee's estimate of the maintenance requirement for c 1- is 
based on inevitable losses in reces. M etabolic recal excre
tion of c 1- was e. timated from the re. ults of 144 individual 
c 1- digestib~lity measurements from nine experiments in 
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which cows were fed diell. ranging from 0.25 to 0.61 percenL 
Cl . The metabolic fecal requircmcnL was determined by 
regres. ion of apparently absorbed c1- on c1- intal e. both 
C\pres ed as g Cl Ilg of feed DM. The resulting equation 
"a., as folio\\ : Absorbed c1- =-1.1 1 (± 0.25) +0.92 {± 
0.075) c1- Intake; RMSE=0.52: R~=0.87: P<0.001. Thi<. 
equation indicatei. a metabolic focal rcquircmenl of I. I I g 
Cl /lg diet DM (0. 11 percent Cl in the diet DM) and an 
a'erage AC of 0. 92. 

Using an absorpti\C efficiency of 92 percent. a 700-1.g 
cow con uming 25 l g of feed DM would have a metabolic 
fccal c1- requirement of 30. I g/d. Thi .. value is more theoreti
cally grounded but is also 76 percent greater than the NRC 
{200 I) estimate for maintenance or 17.5 g/d. 

Effect of Environmental Temperature 

No provi ion was provided for er- losses in S\\.Cat durinl! 
heat stress in I.he 2001 NRC. Rcexamination of the data of 
Jeni.in on and Mabon ( 1973) with A)1rshirc calves suggested 
that the mean Cl concentration in i.weaL wa 0.28 g/L. 
Ul-iing lhe surface area calculations and the sweating rates 
del-.cribed for a. an c timated Cl chloride excretion rme 
is 0. 1 98e11o.i~ THI (R~=0.93). suggeMing that c1-1ol-.i.c., arc 
similar to Na. The projected chloride losses would be 0.7 to 

1.2 g/d for a 700-1.g co'' exposed to a THI ranging from 
72 Lo 85. These 101.ses are !!mall and !>ubject to subl-.tantial 
uncertainty: lherefore. effects of temperature were not in

cluded in the model. As uming a 5-fold increase in actual 
. weming rate reported by Thompson et al. (20 I J) compared 
to tho ·e by Jenkinson and Mabon { 1973). Cl lo se. "ould 

be much greater. More reliable data on sweating rates and 
the c1- concentration in sweat are needed to c. lablish a re
quirement for Cl lo.,l-.es during heat stress. The los. \\Ould 

be negligible "hen cffccti .,,c heat abatement technologic-. 
arc used. 

Growth 

For cattle'' ith BW bel"ccn 150 and 600 kg. I.he require
ment for absorbed Cl for growth ''as , et at 1.0 g Cl/kg of 
ADG (Gueguen et al.. 1989>. 

Pregnancy 

No research is available to di rcclly cstablii.h I.he require
ment for absorbed Cl for pregnancy. Howe\'cr. based on con
i.idcrat.ion of the daily a accretion rate of the concept us and 
lhe fctus l-.Cparately (How,e and Bell. 1993). and al-isuming 
lhat lhe relath e proportions of c1- and Na in the fetus and in 
a newborn calf (41.5 percent c1- and 58.5 pen:cm Na: ARC. 
1980) are similar, Adequate Intake (A l) for pregnancy from 

•90 days or gesLation lo parturition \\as set at 1.0 g/d x (BW I 
715). The a'erage BW in Hou~ and Bell ( 1993) was 7 15 kg. 
and requirements arc 'icalcd 10 that. 

\UTR/£,\ T REQU/R£\f£NTS OF DAIR) CATTLE 

Lactation 

Cl- exists in milk almost entirely as lhc free ion (Hoh. 
1985). Cl i-. highel>t in colo'>Lrum. declines rnpidl) to a'cr
agc concentrations after lactation commenc~. and increase 
toward the end of lactalion (Flynn and Power. 1985). The 
previous report set lhe absorbed Cl requirement for milk at 
1.15 g Cl/lg based on I.he average c 1- concentration in milk. 
from several studies reported by ARC ( 1965). Mill c 1- is 
strongly related to incidence of mastilil and is elcvuted in 
cows wilh tu gh mill SCC {Hannon. 1994). Wilh improved 
management tcchniqu~ for prevent.ion of ma!.litis. milk c1-
concen1ra1ion \\.Ould be expected to have decreased durinJ.? 
I.he past 50 years. The weigh tcd average mill. c1- conccntra~ 
lion acros., several more recent !>t udie (Fisher et al.. 199-t: 

SancheL et aJ.. I 994a. 1997: Silanilove et al.. 1997: Kume 
et al.. I 998: Robin on et al. 2002: 'an Hui Len et al.. 2009: 
Cast.illo Cl a.I.. 2013: Khelil-Arfa et al.. 201.i: Viscntin cl al .• 
2016) was 0.97 (± 0.06) g Cl/kg. Therefore. the absorbed 
Cl- requirement for milk production wa. set at 1.0 g Cl/kg. 

Summary of Equations (g absorbed Cl-Id) 

M aimenancc = I . I I x DMr {Equation 7- 18) 

Growth= J.OxADG (Equation 7-19) 

Gel-.tation (> 190 d pregnant)= l.Ox(B\V /715) 
(Equation 7-20) 

Lactation= l.OxMill. (E4uation 7-2 1) 

where DMl.ADG. and mill arc in lg/d. and BW is in I.e. 
"' 

Dietary Requirement and Efficiency of Absorption 

Little research has been done in nrminants to mea11ure the 
true AC for Cl- principally due LO the widespread availability 
of good, incxpensi\.c inorganic sources (e.g .. NaCl). Cl from 
inorganic sources and common fecd!>tuffs i!'. freely released 
into Lhe liquid phase of lhe digesta and readily ~tbl-.orbed 
(Underv. ood, 1981 ). Apparent absorption of Cl- in lactat
ing cow. fed fresh forage ranged from 71 to 95 percent and 
m eraged 88 percent (Kemp. I 966). This ii. comparable to 
?lher estimmcs of absorption efficiency of 85 to 9 1 percent 
m cattle and i.heep fed mixed diets (ARC. 1980). Pa4uay 
et al. { 1969b) found that apparent absorption of Cl was not 
~nflucnced by intal.c of Cl- but was correlated negati\.ely ,, ith 
mtakes of DM. energy. and pcnto11an. as well as positively 
correlated\\ ith intake~ of Kand N. Factors such as lactat.ion. 
pregnancy, and growth alTccting the rcquircmem for Cl do 
not appear to alter the efficiency of Cl- ab orption. Overall. 
lhe absorption efficiency for Cl in ingredients common!) 
fed Lo dail) caulc i!. u uall) ~O percent (Henry. 1995b). 
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Our e. LimaLed ab. orption efficiency from 144 c1- balance 
studies was 92 percent. Therefore, an AC for c 1- or0.92 was 

assigned ror all dietary ingredients. 
For a 650-kg cow consuming 28 kg/d DMl and produciJ1g 

45 kg/d milk. Lhe new requirement for Cl- includes 34 g/d for 
maintenance (28 kg DMix l.11 I 0.92) plus 49 g c1- required 
~or milk production (45 kg milk x I I 0.92) for a total or 83 g 
dietary c 1- . This compares wilh the previous dietary c1- re

quirement of 8 1 g/d (NRC, 2001). While the maintenance 
requirement has i ncreru ed, milk production requirements have 
decreased such Lhat lhe total Cl- requirement for lactating COWS 

has changed liule compared to the previous NRC. 

Lactation and Growth Responses to 
Varying Dietary Chloride 

Coppock ( 1986) reviewed the estimated requirement of 
dietary Cl- for lactating dairy COWS in studies in which milk 
produc tion ranged from 24 to 32 kg/d. Holstein cows fed 
a diet w ith 0.18 percent c1- comserved c1- by dramatically 
reducing excretion of c1- in urine and feces and tended to re
duce c1- output in milk; however, intakes o f feed and water. as 
well as milk y ield and composilion, did not differ from cows 
fed 0.40 percent Cl-(Coppock Cl al., 1979). Hal f o f the cows 
i11 each u·eatment group had free access to a trace-mineral salt 
block. and cows fed the diet low in c 1- con. umed more or I.he 
salt block. Fetunan et al. ( 1984a) fed diets comai11i11g 0.10. 
0.27, and 0.45 percent c1- for Lhe first 8 to 11 weeks of lacta
Lion. Cows fed 0.10 percent c1- rapidly exhibited clinical signs 
o f c1- deficiency and poor perfonnance compared with I.hose 
red medium and high concentrations or dielary c1- . Health, 
reed intake, and y ield and composition o f milk by cows fed I.he 
medium and high concentrations or dietary c1- were silnilar. 
Empirical model s with a large data set showed LhaL increasing 

dietary Cl- over a range or0.15 to 1.62 percent decreased DMI 
and milk y ield or mid-lactation cow (Sanchez el al., I 994b). 
The negat ive effect of increasing dietary c1- were more dra
matic in hol summer weather than in winter. This is consistent 
wiLh the re.ults ofEscobosa et al. (1984) showing profound 
exacerbating effects of high dietary c1- on acid-base balance 
(metabolic acidosis) and lactaLion performance during heat 
stress. Adding Cl- LO Lhe diet when U1e Olher strong ions (Na+ 

and K+) are held constant reduces DCAD. and the decrea. e 
in DCAD was likely the cause or the negative effect or high 
c1- (discussed in the DCAD section below). 

Feeding diet! wilh 0.038 percent er- for 7 weeks to male 
Holstein calves did not produce cl inical deficiency or depress 
feed intake, growth rale, or digestibility of feed compared 
w ith cal ves fed 0.50 percent c1- (Burkhalter et al.. 1979). 
Calves red the low er- diet adapted by reducing urinary ex
cretion of c1- , and their water intake and urine output were 
greater than that or calves fed more c1-. Calves fed a low 
ci- (0.038 percent) diet developed mild atkalosis, but it did 
not affect growth. and calves adapted to the low intake or 
c 1- (Burkhalter et al.. 1980). 
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rr NaCl is used to meet lhe Na requirement, generally the 
c 1- requirement i. met or exceeded. However. if NaHC03 
or some other Na-containing sa il is u. eel LO supply Na, il 
may be necessary to meet the c1- requirement with another 
supplement (<e.g .. KCI). Research is needed to establish more 
accurate requirements and appropriate dietary concentrations 
of er- (and Na) for all c lasses or dairy cattle. tr current esti
mates are too high, it could contribute to soiJ salinity when 

manure i. applied (Coppock. 1986). c1- in drinking water 
also may make a major contribution to intake or c 1- . [n a 
survey of39 Cal i fornia dairy herds by Caslillo et al. (2013). 
inclusion or the c1- in water increased e. ti mated lotal c1-
intake by 6.5 percent. 

Chloride Deficiency 

c1- defic iency was created in young ca lves (100 kg BW) 
by reeding a diet wilh 0.063 ·percent c1- and removing about 
600 g or abomasal contents daily (Nealheiry et al., 198 1 ). 
Clinical signs were anorexia. weighl loss, lethargy. mild 
polydipsia. and mild polyuria. ln latter stages, severe eye 
defects and reduced respiration rates occurred, and blood and 
mucus appewrcd in rece . Deficiency or c1- resulted in evere 
alkalosis and hypochlorcmia, which manifested in secondary 
hypokalemia. hyponatremia. and uremia. Control cal ves also 
had abomasal contents removed daily but were reel a diet with 
0.48 percent c1- , and they grew normally and showed no signs 
of deficiency. During the fir t 8 to 11 weeksorlactation, dairy 
cows fed low (0. 1 percent. dry basi ) c1- exhibited dramatic 
and progressive declines in intakes of feed and water, BW. 
milk y ield, and electrolyte concentrations i n blood serum. 
saliva. urine. milk. and feces (Feltman et al.. l984b). 

A significant dec line of er- in blood serum was found 
within 3 days afler switching cows from a diet containing 
0.42 percenl to a diet with 0.10 percent c 1- (Fellman et al.. 
1984b). Clinical signs o f deficiency were depraved appelite. 
lethargy. hypophagia, emaciaLion. hypogalactia, constipa
tion, and cardiovascular depre. sion. Metabolic alterations 
were severe primary hypochloremia. secondary hypokale
mia. and metabolic alkalosis (Feuman et al., 1984a,b.c). 
c1- deficiency, resulting from an i nadequate dietary supply 
or loss of gastric juice. , can lead to alkalosis due Lo an excess 

or bicarbonate. because inadequate chloride is p<11tially com
pensated for by bicarbonate. 

Chloride Toxicity 

High systemic concentrations o f c1- , in mhe absence of a 
neuLralizing cation (e.g., Na+), can cause disturbance of nor
mal acid-base equilibrium (Stewart, 1981; facobosa et al .• 
1984), but the maximum to lerable concentration or c1- in 
the diet has not been determined. The maximum tolerable 
concentration or dietary NaCl was set at 3.0 percent (dry 
basis) for lactating dairy cow. and 4.5 percent for growing 
cattle (NRC. 2005). 
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Potassium 

Physiologic Roles 

K is the third mo'>t abundant mineral in the body. h must 
be supplied daily because there is little storage in the body 
and lhe animal's requirement for K is high. K ~ imohed 
in osmotic pressure and acid-base regulation, water balance, 
nerve impulse transmission. mu cle contraction. and o.xygen 
and carbon dio.xidc transport: as an acti,ator or cofactor in 
many cnL> matic reactions: in cellular uptake of AAs and 
s)nthcsis of protein: in carbohydrate metabolism: and in 
maintenance of nonnal cardiac and renal tissue (Stewart. 
t 981: Hemken, 1983). ll is lhc major intracellularclectrolytc 
"ilh concentrations in lhc range or I SO to I S5 mEq!L. In 
contrul to Na· and Cl • extmcellularconcentrations of K• are 
low (about 5 mEq/L). Saliva typically contains <I 0 mEq/L. 
"'hercfu. concentration'> in ruminaJ nuid range from 40 to 
H)() mEq/L (Bennink et al.. 1978: Canerton and Erdman. 
20 t 6). Blood plasma contuins 5 to I 0 mEq/L. The vast ma
jority of K in blood i'> located within red blood cells (Aitken. 
1976: Hemken, 1983). About 80 percent or the Kin the body 
is 31,,ociated v. ilh lean tissue and bone. Ga\troinle tinal con
tent-. account for an additional 15 percent of body Kand arc 
affected by the K content or the diet (Belyea et al.. 1978). 

Potassium Utilization and Homeostasls 

K is absorbed primarily in the duodenum by simple diffu
sion. and i.ome absorption occur., in the jejunum. ileum. and 
large intestine. The main c'crctory route of cxce s abi.orbcd 
K b ' ia urine. This route i~ primarily under regulation by 
aldosteronc, which increases sodium reubsorption in the 
l..idney with the concomitant excretion of K. Blood acid
ba.-.e .,talu::. also alTccls urinary c.xcrction of K (McGuirk 
and Butler. 1980). With the oni.et of un alkalotic condition. 
i11trncellular H .. arc exchanged "ith K• in pla ma as part of 
the regulatory mechanisms to ma.intajn blood pH. A large 
grad ient exists between intracellular renal tubule concentra
tion-. of K and that of luminaJ nuid (urine). This gradient 
affect the pa age of K from the tubular cell!. into urine. 

There is a distinct relationship between e'ces~ cation., 
-.uch a.-. 1 a• and K and urinary pH (Hu and f\ lurphy. 2004). 
E.'ccs. K and Na arc excreted in the urine and rei.uh in 
incre!\ ed urinary bicarbonate ecretion. Because K i!. the 
primary cation in dairy caulc diets, intake response LO K 
may be directly related to changes in urinary acid-base bal
ance. Fecat K is primaril) from endogenous los!.Cs ru. true 
digcstibilit> of K approachc. I 00 percent. 

Requirement tor Absorbed Potassium 

The factorial method wa~ u ed to derive the absorbed K 
requircmenL [n the previous report (NRC, 200 I). the mainte
nance requirement for K wru. !.Cl at 0.038 g K/kg BW plus 6.1 g. 

/:l.UTRIENT REQUIREMENTS OF DAIR> CATTLE 

K/kg DMI. These requirements were based on suggested en
dogcnoui. urinary losse of0.038 g K.lkg BW and endogenous 
fecal lo. es of 2.6 g K/kg of dietary DM (Gueguen el al.. 1989) 
coupled with an empiricaJ adjustment of the endogenou-. fccaJ 
lo e. of an additional 3.5 g K/kg diet D~l for a total 6.1 g 
K/l..g. The empirical adju tment to fccaJ loi.ses wa.-. added 
because ba:..cd on production rcspon:..es. the initial requirement 
was not adequate (Dennis et al.. 1976; Dennis and llcmken. 
1978: Erdman cl al.. 1980: anche1 cl al.. 1994b.c). Gener
aJI}. ru. dietary K increased from 0.5 10 1.2 percent of dicta!) 
DM. feed intake wa. con istcnlly increased. The previoui. 
commiuee ~uggcsted that a higher maintenance requirement 
for absorbed K for lactating.cows compared with non lactating 
animals was j ustified based on K's role in dymtmic proccssei. 
a. ...... ociated with ruminaJ function at higher le\ eh. of feed intake 
and maintenance of s)':..temic acid-base balance. 

Ho"e' er. the adjustment wa applied to the metabolic 
fecal K requirement. Appl) ing the adjustment in this way 
implied much gr~tcr fecal lo~scs than the actual mca.-.ured 
lossei.. A metabolic feca l requirement of 6.1 g K/kg diet DM 
in a diet containing 1.2 percent K would ha'c implied an ap
parent AC of 0.49. which is for below any mca.'>ured values 
in the ljteraturc. 

As it is difficult to fonnulate a diet with lc~s than I percent 
K u:.ing traditional forages. the studies u ed to dctcnnine the 
intake and milk production rcsponi.es to K often fed atypical 
diets that were high in cereal grains, by-product feeds such 
as brewers dried grains. distillers grain'>, and couonsecd hull 
as a forage -.ubstitule to achie'e a lo" K ha al diet (Dennb 
et al.. 1976: Dennis and Hemken. 1978: Erdman cl al.. 1980: 
SanchcLCl al.. 199-lb.c). In most case,, the calculated DCAD 
of the basal diets was low (0 Lo SO mEq per kilogram diet 
DM) using the Ender et al. ( 197 1) equation. wh ich includes 
sulfide (S2 ). Jn addition. dietary K was increased b) addition 
of KCI. which would not change the DCAD concentration. 
Therefore. the committee b uncertain ''helhcr these results 
could be applied to more t)pical diets where bai.al DCA Dis 
200 mEq/kg or greater. Since only dictttry Kand a can be used 
to increase DCAD. the question i:, whether Na• could replace 
K-t as a urinary cation to maintain an aJkalinc urine once the 
needs for metabolic fecal and milk K secretion have been met. 

~1etabolic fccal excretion of K '"'as ~timated from the 
resulti. of 149 indi' idual K digestibility measurement'> from 
nine experiment!. in which CO\\. were fed diets ranging from 
0.96 percent 10 1.86 percent K. The metabolic fecal require
ment was <lctcnnincd by regression of apparently absorbed 
K on K intake. both expres. ed as grams per kilogram of 
feed DM. The regre. ... sion equation "as a fol IO\\ i.: Absorbed 
K=-2.4X (± 0.74) + 1.02 (± 0.056) K lnta~c; RMSE=O.S2: 
R1=0.93: P < 0.00 I. This cq uation ... ugge. t::. n metabolic fe
cal requirement of 2.48 g K/b.g DMI and a true absorption of 
1.02. which w:u, not different from I. Therefore, the meta
bolic fecal requirement wm. ~et at 2.5 g K/kg DMI. imilar 
to previous estimate. (Paquay cl al.. 1969a: Gucgucn et al.. 
J 989). and an AC of 1.0 wa.., assigned to dietary K. 
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Urinary excretion of K is dependent on the re lativeexcre
Lion rates o f Na and c 1- (Stewart, 1981 ). Dairy cattle typically 
secre te an alkaline urine with a pH of -8.0 (Hu a nd Murphy. 
2004) because o f the need to excrete excess cations (K+ and 
Na+) in relation to anions (Ci-), which in tum increases uri
nary bicarbonate secrelion to maintain the electrochemical 
balance in the urine. As previously indicated, a maintenance 
requirement based o n the measured metabolic fecal K alone 
would res ult in a diet that is too low in K compared to the 
observed experimental responses to dietary K with respect lo 
feed intake and milk productio n (Dennis et a l., 1976; De n
nis and Hemke n. 1978: Erdman et al .. 1980; Sanchez et al., 
E994b,c). Therefore, the committee arbitrarily set a n Al to 
meet the e ndogenous urinary K needs at 0.2 g/kg BW. This 
will usual ly result in a minimum d ietary K concentratio n of 
E .00 percent o f diet DM for lactaling dairy cows. The Al to 
meet endogenous urinary Kneed for growing heifers and dry 
cows was set a t 0.07 g K./kg BW to maintain a minimum total 
dietary K of 0.60 percent. 

Effect of Environmental Temperature 

NRC (200 I) set absorbed K requirements for thenno
regu lation (sweating) at 0.04 a nd 0.36 g/1 00 kg BW for 
caule maintained at environme ntal temperatures of 25° to 
30°C and >30°C.. respectively. This is equ ivalenl to 0.28 and 
2.5 g/d, respectively. in a 700-kg dairy cow. Reexamination 
of the data of Jenkinson and Mabon ( 1973) with Ayrshire 
calves suggestedl that the mean K concentration in sweat was 
0.45 g/L. Using the surface area calculations and the sweating 
rates previously described for Na, an estimated K excretion 
rate (g/M2/d) would be 0.08e0·001 x THI (R2=0.93). suggesting 
that K losses at the upper end of Lhe THI range wou Id be 0.8 
to 2.5 g/d for a 700-kg cow exposed to a THJ ranging from 
72 to 85. Al the upper end of the THC range, these losses are 
approximately 2-fold greater than those for Na and c 1- . As
suming a 5-fold increase in aclual sweating rate reported by 
Thompson et al. (2011} compitred to those reported by Jenkin
son and Mabon ( I 973}, K losses could be much greater. The 
measured average sweating losses from 0900 10 2200 h in heat
stressed Holstein cows (Mallonee et al.. J 985} was 0.20 g/h. 
While estimated K+ losses are approximately 2-fold grcaler 
than those fo r Na and c 1- , these losses are negligible in relation 
Lo typical K intakes in lactating dairy cow. of 250 to 350 g/d 
(<I percent of K intake). These losses would be minimal where 
evaporative cooling was used as a means of heat abaLemenl. 
T he committee concluded that more reliable data on sweating 
rates and the K concentration in sweat are needed to establish 
a requirement for K losses durimg heat stress. Therefore, no 
provision is provided in the model for sweating losses for K. 

Growth 

The previous commiuee(NRC, 200 I) set the requirement 
o f absorbed K fo r growth at 1.6 g/kg ADG based on the es-
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timate of Gueguen e t al. ( 1989) for callle with BW between 
150 and 500 kg. That value seemed low when compared to 
measured values. The K conte nt in mature Ho lste in heifers 
(Be lyea el al., 1978) fed diets that varied in K was 2.0 (± 
0.08) and 1.95 (± 0.06) g K/kg to tal BW and EBW, respec
ti vely. The K content in growing caHle decreased from 2.20 
to 1.96 glkg EBW as slaughter weight increased fro m 252 
and 454 kg (Lob man and Norton, 1968), but there was no ef
fect of slaughter weig ht on K concentration in the total body 
(2.49 g/kg). Since K retentio n at any given range includes 
retentio n in the gastrointestinal tract., the K requirement for 
growth was set al 2.5 g K./kg gain. 

Pregnancy 

Slaughter data from 18 multiparous pregnant Holstein 
cows were used to quantify the require ment for absorbed K 
for conceptus accretion during the last trimester of pregnancy 
(House a nd Bell, 1993). Requirement for K is negligible up 
until about 190 days of gestation. A fler 190 days o f gesta
tion, the requiremenl of the conceptus for absorbed K is 
1.03 g/d x BW I 7 15 (the BW term scales va lues to the aver
age cow in that study). 

Lactation 

The K concentration in milk is constant even under condi
tions of wide ly varying K intakes (Sasser et al.. 1966). The 
previous report set the absorbed K requirement for milk at 
1.5 g/kg . The weighted aver age milk K concentration sum
marized across severaJ more recent studies (Fisher et a l., 
1994: Sanc hez e t al.. I 994a, 1997: S ilanikove c l al.. 1 997~ 

Kume e t a l., I 998; Robinsori et al. 2002: van Hulzen et al., 
2009: Castillo el al., 2013: Khelil-Arfa et al., 2014: Visentin 
et al.. 2016) was 1.49 (± 0. 11 ) g K/kg. Therefore, the ab
sorbed K require ment for milk production was ma intained 
at 1.5 g K/kg milk. 

Summary of Equations (g absorbed Kid) 

Maintenance ( lactating cows)= 2.5 x DMC + 0.2 x BW 
(Equation 7-22a) 

Maintenance (nonlactating animals)=2.5 x DMI + 0.07 x BW 
(Eq uatio n 7-22b) 

Growth= 2.5xADG {Equation 7-23) 

Gestation (>190 d pregnant)= 1.03 x BW I 715 
(Equation 7-24) 

Lactation= 1.5 xMilk (Equation 7-25) 

where DMl, ADG, and milk are in kg/d, and BW is in kg. 
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Dietary Requirement and Efficiency of Absorption 

Hemken ( J983) indicated that K is almost completely 
absorbed with a t rue digestibility of 95 percent or greater for 
most feed.Luffs. Paquay et aJ . (1969a) round lhat the appar
el1l ab. orplion or K by dairy cow. fed al falfa Hage. clover 
silage, and cabbage ilage ranged from 87 LO 94 percenL A p
parent absorption was slightly lower in four tropical forages 
feel LO sheep, but efficiency o f absorption was not alTcctecl 
by maturity o f Lhe forage (Perdomo et al.. 1977). A verage 
apparent absorption of K in eight forages fed LO caule and 
sheep was 85 percent (Miller, 1995). 

Because K is excreted mainly in urine. urinary excretion 
and apparem ab orpliou are reliable criteria for estimation 
o f efficiency o f absorption. Supplememal K from inorganic 

sources such as potassium carbonate. KCI. and potas ium 
sulfale is highly soluble and readily available for absorption 
(Peeler, 1972; Miller. 1995). In the model , an AC value of 
LOO for K was used for all feed tulTs and mineral ources. 

For growing heifers weighing 300 kg. gaining I kg BW/d 
and consuming 7 kg DM/d. the previous requirements (NRC, 
200 1) was 34.7 g (0.49 percent K in diet OM). The new re
quirement is 41 g (0.59 percent K in diet OM). The dietary 
K requirement from the previous report (NRC. 2001) for 
a 650-kg lactating dairy cow produc ing 45 kg milk and con
suming 28 kg diet DM/d was 265 g (0.94 percent K in diet 
OM). The new dietary requirement is 268 g (0.96 pcrcen1 K 
i:n diet OM). EssenLiaJly. the total requirement. for K have not 
changed . ubstantially, bm the route of excrelion has shifted 
from metabolic fecal to endogenous w·inary excretion. 

Production Responses to Varying 
Concentrations of Dietary Potassium 

Growth 

Growth o f dairy calves was maximized wilh 0.58 percent 
d ietary K , and no benefits were noled wi th higher concemra
Lions (Bigelow et al. , 1984). Weil et al. (1988) found no dif
ferences in BW gain (average 0.73 kg/d) or DMJ when reed

i111g diets with 0.55 to 1.32 percent K (dry basi.) to H olstein 
and Jersey calve. starling at 4 weeks of age. but A DG and 
leed intake were greater for cal ves fed 0.58 pcrcem K than 
for those fed 0.34 percent. Tucker et aJ. ( 199 1) fed diets w ith 
0.4 or 0.6 percent dietary K (supplemen1ed from KC!) and 0 
or 2.0 percent NaHC0 3 to grow ing calves (76 lkg BW) and 
round no effects on feed intake. However, ADG increased 
with higher dietary K and tended to be reduced by addition 
of N aHC0

3
. Feedlot cattle require 0.55 to 0.60 percent K 

(NASEM. 20 16), but for callle under range conditions w ith 
slower growlh rates. 0.3 to 0.4 percent K appears adequate. 

Lactation 

The secretion of K in milk necessi tates higher dietary 
concen1rations for lactating cows compared w ith growing 
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callle. Early research indicated that 0.75 and 0.70 percent 
dietary K (dry basis) was sufficient for early and mid- to 
la1e-lactation cows averaging 24 and 29 kg/d milk produc
Lion, respectively (Dennis et al.. 1976: Denn is and Hemken. 
1978). Feed i ntake generally increased as dietary K concen
tration was increased up Lo about 1.0 percent of diet OM. but 
milk responses were small (Dennis et al., 1976: Dennis and 
Hemken. 1978: Erdman et a l. , 1980:Malloneeet al.. 1985). 
Sanchez et al. ( l 994b.c), u ing data from 15 experiment. 
with mid-lactation dairy cows ( 1,444 cow-period observa
tions) conducted in ei ther cool or warm seasons, showed 
that intake and milk yield were improved w ilh concentration 
of die1ary K well above those needed to meet requirements. 
Intake and milk y ield responses over a range or dietary K 
concentrations (0.66 to 1.96 percent, dry ba. is) were cur
vilinear, with maximum perfonnance at l.50 percent K in 
the cool ea. on. In the warm season. DML and milk yield 
increased over the range of dic1ary K concentrations in the 
data set. Because o f the numerous interactions observed. 
optimal concentration of K likely varies depending on other 
minerals. For example. higher die1ary c1- would result in an 
increased cation response from either Na or K due to efTect or 
DCAD (Hu and M w-phy. 2004: I wan iuk and Erdman. 20 15). 
Interactions of dietary K with Na and c1- on DMI differed 
in cool versus warm sea.on experiment . In a winter study 
in Florida. M allonee ( 1984) round no benefi t of increasing 
dietary K from l .07 to 1.58 percent (dry basis) on intake 
or lactation performance of mid-lactation Holstein cows; 
however. there were interactions with dietary Na (0.1 6 to 
0.70 percent). Feed ing diets w ith excess K relative Lo re
quirement increased intake and milk y ield in heat-stressed 
cows (Beede et al., l 983: Schneider et al.. l 984: M allonee 
el al ., 1985; Schneider et al., 1986: West eL al., 1987: San
chez. 1994a). A dietary K concentration o f 1.5 percent (dry 
basis) during heat stress maximized lactation performance 
(Beede and Shearer, 199 1 ). 

Potassium Deficiency 

Signs of severe K deficiency were manifested in lactat
ing dairy cal~ le fed die1s w i th 0.06 to 0. 15 percent K (Prad
han and Hemken, 1968; M allonee et al. , E982b). M arked 

decl ine in feed and water intake. reduced BW and milk 
yield. pica, l oss o f hair g los. iness. decreased pliability of 
the hide, l ower concentrations o f K+ in plasma and milk. 
and higher b lood hematocrit readings occurred within a few 
days to a few weeks after cows were o ffer ed the K -deficient 
diets. Rate of occurrence and severi 1y o f deficiency signs 
appear to be related to rate of milk production. with higher
y ielding cows affected more quickly and severel y than 
lower-yielding cow . With severe K deficiency. cows w ill 
be profoundly weak or recumbent with overall muscular 
weak11css and poor intestina l tone (Sielman et al. , 1997). 
In thL case. hypokalemia syndrome wa. a. socialed with 
LreaLmenl o f ketosi. . 
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When diets conLained 0.5 to 0.7 percent K. the only ap
parent sign o f inadequacy in lactating cows was reduced reed 
intake w ith corresponding lower milk yi eld compared with 
cows fed adequate K. Because many forage contain high 
concentration. o f K, severe K deficiency would be extremely 
rare. However. marginal deficiency can occur if corn silage 
is Lhe sole forage and no supplemental K i. fed. 

Potassium Toxicity 

The dietary concentration o f K Lhat leads to toxkity is 
not well defined (Ward, 1966b). K toxicosis is unlikely to 
occur under natural conditions but coultl occur as a resul t of 
excess supplementation. Acute toxici ty (Ward, 1966a) and 
dealh (apparently cardiac arrest) occurred when 50 l g o f K as 
KCI was given by stomach tube Lo a cow (475 kg BW). This 
amount was approxjmately Lhe daily amount consumed by 
s imilar cows fed 15 kg of al fa l fa that was consumed without 
i II effects. Denni. and Harbaugh ( 1948) administered 182 
and 240 g of K a. KCI w i thout detectable clinkal sign of 
tox.icity, but 393 g by stomach tube to cattle wei ghing about 
300 kg resulted in one death, two that required treatment. and 
two exhibiting no sign of toxicity. Wben4.6 percent dietar y 
K (via supplemental potassium carbonate) was fed to cows 
during early laclation. feed intake and milk y ie ld were re
duced, and water intake and urinary excretion were increased 
(Fisher et al., 1994). NRC (2005) set the maximum tolerable 
concentration at 2.0 percent of diet OM based on indexes of 
animal health. H owever. Callie are known to to lerate high 
concentralions (>3 percent of DM) o f K such as are seen in 
early spring pastures for extended periods of Lime. Dietary K 
depresse M g absorption and is a ri k factor for gras tetany. 
Feeding Kin excess or Lhal needed to meet requirements can 
present metabolic and physiologic challenges no cattle and 
w ill increase excretion of K into lhc environment. 

Dietary Cation-Anion Difference 

OCAD was discussed in lhe 2001 NRC, bul no require
ments were suggested. T he DCAD is calculated as Lhe dif
ference between the . urn or lhe maj or calions (N a+ and K•") 
and the sum of the major anions (Cl- and sometimes s2- ) 

and is expres. ed in rnilliequivalenl. (mEq) per kg or per 
100 g of diet OM. The simplest calculation o f lhe DCAD 
equation (M ongin, 198 1) includes dietary Na, K, and Cl- and 
was developed for use in poultry diets. Ender et al. ( 197 J), 

in early work related Lo the u e o f D CAD for prevention or 
milk fever, proposed 3 D CAD equmion lhat inc luded S 2- as 
the second anion. When discussing speci fic dietary values, 
DCAD calculated using Ender et al. ( 197 I ) wiU be referred 
to as DCAD-S, whereas the Lenn DCAD refers to the M on
gin ( 198 l) equation. For a diet containing I.I 1 percent K. 
0.25 percent Na, 0.33 percent er-, and 0.20 percent S, the 
D CAD and DCAO -S concentrations would be 300 and 185 
mEq/kg DM. re. pectively. 

129 

Inclusi on of o ther diet ary cati ons (Ca2+ and M g2+) 
and anions ( P3- ) have been uggcsted to be included in 
the DCAO equation . . H owever, the contribution o f those 
ion lo urine net acid excretion is dependent on their re la
Live absorption rates and lhe degree o f uri nary excretion. 
Con. table et al. (2009) found lhat K+, Na+, Ca2• . Mg2• , c 1-. 
and sulfale (SO/-) ion accounted for most o f the Lrong ion 
effect on urine pH in callle. However. urililary Ca and Mg 
lo ses in lactating cows are minimal uch that the relative 
amounts or K, Na, c1-, and S04 

2- excretion lhave the greatest 
impact on t1tine pH. 

Cattle routinely con. ume diets Lhat arc h.igh in DCAD. 
resulting in urinary excretion or excess su·ong cations (pri 
marily K+) re lative to trong anions (Ci-). In high DCAD 
diets. urinary electrochemical neutrality is maintained by 
increased bicarbonate secretion. Addition o f a dietary cation 
ource such as NaHC0

3 
(Erdman et al., 1982) to lactating 

dai ry cow s resulted in decreased urinary net acid excretion. 
increased urinary bicarbonate secretion, and increased urine 
pH. Feed intake declined a. urine pH dropped from 8 to 7 (Hu 
and Murphy. 2004) w ith decreasing D CAD. When negative 
DCAD diets are fed, urinary excretion of excess c 1- relative 
to K+ and Na+ occurs, resulling in decrea ed urinary bicar
bonate secretion (Tucker el aJ .• 1988) and reduced urinary 
pH. Reduction in urinary pH below 7 is associated with 
increased Ca excretion in the urine (Constable et al.. 2009). 
Feeding low DCAD diets to prepartum dairy cows reduces 
prevalence of milk fever (see Chapter 12). 

Much of the research on lhe effects of DCAD in lactat
ing dairy cow s has used cati on sources such as sodium and 
potassium bicarbonate, carbonate, and sesqu icarbonate salts 
to incrca. e the OCAD concentration in the d iet. The anion 
components o f these salts can also act as buffering agents in 
Lhe rumen and contribute to Lhe increase in rumen pH and 
acetate/propionate ratio in part becau. e o f their buffering ef
fect. A 100 mEq/kg OM in DCAD resulted in a linear (0.03) 
increase in riumen pH (Twaniuk and Erdman, 2015). T hus. 
the overall effect of OCAD effecLS on animal performance 
is likely due to a combination of their effects on rumen fer
mentation and acid-base . talus o f the cow. 

Lactation Responses to OCAO 

M aximum DMI, milk y ield, and 4 percent fat-corrected 
milk yield occurred at a DCAO of 380 mE q/kg diet OM 
(Sanchez et al., I 994b). Similar results were obser ved 
when data were subdivided by eason w ith maximal 
DCAD for max imal DMl and 4 percent fat-corrected milk 
yield. However, max imum respon. e appeared to occur at 
a slightly higher DCA D in winter- fed versus . ummer- fed 
cows. 

Since the last report (NRC. 200 1). two meta-analyses 
of published literature on D CAD effects 0111 lactating dairy 
cattle (Hu and Murphy, 2004: Iwaniuk and Erdman 2015) 
have been conducted. Hu and Murphy (2004) reported Lhal 
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DCAD had significant elTecL~ on production and acid-base 
responses in lactating cows. The data set inc luded 17 experi 
ments and 69 treatment means using DCAD calculated with 
lhe Mong in ( 198 1) equatfon. Co mpari. on or response curv~ 
fo r DMJ and urine pH revealed a 1.5-kg/d decline in feed 
DMl and a I pH-unit drop .in urine pH as DCAD decreased 
from 340 Lo 120 mEq/kg die t OM. The close re lationship 
between reduced DMI and urine pH suggests that urinary 
acid-base statu, is re lated to DMI. The max ima l intake and 
y.ields or m.ilk. fat-con·ected m.ilk, and fat occurred at DCAD 
o f 396. 336. 489. and 550 mEq/kg diet DM. respectively, 
and the DCAD at which 80 percent or the maximum re
sponse occurred was 200, 185, 190, and 305 mEq/kg DM, 
respective! y. 

lwaniuk and Erdman (20 15) conducted a much larger 
meta-analysis of data collected from 43 published stud.ies 
that included 196 Lreatment mean . . This analysis included 
data previously summarized by Hu and Murphy (2004) and 
incorporated earlier and later published work where supple
ment: such as sodium and potassium bicarbonate, carbon
ate, and sesquicarbonate salts were fed. Data for DMl, milk 
produc tion, and 3.5 percent fat-corrected milk were filled 
to an a.ymptot.ic model where Y = a + b ( 1 - ec-kx DCAD~l). 

where a= inLercept, b = maximaJ response to DCAD-S, and 
k is the rate constant for the e lTect o rDCAD-S ( mEq/kg diet 
DM) on the response. 

For DMl, lhe respon e equation was DMI. kg/d = J 8.44 
(±0.389) + I. I I (±0.468)( I - e <--0.003Sli-O.<>m)x OCAD-S>) . R2 =0.41 , 
RMSE= 0.53. Eighty percent and 66 percent or the maximal 
intake response to DCAD-S occu1Ted al 425 and 290 mEq/kg 
die t DM, respect.ively. Milk production responses to DCAD-S 
were relatively small w.ith a maximal re ponse of 1.1 kg/d. 

M.ilk fat percentage and milk fat yield increased linearly 
wilh increased DCAD wilh 0.1 percentage unit and a 39-g/d 
increase in fat percentage and rat yie ld per I 00-mEq/kg 
diet DM increase in DCAD-S. Rumen pH (83 LreaLmcnt 
means) increased linearly with increasing DCAD-S, with 
Lhc changes in pH being con. istent with the effects on bio
hydrogena Lion o f FA intermediates that are known 10 inhibit 
milk fat synthe. i (see Chapter 4 ) . 

The response function for 3.5 percent fat-corrected 
milk wa. 3.5 percent FCM, kg/d= 25.49 (± 0.751 )+ 4.82 
(± 1.57)x ( I - ef-o.oo24 c:l:f).OOll x 00\o.s), R2 = 0.48. RMSE=0.73. 
For 3.5 percent FCM, 80 percent and 66 percent of the maxi
ma] response to DCAD occurred a l a DCAD-S or 675 and 
450 mEq/kg diet DM, respectively. However. 675 mEq/kg 
was outside or the range or inference in the data set. The 
changes in 3 .5 percent fat-C01Tec1e<.1 milk production re
nected the curvilinear response in milk yield and the ljnear 
response in rat yield to increasimg DCAD-S. 

With fewer observations (52 and 42, respectively), a 
EOO-mEq/kg dieL DM increaseDCAD-S resulted in a 0.73 and 
E.54 percentage unit increase in DM and NDF digeslibility, 
respectively. The change in NDF digestibil ity accounted for 
approximately two-third oflhe focrea e in DM digestibility. 

NUTRIENT REQUIREMENTS OF DAIRY CAITLE 

OCAO Requirements for lactating Cows 

There is no fixed requiremenL for DCAD in lac tating 
cows. Rather. the feeding level chosen should be de termined 
based on lhe incremental produclion respon. es (milk and 
fat yield ) in re lation lo the incremental added co ts (DMr 
and mineral salt supplementation) according to the response 
equations outlined by Hu and Murphy (2004) and lwaniuk 
and Erdman (2015). 

An absollllle practical minimum orAf for DCAD would be 
based on Lhe minimum requirements for Lhe minerals, K, Na. 
c 1- , and sulfur (S). For example. a 700-kg dairy cow produc
ing 50 kg milk will require a diet containing 1. 11 percent. 
0.25 percent, 0.33 percenl. and 0.20 percent K. Na. CI-. 
and S. respectively. The ea lculated DCAD-S using those 
requiremems would be 174 mEqfkg diel DM or 30 I mEq/ 
kg using the Mongin (1981) equal.ion. If measured Cl- and S 
concentration oflhe diet exceeds lhe minimum requirement. 
then additional K or Na may be needed for an acceptable 
DCAD and DCAD-S. 

Growth Responses to OCAO 

Few studies have examined the influence or DCAD on 
growth of calves. Calves ( I to 12 weeks or age) grew faste r 
when red a 200-mEq DCAD-S diet than calves fed a-100-
mEq diet (Xin et al., 1991 ). Ln another study, Holstein and 
Jersey calves: averaging 56 to 70 days of age were fed diets: 
containing-180. 45. 225, and 383 mEq/ kg DCAD-S (Jackson 
et al., 1992). Feed intake and ADG responded quadratically. 
being greatest al 225 mEq and lowest wilh - 180 mEq. Tn 
a follow-up slUdy, intake, growth rate, and Ca metabolism 
were compared for Holstein calves (56 to 70 days of age) fed 
diets wilh -1 80 or 130 mEq [)CAD-S/kg or dietary DM in a 
factorial arrangement or treatments with 0.42 and 0.52 percenl 
dietary ea (Jackson and Hemken, I 994). Feed intake did not 
differ due to DCAD, but growth rate wa increa. ed with the 
L30 mEq/kg DCAD-S: dfotary Ca had no elTect. Urinary Ca 
excretion was greater for calves fed diets with-1 80 mEq 
compared with d.iets wilh 130 mEq. Breaking strength or the 
ninth rib wa<; grea ter for calves fed the 130-mEq Lreatment 
compared willh Lhe-180-mEq treatmem; breaking strength or 
the seventh rib was greater when calves were fed either higher 
DCAD or h.igher Ca. Ba ed on lhese studie., the AI of DCAD-S 
for growing ea.Ives is 150 to 200 mEq/kg of diet OM, which 
is the approximate value obtained when calves are red their 
minimum requirements for K. Na, and c1-. 

No studies were identified in which DCAD was varied in 
growing dairy heifers. Growing (Ro~ et al., 1994b) and finish
ing (Ross e t al.. I 994a) beer steers were fed d.iets containing 
0. 150. 300, and 450 mEq/kg DCAD (Mong in, 198 1 equa
tion), and a DCAD or l50 mEq/kg maximized feed intake 
and growl.h rate. In the absence of experimenls with growing 
dairy heifer, , an adequate DCAD (Mong in. 198 1 equation) 
would be 150 mEq/kg diet DM. 
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Sulfur 

Function 

About 0. 15 percent of the body is S, predominantly in the 
form of SAA (S-AAs) and the amino sulfonic acid, Laurine, 
but S is also a component of Lhiamin and biotin, . Lructural 
compounds (e.g., chon<lroitin sulfate), and other biologically 
important molecules. Melhioni111e. thiamin, and biotin cannot 
be synthesized by cattle: they must either be supplied in lhe diet 
or synthesized by ruminal microbes. The su lfate ion (SO/ - ) is 
found in cellular and extracellular space . and concenu·ations 
are likely under homeostatic comtrol via renal clearance and 
perhaps other mechanisms (Markovich. 2001 ). Sulfate i not a 
major factor in acid-base balance, but the primary function or 
SO,/- is likely acid-base balance. 

Requirement 

The dietary requirement for S by the cow i primarily to 
provide adequate substrate to ensure max imal microbial 
protein synthesis, which in Lum will increase the supply of 
the S-containing compounds required by cows. Based on in 
vitro and in vivo studies, maximum fi berdigestibility usually 
occurs when diets contain 0. 15 to 0.25 percent total S (Guar
diola et al.. 19&3; Qi et al., 1994). B ouchard and Conrad 
(I 973a,b) determined that 0.20 percem dietary S (supple
mental S provided by Na, Ca. K, or M gS04 ) was ade!1uate 
to sustain maximal S retention in mid- lactation dairy cows 
producing 30 to 37 kg milk/d. Based on the lack or any newer 
data. theS requirement for all classes of dairy caule (excluding 
preruminant calves) remained al 0.2 percent of diet DM or 

ToLal S. g/d == DMJ x 2.0 (Equation 7-26) 

w here DMT is kg/d, and S is total dietary, not absorbed. 
Hi torically. a dietary N to S ratio or 10: I to 12: I ha 

been considered optimal (Bouchard and Conrad, I 973a). 
However, no evidence is available indicating that the ratio 
is important when lhe dietary S requirement is met. Low
protein diets may benefit from S supplementation, but that 
is because dietary S probably was also low. 

Sources 

The S conLent of feed tufTs is positively correlated to the 
protein concentrati on; however, the use of S-based ferti l 
i :£er s can increase S concentrations of forages without a 
concomitant increase in protein concentrations (Spears et al.. 
l 985: Arlhington et al., 2002). S is not routinely assayed 
by many feed-testing labs, and table averages wi ll Likely 
underestimate concentrations for forages that have been 
fertil ized wilh S. Most of Lhe S in plants is in S-containing 
AAs, and those AAs reach the i nte tine to be absorbed. arc 
used by rumen microbe!. to synthesize bacterial AAs. or are 
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degraded. Within the rumen. S is released from degradation 
of S-AAs, but the rate of release i much greater for cyst(c) 
ine than for methionine (Bird, I 972b). Furthermore. in vi tro 
ruminal degradation of methi onine is slower than breakdown 
of other AAs (Mbanzamihigo et al., 1997). Theoretically, a 
diet w ilh very low protein degradability could be limiting in 
rumen-available S. even though total dietary S is adequate~ 
however, under practical situations, this is unlikely to occur. 

Cows can con. ume inorganic S (usually as ulfate, S04
2- ) 

via forages that have been fertilized witb S-containing fer
ti l izers. distillers grains (Nietner et al., 20 15). water (see 
Chapter 9), and from S supplement (e.g., M gS0 4, CaSO~. 

and K2S04). Ba ed on in vitro rumen measures, in vivo S 
balance, and ruminant growth studies (mostly with sheep}, 
the different ource of inorganic Sr have . imilar biologicall 
value (Henry and Ammerman, 1995). 

Within cells and exLracelluJar spaces of Lhe cow. SO/- is 
involved wilh acid-base balance and perhaps other functions. 
Oxidation or S-AAs within cell<; is a major source of SO" 2- . 

but SO .i 2- transporter. also exist in the intestine (Markovich. 
2001), and So}- can be absorbed by ruminants (B ird and 
Moir. 197 1). However, much of the ingested SO/- is prob
ably reduced to hydrogen sulfide within lhe rumen. 

Excess Su/fur 

Excess ingested S (includes S from the diet and drink
ing water) causes indirect and direct negati ve effects on 
cow health and productivity. Excess intake of S can lead to 
deficiencies or reduced status of many trace mincraJs. Pro
viding approximately 0.2 percent added s from so/- (total 
diet S at approximately 0.4 percent) reduces the absorption 
of copper (Cu) and selenium (Sc) (van Ryssen et al., 1 998~ 

I vancic and Weiss, 200 I ; Rich ter et al., 20 12), and newer 
data suggest it may aJso negatively alTect manganese (Mn) 
and Zn retention in cattle (Pogge et al.. 20 14). Negative ef 
fect of dietary S probably occur at concentrations less than 
0.4 percent of the diet. lncrea ing dietary S from 0.13 percent 
up to 0.35 percent by increasing dietary inclusion of distillers 
grain linearly decreased liver Cu concentrations in feedlot 
lambs (Felix etal.. 2012). 

Excess S0
4 

2- added LO rations can reduce feed intake and 
performance without eliciting any . igns of clinical toxicity 
(Kandylis, 1984) perhaps mediated via a red1L1ction in DCAD 
(discussed above). Diets with 0.2 percent added SO}-S 
reduced DMI by l actating dairy cows (Ivancic and Weiss. 
2001: Tebbe et al., 2018). High concemration of SO/- in 
water can reduce water intnke (see Ch3pter 9). 

Clinical S toxicity causes neurologic changes. including 
blindness, coma. mu. cle twitches, and recumbcncy (Kan
dy I is. 1984). Many of those clinical signs are consistent 
with polioencephalomaJac i a (Gould. 1998). Poslmortem 
examination reveals severe enteritis, pcrinoncal e!Tusion. 
and petechial hemonilages in many organs, especially kid
neys (Bird. I 972a). Often the breath will smell of hydrogen 
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TABLE 7-3 Concentrations of Chromium in Common 
Feeds (mg Cr/kg Dry Matter)" 

Feedb Mean so Rnnge 

Alfalfa hay or silage* 0.522 0.220 0. 1 99-0.8 89 
Beet pulp• 1.222 0.386 0.776- 1.451 
Corn gnt in. ground* 0.049 0.031 O.O l.J--0.11.t 
Corn groin. whole 0.026 0.015 0.008-0.054 
Corn silage• 0.220 0.087 0. 105-0.44 1 
Couonseed• 0.094 0.086 0.033-0. 155 
Dried di~tiller.. graini. 0.160 0.056 0.084-0.238 
Gmss hay• 0. 155 0.093 0.098-0.320 
Oats. whole 0.025 0.008 0.021-0.03.t 
Soybcan. whole 0.069 0.035 0.034-0. 1 22 
Soybean hull\. loose 0.262 0.073 0. 191- 0.336 
Soybcan hull~. pelleted* 0.550 0.175 Cl.309-0.705 
Soybean menl 0.208 0.050 0. 1 54-0.2 86 
Wheat 0.0..t l 0.01.t 0.029-0.062 
Whea1 middlings 0.084 0.031 0.044-0. 132 

"Source or dHUl: Spear.. e1 al. (2017). 
bFceds with an a~1erisk were ground 1hrough a Wiley mill prior 10 Cr 

:inoly~is and contamination is likely (Spears et al.. 20 17). 

sulfide (H , S)- which is likely the toxic principal in S 
tox.icosi .. Much of the ingested SO/ - and S from ruminally 
degraded S-AAs is reduced to H2S. When dietary S con
cenlralions arc close Lo requirement (i.e .. 0.2 percent), the 
H 2S i u ed by ruminal bacteria to synthesize S-AA and 
o ther organi c S-conLain ing compounds (i.e., assimilatory 
pathway), resulting in low ruminal concentrations of H

2
S. 

H owever, when higher concenLraLion of dietary S are fed 
(usually from so~i- sources). dissimilatory reduc tion of 
So/- by so/- reducing bacteria occur., and ruminal H2S 
concentration become elevated (see review by Drewnoski 
et al., 2014). 111e generally accepted eliology ofH'.!S toxic
ity is that al low rumen pH (pKa o f H1S is about 7), much 
of the H2S produced remains as H1S, which is volatile and 
can be eructated. After eruc tation, iL can be inhaled, emer 
lhe c irculation, and reach the brain, causing brain damage 
and poUocncephalomalacia (Bird. I 972a). ln beef caute fed 
high-grain finishing diets without any forage. the risk of po
Hoencephalomalacia increas~ greatly when total dietary S 
is greater Lhan 0.42 percent (water assumed lo provide Lrivial 
amounts of S), but when the die t comained 8 percem forage 
NDF. dietary S had to be closer to 0.6 percent to increase the 
risk (Nichols et al.. 2012). lligher dietary fiber should increase 
ruminal pH, causing more of the H'.!S Lo be dissociated (HS-) 
lll1d not volatile. Because diets fed to dairy cows typically 
have substantially more forage than feedlot diets, polioen
cephaloma.lac ia is not likely to be observed in dairy caule 
even at very high concentrations of dietary S. NRC (2005) set 
lhe MTL of dietary S (water assumed to be a triv ial source 
of S) at 0.3 percent for diet. with 85 percent concentrate and 
at 0.5 percent for diets with at least 40 percent forage (more 
reprei;cntative oli dairy cow diets). 

Sulfate anions have been added lo ration. o f dr y cow. 
before cal ving to decrea e the DCAD Lo help prevent milk 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

fever (see Chapter 12), often to levels above 0.5 percent S. That 
concentration of S in high-forage diet. should not causecliJ1ical 
toxicity: however, Se and Cu absorption w ill l ikely be reduced. 
but because lJ1ese diet are typically only red for a rew weeks. 
the overall elTect on Se and Cu stallls is small. L onger-tem1 
feeding of high S diet. (e.g .. 0.5 percent) is not recommended. 

MICROMINERALS 

Chromium 

Chromium (Cr) i. an ei sential nutrient, although require
ments have not been quantified for caule, but an AI for Cr or 
20 LO 44 µg/d ha been established for humans (NRC. 2006). 
Several forms of supplemenLal Cr have been fed to cattle. in
cluding chromium chloride. chromium picolinate, chromium 
nicotinate, chromium-enriched yeast. chromium methionine. 
and chromium propionate. AL Lhe present Lime (2021), the 
only approved Cr supplement that can be fed LO caLLle in the 
United State. is chromium propionate. and the maximum 
legal rate is 0.5 mg supplemental Cr/kg or diet DM. 

Reliable data on the Cr concentrations in feeds are dif
ficult LO obt<tin becau e concenLrations are very low (µg/kg 
DM range) and contamination occurs readily during sample 
processing (e.g., using a steel grinder). For example, concen
trations ofCr in ground corn grain and ground soybean seed 
samples were twice Lhe concentration measured in their 
unground counterparts (see Table 7-3). The lack or reliable 
data on basal concentrations ofCr in diets greatl y limits the 
abi lity to establish A l or requirements for Cr. 

Biochemistry and Absorption 

In mammalian tissue.~, the primary acti ve l'o1m o f Cr 
is a. a component o f a small peptide called chromodulin. 
Chromodulin contains only four AA residues but can bind 
4 Cr (Cr3+) ions and has been isolated from bovine liver 
(D avi and Vincent, l997) and colo tnun (Yamamoto et al.. 
1988). This compound is thought 10 bind to insulin-activated 
insulin receptor. and stimulate tyro ine kinase. resulting in 
enhanced responses Lo insuli n (Vincent, 2000). It may have 
other functions related to insulin activity. Cr also is l ikely 
involved in gene regulation. 

Little is known regarding the ab orption mechanism for Cr. 
but .in nonruminants, absorption is usually<! percem of Cr 
intake (Lukaski, 1999).Absorplion of Cr from organ ic sources 
in nonruminanL. i. greater (-3 percent of intake) than that for 
inorganic sources (Cefalu and Hu, 2004 ). Potemial antagonists 
Lo Cr absorption include high concentration o f dietary Fe and 
perhaps Zn al'ld phytate (Pavl ata. 2007). Organic soLrrces of Cr 
may also be converted more quickly within Lhc body to bio
l ogically active forms, and organic forms usually have greater 
biological efTects than inorganic sources (Vinson and Hsiao. 
1985; Balk et al .. 2007). Quantitative data on absorplion or 
any fonn o f Cr by ruminants are not avai !able. 
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Cattle Responses to Supplemental Chromium 

An exlcnsivc review of animal response. lo Cr was con
duclcd in 1997 (NRC. 1997), and another rcvie'' limiled to 
caulc "a published in 1999 (Keg le> and Spears. 1999). 
This !-.ec1ion wi ll concen1rme on more recent publications. 
S1udic!. ha\C evaluated 1he effects of supplcmenial Cr on 
production measures, glucose and lipid me1abol ism, and im
mune runclion. Source of Cr and upplcmen1a1ion rate varied 
among s1uclics, bul mos1 siudic. wed chromium picolinaic. 
chromium methionine. or chromium propionate, and supple
men1ation raLCs \\ere w,ually 4 to I 0 mg/d (approximatel> 
0.5 mg Cr/kg diet OM when fed 10 lac1a1ing dail) CO\\ s). The 
cfTec1 or supplemental Cr on insulin :-.ensiti vi1y depends on 
lhe physiological .,1a1c or 1hc animal. Within I week or . o 
prior to parturition. supplemental Cr often reduces insulin 
sensi1ivi1y in multiparou cow!.. as mca.1,ured by an increa. ed 
plai.ma in ulin to plasma glucose ratio (Ha>irli et al.. 200 I: 
Pechm-a et al .. 2002). Wi1h primiparoui. animal:-., supplcmcnia I 
Cr :-.tarting 6 weck.s prcpartum increased insulin sensitivity 
when measured 2 weeks prepartum oot reduced i1 when mea
sured 2 wccb po.1partum (Subiyatno cl al .. 1996). lncrca!.ed 
pla .... ma insulin prcpartum can timula1e lipogenesis and 
suppres. lipoly!.i . . \\hich can explain -wh} \upplemen1aJ Cr 
preparlum oflcn reduces plasma noncsicrified fally acid!. 
( NEFA~) (Ha}irli cl al., 2001: Bryan cl al.. 200-l). Elevated 
plasma NEFA prcpar1um i. a risk factor for several heallh dis
orders in dairy cows (Rober!.') el a l.. 2012; McAn el al.. 2013: 
Qu e1 al.. 2014). Cr!.upplcmcnta1ion of gro'' ingbecf and dail') 
animab enhance!. msulin sen ili' ily (Sumner c1 al.. 2007: 
Spear:. et al.. 20 12). This should re!.ull in increased glucose 
uptake and increased protein !.) nthe!.i\ b> !.kclc1al muscle. In 
early lactation dairy cow , . upplemcntal Cr increased in1>ulin 
R!\ponsivenes in one :-.llldy (Hayirli cl al., 2001 ). but in a 
limited stud). supplemental Cr reduced insulin sensili' ity 
(Subiya1no cl al.. 1996). Supplementalion 1111cs were !.imilar 
bct\\ecn studie!>. bul source of Cr differed. Supplemental Cr 
(npproximalC intake Of 610 9 mg/d) U'>Ually increases mi! k, ) ield!. 
in early lactalion, higher-producing (>30 kg/d) cow:. (NRC, 
1997: Hayirli e1 al.. 200 la:AISaiady et al.. 200-l: Smith et al., 
2005: Sadri e1 al.. 2009: Vargru.-Rodrigue£el al., 2014). but not 
in lo,,er (ea. 30 "-g/d)- producing CO\\\ (Bryan et al.. 200.t). 

Supplemental Cr has impro,cd certain measure. or im
mune function in beef and dairy catLlc (reviewed by Weiss and 
Spcarl>. 2005 ). The mo~t consis1en1 eITcct has been increased 
bl<1s1ogencsis of cytotoxic T-lymphocy1cs, which may he 
modulated via reduced cortisol concentrations . Neu1rophil 
function has not been a1Tec1ed b> Cr(Wciss and Spears. 2005): 
ho\\ ever. concentrations or proinOammatory C) 1ok.incs in 
ac1hated neutrophib were greater when cows were !.upple
menlcd "ith Cr(Yunn e1 al.. 2014). Thi may enhance O\erall 
immune rel>pOnsc, but in a clinical trial. Cr did not affect 
h1cidence of mai.titi., (Chang et al.. 1996). 

Ahhough production and immune f unc1ion respon!.es to 
~upplemenlal Cr arc often po. iliYe and Cr has been shown 10 
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have metabolic cffccb, establishing a requirement for Cris 
no1 pos!.iblc because total intakes of Cr (ba al plu!. !.upple
mcnial) have nol been measured. Gluco e and insulin or1en 
re pond 10 Cr .... upplcmenta1ion. but results are not linear ,.,,ilh 
do c. The lowest rote or . upplemcn1a1ion (0.01 mg Cr/kg 
BW ror growing caule or 0.006 mg Cr/kg BW for lactating 
cow) usually was adequate for mu~imal re, ponse (Hayirli 
et al.. 2001: Spears et al.. 20 12). Milk yield has responded 
linearly and quadratically to increasing supplemen1al Cr 
(Hayirli el al.. 2001: Smith e1 al.. 2008). The maximal 
respon. e occurred at a supplementation rale or approxi
mately 0.01 mg Cr/kg BW (-6 mg/d) bul in the study that 
rcponed a linear respon. c 1h:11 \\a!. the highe!-.t rate lcMed. 
Ahhough an Al for Cr canno t be established based on only 
two titration s1udic!. "ith laclllling cows. upplemcn1a1ion of 
approximately 0.0 I mg Cr/kg SW often increru.es milk yield 
in early lac1a1ion. 

Maximum Tolerable level 

The maximum 1olerablc dietary concenlrntion for Cr3 ... 
from soluble fonns was set al 100 mg CrAg or diel DM 
(NRC. 2005). bul data arc \Cl')' limited regarding adverse 
re!.pon. es 10 high dietaJ) concen1ra1iom. of Cr'-+. Ha> ir.li 
e1 al. (200 I) reponed thal milk yield responded quadrau
cally 10 incrca:.ing Cr and feeding. CO\\ . 0.025 mg Cr/kg SW 
( 15 mg/d) reduced milk yields 10 values similar lo the control. 
Concentrations or Cr in mill. muscle. and body ra1 were not 
greater in cows fed 2 mg Cr/kg or diet DM compared '' i th cow~ 
fed no !.upplcmenial Cr. however. Cr concentrations in li,cr and 
kidney were t \1.0 to 1hree time.., greater (Lloyd et al.. 2010). ln 
, itro. Cr picolinatc can increase production or 1he hydroxyl 
radical, which can negatively affect immune function. dam
ru?e DNA and oxidi£c membrane FAs (Vincent, 2000). The 
~ncentra;ion of Cr al which 1hi!. occurs in vi'o i. unknO\\n. 
and il is nol c lear whether thi!. e1Tec1 h. unique 10 Cr picolinatc. 

Cobalt 

Function 

The primar> function or cobalt (Co) il> to serve as a pre
cur..or for' itamin B , (cobalamin) synthcsl\ in 1hc rumen. 
Rumen microbes can

1

'li~ually produce adequate vitamin B12 

if adequate Co is available in the diet (~ee Chapter 8 for 
detaib). In uddition to synthesizing vitamin B12• bacteria 
can synthcsiLC vitamin B 12 analogues. which are no1 biolog.i
call} ac1he. The pre. encc or these 'i1amin B 12 analogues m 
Ii, er and blood reduces the utility or vitamin B 12 determina
tion 10 as'>e!..., the i.taius or d ie1ary Co (Halpin et al.. 19~ ). 
HO\\CVer. hepatic vitamin 13 12 concentration~ belO\\ 0.1 µgig 
wet weight are indicati ve of Co deficiency (Smilh, 1987)_ 
A portion of dielal) Co can be ab~orbed in the cation ronn 
(Smith. 1987): howe,er. it ha.\ no known ru11c1ion and. once 
absorbed. doc no1 appear capable of recn1ering the rumen 
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so microbes cou Id use it. Most is excreted in the urine. and 
a smaller amount exits with the bile (Underwood, 1981 ). 

Cobalt carbonate, chloride, nitrate, sul fa te, and glucohep
tonate all appear to be suitable sources of Co for ruminants. 
Cobalt oxide. which is much less soluble, resuhed in much 
lower vitamin B

12 
concentrations during in vitro rumen 

le rmentalion (Kawashima et al., 1997), and was somewhat 
less available (Henry. 1995a). Cobaltous oxjde pellets and 
controlled-relea. e glass pellets containing Co that remain in 
the rumen--rcticuJum have been used success fu l ly to supply 
Co over extended periods of time to rumfoants on pasture, 
although regurgitation can cause lo .. of some types of pellet 
(Poole and Connolly, 1967). 

Deficiency 

Ruminants appear to be more . cnsitive to vitamin B 
12 

deficiency than nonruminants (see Chapter 8 for details). 
This is likely because vitamin B 12 is a key component in the 
pathways for gl uconeogenesis and de novo methyl group 
synthesis. Ruminants are dependent on gluconeogenesis for 
meeting needs o f tissues for glucose with ruminally derived 
propionate serving as a primary gluco. e precursor. A break 
down in propionate metabolism where methy lmalonyl-CoA 
is converted to succinyl-CoA is a primary defect arising from 
a deficiency of vitamin B 12. Inadequate dietary Co elevate. 
plasma homocysteine concentrations in growing beef canle. 
suggesting a deficiency in methyl group availability for re
synthesis of methionine from homocysteine (Stangl et al.. 2000). 
Stores of vitamin B 

11 
in the liver of adult ruminants arc usually 

sufficient to last several months when Lhey are placed on a Co
deficielll diet. Hepatic concentration of vitamin B 12, urinary 
and plasma concentrations of methylmaJonic acid, and serum 
concentrations off homocysteine have been u. ed to evaluate Co 
(and vitamin B 12) status of caule (Stangl et al., 2000). 

Young animals arc more sensitive to ruetary insufficiency 
o f Co because they have lower reserves of v itamin B

12 
in the 

liver. Early sign of a defic iency of Co include failure to grow, 
u111hriftiness. and loss of weight (Smith, 1997). M ore severe 
signs include fatty degeneration of the liver. anemia with pale 
mucous membranes (Underwood, 1981), and reduced resi. -
Lance to infection as a result of impaired neutrophi l function 
(Mac Pher. on et al.. 1987; Pater on and Mac Pherson. 1990). 
Although cows may have adequate store of vi tamjn B 12 to 
last .everal months, ruminaJ microbes do not. Within a few 
days of feeding a diet deficient in Co. ruminal concentrations 
of succinate rise. This may be Lhe result of a blockade of 
microbial conversion or succinate 10 propionate, or a shifl in 
niminal bacterial populations toward succinate production 
rather than propionate production (Kennedy et al .. 1996). 

Requirement 

The dietary requirement for Co wa. previously estimated 
to be0.11 mg/kg of dietary OM. This wa based on the amount 
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of Co that must be supplied lo keep plasma concentrations 
of vitamin B

12 
above 0.3 µg/L (M arston, 1970). However. 

depending on the biochemical response criteria, adequate 
dietary Co (basal plus supplemental) ranged from 0. 13 to 
0.25 mg Co/kg diet OM for growing beef cattle (Stangl 
et al., 2000). M ax imal growth in beef cattle occurred when 
the diet contained between 0.15 and 0. 18 mg Co/kg DM 
(Schwarz et al., 2000; Tiffany et al., 2003). Liver vitamin 
B 11 and fol ate concentration, were max imized at 0.24 and 
0. L9 mg Co/kg, respecuvely, whereas plasma vitamin B

12 
was maximized at a dietary Co concentration of 0.26 mg/kg 
(Stangl et al.. 2000) . The dietary Co concenLration required 
to minimize pl asma homocysteine and methy l malonic 
acid concentrations were O.l 6 and 0.1 2 mg/kg or djet DM, 
respectively. Milk yield re pon e to increasing dietary 
Co have not been finely utrated. Few positive production 
respon es have been reported when Co was supplemented 
lo dairy cows, bul in those studies, the lowest concentration 
evaluated was approximatel y 0.20 mg Co/kg o f diet DM 
(Kincaid et al.. 2003; Kincaid and Socha, 2007: Akins et al.. 
2013). Feeds are not commonly assayed for Co (sensitivity 
is an issue), but in Lhe studies above, basal concentrations 
averaged about 0. 1 mg Co/kg DM. Because of the lack or 
adequate data on basal reed and the variable concenlrat ions 
required for max imal growth and biochemical indicators 
response . Lhe A J of total Co (basal+ upplemental) is et at 
0.2 mg Co/kg of diet OM or 

Cobalt Al (mg/d total Co)=0.2 x DMI ( Equation 7-27) 

where DMI is kg/d. 
Beef steers fed barley in high-grain diets (85 percent or 

diet DM) had lower concentrations of vitamin B 12 in rumen 
Ou id and in plasma than teer fed a corn-based diet at simi
lar concentrations of supplemental Co (Tiffany and Spears. 
2005). Whether type of grain affects Co conversion to vita
min B 12 when fed in typical dairy cow diets (approximately 
30 or 40 percent starchy grain) is unknown. 

Special Properties of Cobalt 

Dietary Co may aJso have some effect independent of i ts 
necessity for production of v itamin B 12• Cobalt fed at 0.25 
to 0.35 mg/kg of dietary OM. well above those required for 
sufficient vitamin B 12 synthesis, seems to enhance ruminal 
digestion or feedstuffs, especially lower-quality forage. 
(Saxena and Ranjhan. 1978: Lopez-Gui. a and Sauer. 1992). 
This effect may be due LO selecti on of certain microbial 
populations with a higher Co requirement or may be a 
result of the divalent Co cation forming crossljnk. be
tween negati vely charged bacteria and negatively charged 
forage partic les. which allows bacteria to a!lach to forage 
particles more efficicmly (Lopez-Guisa ru1d Satter, 1992). 
Cu, Ca?+. and Mg~+ are divalent cations that may have some 
of the same ability (Storry. 196J: Somers. l 983). Addition 
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of Co has increased total anaerobic bacteria in the rumen 
by 50 percent and lactic acid production in the rumen by 
86 percent (Young, 1979).These result. SU!H!.eSl that ruminal 
microbes may require greater concentrati~~s of dietary Co 
U1an the cow. However, the general lack of efTects on DMT, 
milk composition. and milk yield when diets contained 0. 15 
10 0.20 mg Co/kg DM suggests Lhat the A I of 0. 20 mg Co/kg 
is also adequate for ruminal bacteria. 

Toxicity 

Co toxicity cau es reduced feed intake, loss or BW, and 
eventually anemia- sign similar 10 those seen in Co defi 
ciency (Ely et al., 1948: K eener et al.. 1949: NRC, 2005). 
T he maximal tolerable dietary Co concentration has been set 
at 25 mg/kg of dietary DM (NRC, 2005). 

Copper 

Function 

Cu is a component or several proteins, including cyto
clu·omc c ox.idase (required for aerobic respiration), lysyl 
oxidase (required for formation o f collagen and elastin), and 
tyrosina. e (necessary for production of melanin pigment). Cu 
is required for hemoglobin symhesi and is involved w ith 
Fe metabolism (e.g .. as a component of ceruloplasmin) . 
C u, al ong with Zn, is a component of cytosolic superoxide 
dismuta e. which protect cell. from the toxic effects of 
reactive oxygen species (ROS). This is particularly important 
in phagocytic cells and may be a primary mode of action for 
reduced infectiou disease when adequate Cu i fed. 

Absorption of Dietary Copper 

late. tinal absorption of Cu by humans and rodents ap
pear to be under homeostatic control and is upregulated 
w hen low Cu diets are fed and downregulatcd with hioh . e 
1makes of Cu (Lonnerdal, 2008). Whether homeostatic regu-
lation of absorption occurs in ruminants has not been deter
mined. A weak negative relationship was observed between 
in itial concentration of Cu in liver and rate of accumulation 
o r li ver Cu. but over a wide range of initial concentrations 
(60 to 230 mg Cu/kg of liver dry weight), rate of liver ac
cumulation was essentially constant in nonlactating dairy 
cows (Balemi et al., 2010). That range encompasses what i. 
considered adequate Cu statu .. Age of the animal, chemical 
f:orm of dietary Cu, and the presence of antagonists affect 
.in testinal ab.orption of Cu. In cal ves without functionina e 

rumens. the Cu AC can be as high as 0.70. Bremner and 
D algamo ( l 973a,b) found that 50 to 60 percent of dietary 
Cu (supplied as Cu sul fate) was retained in li ver for calves 
bet wecn 3 and 14 weeks of age. A s the rumen starts function
ing, ab. orption of Cu decrea. e. substantially. and the AC for 
Cu i usually $0.05 in adult cattle. 
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Effect of Other Minerals on Copper Absorption 

S, molybdenum (Mo) in combination with S, and Fe 
antagonize Cu absorption in ruminants. Zn concentrations 
need to be JO to 20 Limes requirement before antagonism is 
ob. erved in ruminants (Miller et al., 1989), so Zn amago
ni m i not of practical importance. Antagonism of Cu by Fe 
c?uld OCClU" via competition for inte linaJ binding itcs (e.g .• 
divalent metal transporter or DMTl ). and Fe may exacerbate 
the reaction between Cu and S within the rumen (Gould and 
Kendall, 20 l l ). Iron (Fe) antagonism of Cu absorption usu
ally requires supplemental Fe at concentrations exceeding 
250 mg Fe/kg of diet DM (Chase et al.. 2000: Mullis et al.. 
2003). Dietary Fe concenirations can be that high because 
of the Fe in forages. H.igh Fe concentrations in forages are 
likely caused by soil contamination and may not greatly 
affect Cu absorption. However. high-Fe soil ha been impli
cated in reducing Cu status or grazing heep (Sullle et al.. 
1984). Becau e of acid condition. in silages. over time. the 
Fe in silages may become more reactive (Hansen and Spears. 
2009) and might cause increased antagonism. Data are not 
available showing lower Cu status in cattle fed . ilage with 
high concenu·ations of Fe. 

lncreased consumption of S (dietary and via drinkino 
water) in the ab. ence o f high Mo concentration. reduce~ 
Cu statu. of caule (Arthinglon et al., 2002; Pogge et al.. 
2014). The antagoni m may occur because o f fonnalion of 
Cu sulfide within the rumen. The dietary concentration of S 
required to reduce Cu absorption or Cu status has not been ti
irated, bu1 li ver concentratio111s of Cu in beef cattle decrea ed 
when diets contained 0.5 to 0.6 pereem total S (Arthington 
et al.. 2002; Pogge et al., 2014). Water that contained ap
proximately 500 mg S (as sulfate)/L al. o reduced liver Cu 
concentrntion. in growing beef heifers (Wright et al., 2000). 
M o interacts wilh S and exacerbates the anlagon.ism. Wilhin 
the rumen, S and M o can form thiomolybdates and bind 
soluble Cu, but thiomolybdates can be absorbed into the 
circulation and bind Cu compounds within the animal (Gould 
and Kendall, 2011). E vidence that dietary Mo in the absence 
of high dietary S interferes with Cu absorption is lacking 
(Gardner et al.. 2003). Many of the negative respon es ob
served when dietary Mo is elevated may actually be signs 
of molybdenosis. An equation Lo estimate ab sorption of Cu 
based on dietary S and Mo has been developed using data 
from sheep experiment (M cL auchlan and Suule, 1976): 

Cu Absorption= I oc-l.IS3-0.0fll9 XM~0.076XS--0.013 1 XS XMo) 

(Equation 7-28) 

where Cu absorption=g ab orbed/g of total copper; S= di
etary sulfur (g/kg of diet DM) and M o= dietary molybdenum 
in mg/kg of diet DM. 

The accuracy of this equation has not been evaluated with 
canle and was not included in the software. However, based 
on that equation. Cu absorption from dieLs with low Mo 
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(:::;;I mg Mo/kg) and dietary S a·t concentrations o f 0.3, 0.4. 
and 0.5 percent would be reduced approximately 15, 30. and 
4 3 percent compared with a diet with 0.22 percent S. W ith 
4 mg Mo/kg, esti mated absorption would be redwced another 
approximately 25 percent at each of those S concentrations. 

Other Factors Affecting Absorption of Copper 

Soil consumption at ratei Lhat may occur during gru ing 
reduced absorp tion of Cu by 50 percent in sheep (Suttle. 
1975) and cattle (Dewes, 1996). The effect of grazing on Cu 
absorption i. I ikely a function of stocking rate and height 
of the sward ( lower sward and greater stocking rate will 
i111crea. e soil consumption) and type of soil (Grace et al., 
l 996). Soil with clay may have a greater negative effect 
on Cu absorption. T he model does no t include an aclju. tment 
of Cu avai labi lity for graLing cattle because of the numerous 
uncertaimies: however, users may wish to increase intake of 
C u by caule grazing short wards on c lay soils. 

Breed differences exist amomg cattle in susceptibility to 
C u toxici ty. Jer sey cattle fed Lhe same diet a Holstein 
cattle accumulated more Cu in their livers (Du et al., 1996; 
M orales et al.. 2000). Whether Lhi reflects difTerence. in 
feed intake. efficiency of Cu absorption, hepatic storage, or 
b iliary excretion of Cu is not known. However, difTerence 
in abundance or a Cu transporter in inte 1inal ce ll are likely 
a maj or cause o f dilTerences in Cu metabolism among beer 
cattle breeds (Fry el al., 2013). B ecause of a lack of dala on 

Cu ab orption by dilTerent breeds. the model doc not include 
breed effects when calculating Cu requiremen1s or Cu sup
p ly. Requirement. and supply were calculated l argely using 
dat.a from Ho lsteins: therefore. absorbed upply or Cu may 
be underestimated, and requirements may be overestimated 
for Jersey cattle. 

Effect of Source of Copper 

Cu i found in rno l common feedstulT in the range or 
4 to 15 mg Cu/kg DM, and true absorption of Cu in those 
reeds was set at 0.05 (Buckley. 1991), assuming total diet 
had <0.22 percent Sand< I mg Mo/kg. In Lhe seventh revised 
edition (NRC, 2001 ), the AC for feedstulTs was set at 0.04. 
In organic Cu is usually supplemented in the sulfate. chloride, 
carbonate, or ox.ide forms. Several conunerc ial products in 
w hich the Cu is. chelated or associated with organic com
pounds (e.g ., AAs or carbohydrates) are also available. Very 
lillle data on actual true ab orp1ion or Cu from the. e sources 
are available, but several studies have been conducted 10 

evaluate relative bioavai labi l ity by comparing changes in 
hepatic Cu concentration. when cau le are fed difTerenl Cu 
sources. Other biomarkers have been used to caJculate rela
tive bioavailabilily. but their accuracy and sensitivity are 
uncertain. The AC for Cu from Cu sulfate (CuSO) was rel al 
0.05 in the previou. edition (NRC. 2001). and that value wa. 
re tained. The AC for other Cu supplement. was ba ed on 
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relative bioavailability studies using l iver Cu concentrations 
when avai lable. 

The bioavailability of Cu from dietary copper ox ide (CuO) 
i al mo. t zero (L anglands et al., 1989: Kegley and Spears, 
1994): however, ruminal boluses containing CuO can beef
fective sources of Cu (Parkin. Cl al., L994 ). The long-tenn 
exposure (weeks or monLhs) of CuO in a bolus to the ruminal 
environmenl increases its avai lability, whereas finely ground 

CuO does no t stay in the rumen long enough to be. olubilized. 
1l1e bionvailabi lity in Cu from copper chloride (CuC12) i 
similar to that of CuS04 (lvan et al.. 1990). In many studies. 
indicators o f Cu . tatus were not difTerent in caule fed CuSO., 
or proprietary Cu . upplements, including Cu proteinates. 
Cu-AA complexes and tribasicCuCL, (Wittenbergetal., 1990: 
Ward and Spear , 1993: Du et a l., - l 996: Arthington et al.. 
2003; Spears et aJ., 2004; Correa et al., 2014). However, in 
other studies. proprietary product were significantly more 
available than CuSO.i (Kincaid et al., 1986; Rabiansky et al.. 
1999: Hansen et al .. 2008). Reasons for the inconsistent results 
are not clear. but relative availability or proprietary forms of 
supplemental Cu probably de pen d. on the presence of antago
nists (e.g., S and M o), Cu status, and specific product being 
fed. For example. tribasic CuCl

2 
was almost twice as effective 

at increasing liver Cu concenu·aiion as CuS0-1 in 1he presence 
o f Sand M o, but when those Cu sources were fed to call le in 
low Cu status w ithout an1agonists. they had equal bioavail
abil i ty (Spears et aL 2004). Inadequate data are available to 
quantify factors afTecling relative bioavailabili ty of proprieta1y 
Cu supplements: therefore. the generic commercial Cu supple
mcn1 in the feed library was assigned the same AC as CuS0

4
• 

Users can modify the value based on avai lable data for the 
specific product and situation. 

Copper Requirements 

Endogenous losses of Cu were a sumed to be predomi
nantly v ia bi le and are expressed relative to BW. Using C u 
i. otope (Buckley, 199 I), biliaJy and urinary Jos. o f Cu was 
approximatetiy 0 .0 145 mg Cu/kg BW. This is more 1han 1wice 
the value used in the seventh revised edition (NRC, 2001 ). Cu 
content of growing tissues, when the liver is included as part 
of the carcass, i. 2 10 2.5 mg Cu/kg based primarily on swdies 

of sheep and beef callle (Grace, 1983; Miranda et al., 2006~ 
Garcia-Vaquero et al., 2011 ). Becau e of concerns with the 
consumption of excessive Cu, the growth requirement was 
set at 2.0 mg, Cu/kg live weight change. Cu content of milk 
i. about 0.04 mg/kg when diets contain typ ical concentra
tions or Cu (Castillo et al., 20 13; Faulkner et al., 2017), but 
ii can be as high as 0.2 mg Cu/kg when anima ls <u·e fed a high 
Cu diet (Schwarz and Kirchgessner, 1978). The requirement 
fo r absorbed Cu for lactation was set at 0.04 mg Cu/kg m ilk 
produced. This is about a 70 percent decrease compared to 
the 0.15 mg Cu/kg milk produced used by the seventh revised 
edition (NRC, 200 1 ). The conceptu at 190 days of gestation 
of Ho lstein cows (average BW = 7 15 kg) contained approxi-
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mately 20 mg Cu (House and Bell, 1993). Because data are 
lacking, thecommitlee assumed no Cu accumulated during the 
firsllrimester, and accumulation was linear between 90 and 190 
days of gestation. so !hat gestalion requi1-ement for absorbed Cu 
was (0.2 mg Cu accumulatecVd from 90 to I 90days of gestation 
or 0.3 µg Cu/kg maternal BW /d).From 190 days of gestalion 
until calving, Cu accumulation in conceptus was 1.6 mg/d or 
2.3 µg Cu/kg of maternal BW/d (House and Bell , 1993). 

For an average lactating Holstein cow (35 kg of milk, 
650 kg BW, 150 days pregnant), the total requirement for 
absorbed Cu is I 1.0 mg/d compared with I 1.4 mg obtained 
using the seventh revised ed1Lion (NRC, 200 I). Assuming an 
intake of 23 kg and a dietary AC of 0.045, dietary Cu con
centration of abou t 11 mg/kg would meet her requirement 
Requirements for a 700-kg nonlactating cow at 260 days or 
gestation is 11.7 mg/d (approximately 20 mg dietary Cu/kg 
assuming ru1 intake or 13.5 kg) compared with 7 mg.Id calculat
ing using the seventh revised edition (NRC, 200 1). 

Summary of Equations (mg absorbed Cu/d) 

M aintenance=0.0145xBW (Equation 7-29) 

Growth=2.0xADG (Equation 7-30) 

Gestalion (90 to 190 d pregnant)= 0.0003 x BW 
(Equation 7-3 1) 

Gestation (>190 d pregnant)=0.0023xBW 
(Equation 7-32) 

Lactalion=0.04 xMi lk (Equation 7-33) 

w here ADG and milk are in kg/d, and BW is in kg. 

Signs of Copper Deficiency 

Clinical signs or Cu deficiency are generally nonspecific 
(i.e., reduced growth rate, ill-thrift, increased prevalence of 
disease, reduced reproductive efficiency}, but Cu deficiency 
can result in a loss o f hafr pigment or loss of hair. Diarrhea 
can also occur with Cu deficiency, but that may be related 
to excess Mo. Anemia (hypochromic macrocytic), fragile 
bones and osteoporosis, and cardiac failure also are observed 
in Cu deficiency (Underwood, 198 L). Inadequate supply of 
Cu reduces the killing ability of phagocytic cell. of caule, 
but responses to supplememal Cu on cellular and humoral 
immunity have been inconsistent (Weiss and Spe<u·s, 2005). 
impaired immune function is likely the reason cows fed inad
equate Cu have more severe mastitis than those fed adequate 
Cu (Scaleui et al., 2003). The control diets in essentially 
all studies thal showed improved immune function and 
reduced infectious di sea. e would not have met cun-ent Cu 
requirements. 
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Assessing Copper Adequacy 

Dietary concentralions of Cu are of limited value in as
sessing adequacy or Cu supply because of variable dietary 
and water concentrations of antagonists (discussed above). 
Plasma concentrations of Cu <0.5 mg/L are generally con
sidered indicative of clinical Cu deficiency. H owever, other 
than confirming overt Cu deficiency, plasma concentrations 
are not useful in assessing status, including situations with 
excessive stores of Cu in the l iver (L 6pez-Alonso et al.. 
2006). Activities of Cu-containing proteins (e.g., ceru lo
plasmin or supcroxide dismutase) are generally considered 
unreliable biomarkers of Cu status in cattle (Mulryan and 
M ason. 1992: L6pez-Alonso et al., 2006: Hepburn et al., 
2009). Concentrations of the Cu chaperon protein may have 
potcnlial as a marker or Cu status. but add itional research is 
needed (Hepburn et al., 2009). Concentrations of Cu in liver 
are the standard for assessing Cu status in cattle. although 
recommended reference values vary. Concentrations of Cu 
in liver < IO mg/kg on a DM basis are generally considered 
indicative of impending clinical deficiency. and values less 
than about 35 mg Cu/kg DM are generally considered sub
optimal (Smart et al.. 1992; Underwood and Suttle, 1999). 
H owever, in the presence or high dietary Mo and S, which 
promote formation and absorption of thiomolybdates into 
the blood, Ou in liver may not accurately reflect Cu status 
(Suttle, 199 1 ). The concentration or Cu in liver indicative of 
excess has not been definitively identified. but field reports 
indicate Cu toxicity occurs w ith liver concentration or 300 
to 350 mg Cu/kg dry weight (Auza et al., 1999: Grace and 
Knowles, 2015). 

Copper Toxicity 

Cu toxicosis can occur in caule that consume excess ive 
amounts of supplemental Cu or feeds that have been con
taminated with Cu compounds used for olher agricul tural 
or industrial purposes (Underwood and Suume, 1999). When 
cattle consume excessive Cu, they accumulate large amounts 
of Cu in the liver before tox1cosis becomes evident. Stress 
or other factors may result in the sudden liberation of large 
amounts of Cu from the li ver to the blood, causing a hcmo
lytic crisis. Such crises are characterized by cons iderable 
hemolysis, jaundice, methemoglobinemia, hemoglobinuria. 
generalized icterus, widespread necrosis, and often death 
(Steffen et al., 1997; U nderwood and Suttle. 1999: Jolmston 
et al., 20 14). Because of an tagonists (e.g., S and M o) and 
because Cu continues Lo accumulate in the liver when excess 
Cu is fed (Ba!emi et al., 2010), defining a dietary concentration 
that w ill resu It in toxicity is not possible. NRC (2005) set the 
MTL for dietary Cu for cattle at 40 mg Cu/kg DM. However. 
growth rate and feed conversion were reduced in beef catlle 
with liver Cu concentrations o f 290 mg/kg dry weight and fed 
diets with 20 mg supplemental Cu/kg DM for a total dietary 
concentration of 30 mg Cu/kg (Engle and Spears, 2000), and 
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riber digestibility by dairy cows was reduced when CuS04 

was supplemented to increase total dietary Cu to 20 mg/kg 
(Faulkner and Weiss, 2017). 

Iodine 

Function 

The sole role or iodine (I) a a required nulrient is for 
the synlhesis of the lhyroid hormones thyroxine (T4) and 
triiodothyronine (T3) that regulate energy metabolism. The 
amount of I incorporated into thyroid hormones wa about 
0.25 mg/din calves weighing 45 kg and increased to 1.4 mg 
l/d in nonpregnant heifers weighing 400 kg (Mixner et al.. 
l966). Late-gestation cows incorporate about 1.5 mg J/d 
imo lhyroid bormone (Miller et al., 1988) . Thyroid hor
mone production increases dtu·ing lactation, especially in 
high-producing cows, and J incorporation into thyroid hor
mones may reaclh 4 to 4.5 mg I/d (Sorensen, 1962). Thyroid 
hormone produc tion also is increa ed during cold weather 
to stimulate an i ncrease in ba al metabolic r ate (Goodman 
and Middlesworth, 1980) . About 80 to 90 percent of dietary 
J is absorbed, and most of lhe I not taken up by the thyroid 
gland is excreted in urine and milk (Miller et al. , 1988). The l 
content of milk is a reasonable indicator of I status because it 
i111crea es as dietary r intake increases (Berg et al., 1988). The 
availability of assays for thyroxime and thyrox ine-stimulating 
hormone (TSH) might provide an accurate assessment of 
thyroid function and the causes o f thyroid dysfunction. 
Alternatively, blood TSH concentralions mi ght be u ed as a 
biomarker for thyroid function to reevaluate lhe minimum I 
requirements in dairy Callie. 

When the J content or the diet is adequate or excessive, 
less than 20 percent of the dietary I will be incorporated 
i'1to the thyroid gland (Soren en, 1962). Under conditions 
wbere intake or dietary r is marginal, the thyroid gland will 
iJ1corporale about 30 percent of the dietary I into thyroid 
hormone (Miller et al.. 1975). When severely I deficient. 
the hyperplastic thyroid can bind up to 65 percent of the 
L consumed by the cow (L engemann and Swanson, 1957). 

Adequate Intakes 

l requirements in previous report. were ba. ed on a limited 
number or thyro~ine produclion rates measured fo cattle dur
ing the 1960 and 1970 . Due lo the time that has elapsed 
since those studies were conducted and the limited number of 
measurement . the commillee co111cluded that there were insuf
ricient data to determine an eslimate<l average requirement ror I. 
Therefore. AI., rather than requirement. , were deLermined. 

Total daily thyroxine secretion rate (TSR) increased at 
a decreasing rate in growing heifers ages 77 to 686 days 
(Mfaner et al. 1962) and varied from 0.008 to 0.0030 mg/kg 
BW. In lactaling cows. the mean thyroxine secrelion rate was 
about 0.30 mg/100 kg BW (Mixner et al.. 1962; Miller et al.. 
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1975). The previous report listed separate requirements for 
maintenance, pregnancy, and lactation. It wa. sugge. ted 
that the thyrox ine secretion rate was 2.5-fold greater in 
lactating versus dry cows than dry cows (Sorenson et al.. 
1962), yet limited evidence (Swanson et al., 1972) showed 
only a 25 percent increase from late pregnancy to lactalion. 
TI1e primary determining factor for TSR wa BW. There
fore, the Al for maintenance for all groups of animals is 
based on TSR related to BW. In a ummary of the tudies 
of Swru1son et al. ( 1972) and Mixner et a l. ( 1962). TSR. 
mg/d=0.0653 x 8Wo·528 (R~=0.96). Thyroxine (T4) con1ains 
66 percent T and Miller et a l. ( 1975) suggested that under 
conditions where J was not limiting, 20 percent of dietary 
iodine wa. used by the thyroid gland to synthesize lhyroxine. 
Therefore, the maintenance Al for 1 can be predicted by the 
following equation: I, mg/d=0.216xBW052g. 

In addition to thyroxine . ynthe. is, l is al. o secreted in 
milk (discussed below). and for lactating cows, this loss must 
be replaced by dietary iJ1take. AL low I intake. milk contains 
about 0.05 mg l/L, m1d transrer or dietary I 10 milk is about 
0.5 (Swanson et al., 1972). Therefore, the Al for lactalion 
was set at 0.1 mg/L of milk. The equation for 1otal Al for all 
c lasses of cattle except calves is 

Die1ary I, mg/d=0.216xBW0.5~8+ 0.I xMilk 
(Equation 7-34) 

where BW is kg and mi lk is kg/d. 
T he AI for r fornonruminatingcalves was based on LheAI 

established for human infants and wa set at 0.8 mg l/kg DML 
Once calves are ruminating, Equation 7-34 should be used. 

Thi. amount o f l wil l likely not be adequate when diets 
contain goitrogenic feed . uch as canola meal (Pappa. et al.. 
1979). D iets with canola meal decreased lransfer of I into 
milk by 50 percent (discussed below). A suming thyroxine 
synthesis is affected similarly, the AI for animals fed diets with 
goitrogenic feeds would be twice tha1 calculated above. How
ever. because of limited data, this adjustment is not included 
in the model, but u ers should consider adjusting supplemen
tation when goitrogens are fed. Based on typical DMJ. a dry 
cow (700 kg BW) and an average lactaling cow (650 kg BW 
and 35 kg/d of milk) would need Lo be fed diets with0.51 and 
0.48 mg J/kg DM when diets did not contain goitrogens and 
1.02 and 0.96 mg I/kg DM with goitrogenic diets. Because or 
human health concems related 10 excess I intake and the fact 
lhat milk T concentrations increase with increased I concen
tralion in the cow's diet. supplemental l should not exceed 
amounts deemed a A l for the cow (. ee toxicity section). 

Factors Affecting Iodine Needs 

GoiLrogens are compounds that interfere with the synthe
sis or ecretion of th yroid hormones and cause hypothyroid
ism. Goitrogens fall into two main categories: (I) cyanogenic 
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goiLrogen!. impair iodide (I 1) uptake b) the Lhyroid !?land. 
Cyanogcmc gluco.,idc'> can be found in many fee~. i~clud
ing ra'' '>O) bean'>. beet pulp. corn. \weet potato. "hite clo,er. 
and millet. and once ingc.,tcd arc mctaboli.lCd to thioc)anate 
and i. othioc)'anatc. The'>C compounds alter 1-1 transport 
acrO!.'> the thyroid cell mcmbr.ine. reducine I retention: 
(2) Progoitrim. and gourin'> found in cruciferou~ planl! (rape. 
lale. cabbage. tumipi-.. and mu\tard) and aliphatic disulfides. 
found in onion'> that inhibit thyroperoxida~e prevent forma
t.ion of mono- and diiodot}rosinc (Ennans and Bourdom .. 
1989). With goitrim,, e!.pccially those of the thiouracil type. 
hormone synthc~i!. may not be rc!.lored by dietary I supple
mentation, and the offending feedstulT needs to be reduced 
or removed from the diet. 

Canola meal derived from low crucic acid varieties of 
rapeseed contains gluco!.inolatcs that can be converted into 
thiocyanatc during !.ced proce"sing. Recent studies (Franke 
et al., 2009a,b: Wchi-. et al.. 201 Sa) dcmonstrnted that when 
canola meal subMitutes for i.oybean meal in diet . mill. I con
centrations arc reduced. While mill. I continued to increru e 
\\ ith increa.\ing dict:lf) I concentration (up to 5 mg/kg diet 
OM) when dieti. contained canola meal. the rate of increase 
in mill. I \\ai. reduced b) 50 percent or more depending on 
the amount of canola meal fed (Frnnke et al.. 2009a: Wei . 
et al .. 2015a). llowe\er. blood \Crum I concentratio~ were 

imilarto control!. (Web., et al.. 2015a). and urinaI') I excre
tion '"as incrca.\cd, '>uggc'>ting J abltorption is nOL impaired 
(Franke et al.. 2009b). 111c negative efTecb of dielaI')' goi
trogcns can be ovcrc()me by increasing the concentration of 
dietary I or removal of the fee<.!!. containing goitrogens. Diets 
that contain goiu·ogcnic ingred ients may need more I than 
the recommended /\I. 

Supplemcntul I in the form of ethy lenediamine dihydrio
didc (EDDI) ha" been w .. cd to decrease foot rot in beef cattle 
(Maas et ul.. 1984) anti more recently has been suggested 
a. a po . iblc treatment for digital dennatitis in dairy cattle 
(GomcL et al .. 2014). Dictar) EDDI may also have value in 
treating ring"orm in )Oung canle (Cam et al.. 2007). Ho\\
C\er. concerns about cxcessi\C milk I concentrations \\ilh 
supplemental I \\OU Id prc,ent the use of EDD! for the. e 
purp<>5es in lactating dairy co'"~· 

Sources of Iodine 

Most source'> of I are readil) ab orbable, and the iodide 
of Na. K. and Ca arc common!) used. Potassium iodide i:, 
ea:,ily oxidi,1.cd and volatiliLes before the animal can ingest 
it. Pentacalcium orthopcriodatc and EDD! are more stable 
and less soluble and arc commonly used in mineral block!. 
and salt lid,!. c.>.po!.Cd to the we~1Lher. Concentrations of Tin 
forage arc variable and dependent on the l content or the 
soil. Soils near Lhc ocean" tend 10 provide adequate I in plants. 
However, in the Great La~ci. regions and Northwest U nited 
States, I concentrations in forages are generally low enough 
to rc!.ult in a deficiency of I unlcs., I is supplemented. 
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Milk Iodine 

T) p1cal range in mill. I concentration is 100 to 300 µg/L 
(Flachow ... I.}' et al.. 2014). and r in dair) product. is read
ily ab'>orbed in human... Mill. and dairy products are major 
source. of I intal.c in the United State and Europe. "here 
dail) product!. make up a !>ignificant portion of the a\eragc 
diet. Dairy product\ may account for 30 to 74 percent of 
I intal.c in the United States(~lurrayet al.. 2008). The recom
mended dict:lr) allowance for I intake range from 70 µg/d in 
infant'> lo 290 µg/d in pregnant and nursing women (Swan. on 
et al., 20 12). However. the upper tolerable limit for I for 
hurnani. h. only 2.2- to 3.5-fold greater than recommended 
intul..c. A "uggestcd limit for milk is 500 µg I/kg. While 
there have been concems about exce. s I intake from milk. 
more recent evidence ba cd on urinary I excretion suggest). 
that a significant portion of individuals with high I require
ment'> (pregnant and nuri.ing women) may not be con!>uming 
adequate I. In parL thi!. is due to the reduced con"umption 
of iodi1ed table salt in the United States. Mjfl. and dairy 
product.," ill continue to maJ..e an important contribution 10 

I intake in the general population. 
Flachow'>~} et al. (2014) n!\ie\\ed facto~ that affected 

mifl., I concentration. B> far. dietary concentration ofI i:-. the 
primary factor that affect~ milk I concentraLion. Bera et :11. 
( 1988) dcmon:.trated a linear increase in milk I e\creti~n "ith 
increasing i.upplemcntation of I in the fonn of EDDI with 26 
to 39 percent of the '>Upplcmental J excreted in the mill.. Other 
facton. '>UCh as I !>Ource. I antagonist (di cu ed above}. fam1 
management practices including teat dipping with I-containing 
substancci., and the use of I i.anitizcrs in milk proces.'>ing can 
affect milk I conccn traLions crlachowsky et al.. 2014). J pre
M!nl in iodophor-containing teat dip and udder disinfecLanl~ 
were shown lo be ubsorbcd through the teat skin and marl..cdly 
increased mill.. I concentrations. However. use of iodophon-. 
wa.., discontinued in dairy teat dips and di infectanl in the late 
1980!. '>uch l hat mi II.. I concentrations have gradually declined 
CFlacho,,!.l.y et nl., 2014). 

Deficiency Symptoms 

I deficiency reduces production of thyroid honnonci., 
!>lo" mg the rate of oxidation of aJI cell!'.. Often the first indi
cation of I dcficienc) i!. enlargement of the tb) roid (goitcr) 
of newborn cahe~ (~tiller et al.. 1968). Calvei. also may be 
born hairlc!.s, weal.. or dead. Feta! death can occur at an> stage 
of gc'>tation. but often the cow~ will appear nonnal (Hemken. 
1970). In adult caulc. I deficiency can caw e enlarged thyroid 
glands. reduced fertility (males and females). and increased 
morbidity. Under conditions of marginal or deficient dietary 
I, the maternal thyroitl g land becomes ex tremely cfficicnL 
in removing I from the plasma and recovering J during the 
dcgrntlmion of i.pent thyroid honnone and thyroglobulin. 
Unfortunntc ly, this leaves little I for the feta! thyroid gland. 
and the fetu~ becomes hypothyroid. The gojter condition is 

PREPUBLICATION COPY-Uncorrected Proofs 



140 

the hyperplastic response of the thyroid gland to increased 
st imu la Lion of thyroid growth by thyroid-stimulating hormone 
produced in the pituitary gland. Under mild I deficiency, the 
hyperplastic thyroid gland can compensate for the reduced 
absorption o f J (Hetzel and Welby, 1997). 

Toxicity 

The maximum tolerable limit was set at 50 mg I/kg o f diet 
DM (NRC. 2005). Clinica l signs o f I toxic ity in ruminants 
include excessive nasal and ocular discharge, hyperthermia, 
salivation, decreased milk production, coughing, and dry, 
scaly coat (Pau I ikova et al., 2002). A s discussed earlier, high 
concentrations of dietary I in the diet increase 1 concentra
dons in milk, and because humans are much more sensitive 
to r toxic ity than cows, the danger of excess dietary I fed to 
cattle is a public health issue (Hetzel and Welby, 1997). Cur
rent U.S. Food and Drug Administration (FDA) regulations 
set the maximum limit of [ supplementation in cattle from 
EDD! at 50 mg/d. w hich in a lac tating cow consuming 25 kg 
o f DM/d would correspond to a maximum concentration of 
2.0 mg I/kg DM. roughly three time. the runount con. idered 
co be needed. 

Iron 

Functions and Measures of Adequacy 

Fe has a multitude o f functions within the body. inc luding 
oxygen transport (component of heme found in hemoglobin 
and myoglobin), electron transport (e.g., ferredox ins and 
cytochrome P-450 enzymes), immunity (e.g .. myeloperoxi 
dase and catala e). energy metabolism (e.g .. aconitase). and 

gene regulations (Beard. 2001; Templeton and Liu, 2003). Fe 
deficiency resuJLS in hypochromic microcytic anemia due to 
failure to produce hemoglobin. Light-colored veal is due to 
low muscle myoglobin as a result of restricted dietary Fe. In 
young dairy caule (<24 months old), serum f erritin had a stron
ger correlation w ith concentration. o f Fe in liver and spleen 
l11an did hemoglobin (Miyata and Furugouri, 1987). However. 
over a lactation cycle, serum ferritin did no t appear to reflect 
changes in Fe Lores in dairy cows (Furugouri et al.. 1982). 
Other measures or Fe status (e.g., Fe binding capacity or 
serum. plasma Fe) can change in re ponse to factors that 
are independent o f Fe status such as inflammation (Baydar 
and D abak. 2014) and parturition (M iltenbw·g et al.. 1991 ) . 

Because Fe de ficiency is very rare in adult cattle, data eval
uating the accuracy and sensitivi ty of Fe status indicators are 
not available. Common measures of Fe status did not change 
over the dry and early lactation (up to 60 days in milk) peri
ods and were not affected when dry and lactating cows were 
f.cd 30 mg/kg of . upplemental Fe from and Fe-AA complex 
(Weiss et al., 2010). Iron supplementation did no t affect any 
production measure other than a small, but statistically signifi-
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cant, decrease in milk SCC. nn Fe-deficient calves, morbidity 
and mortality a. sociatcd with dcpre sed immune response. 
occurred prior to any observed change in packed cell volume 
(Mollerberg and Moreno-Lopez, 1975). Ln lactating goats, 
hemoglobin concentrations were negalively related to sec 
(Atroshi et al., 1986) . Beard (200 I) . ugge. ted that change. in 
functional measurements such as immune measures and per
fonnance during exerc i e in llllmans occurred prior to changes 
in hernoglobmn and other measures of Fe status. 

Requirement 

Because of the u ncertai nt y regarding the true absorption or 
Fe from feed:s and the amount of Fe needed for maintenance, 
the fac torial approach wa. u ed to generate an Al. During 
tissue and pro tein turnover, Lhe maj ority of IFe is effectively 
recovered and recycled so that maintenance requirement for 
Fe are negligible. Milk contains about I mg Fe/kg (Aleixo 
and N6brega, 2003; Schnell et al., 2015). The absorbed Fe 
requirement of the conceptus o f the pregnant cow between 
day 190 o f gestation and lhe day of calv ing has been es
timated to be 0.025 mg Fe/kg maternal BW or 18 mg/d 
ro r a 715-kg late-ge. tat io n H olste in cow (House and 
Bell. 1993). Increased vasculari:Lation o f Lhe utenis and 
other reproductive organs and fetal hemaLopoie. is would 
increa e the ge. tation requirement for Fe earli er than 190 
days o f gestation, but data are unavailable to quantify this. 
Estimates of Fe content in the body range from 18 to 34 mg: 
Fe/kg BW of calve (B rem111Cr and D algarno. I 973c). The 
absorbed Fe requirement for growth o f cattle has been set 
at 34 mg Fe/ kg ADG. 

Summary of Equations (mg absorbed Feld} 

Maintenance= 0 {Equation 7-35) 

Growth = 34 x ADG (Equation 7 -36) 

Gestation (> 190 d pregnant)= 0.025 x BW 
(Equation 7-37) 

Lactation= 1.0 x Milk (Equation 7-38) 

where ADG and milk are in kg/d, and BW is in kg. 

Absorption 

Fe in the ferric form (FeJ+) i poorly absorbed from the 
intestinal trac t; however, reductases exi t on the surface or 
enterocytcs that convert ferric Fe lo ferrous (Fe2+), allowing 
for absorption. Fe-deficient ca lves ab. orbed Fe provided by 
ferric chloride but not from f en-ic oxide (Ammennan et al., 
1967). Some Fe3+ can be reduced to Fe2+ on reaction with 
the acid o f the abomasum (Wollenberg and Rummel, 1987). 
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The concentration of soluble Fe in corn silage al so increased 
markedly following in vitro simulated abomasal exposure 
(Hansen and Spears, 2009). 

Form of dietary Fe alTeclS absorption, but Fe absorption 
by animal s is a Lightly regulated process. and Fe stalus inter
acts with fonn of Fe Lo ultimately determine Lhe amount of Fe 
absorbed. Absorption of radioaclive Fe from fen-ic chloride 
was three to five times greater by Fe-depleted calves than 
by Fe-sufficient cal ves (Ammennan et al., 1967). Calves fed 
diets wilh 750 mg Fe (from ferrous sul fate)/kg DM down
regulated expression of a duodenal Fe importer (DMT I ) 
found on the luminal side of the entcrocyte and ferroportin, 
an exporter of Fe found on the basal-lateral membrane of 
enterocytes (H ansen et al.. 2010a). The DMT I may also 
be invol ved in absorption of Cu and Mn, which could be 
a reason high Fe can antagonize absorption of those two 
metals. Based on changes in expression o f many proteins 
iiw olved with Fe metabolism and a decrease in plasma Fe 
concenlratjons (Hansen et al.. 20 10b), a diet that is deficient 
i.11 Cu but extremely excess in Mn may induce Fe deficiency 
in ruminams. ln nonruminanLS, dietary Zn (Lind et al., 2003), 
phytate (Gillooly et al., 1983), phosphate, and Ca (Monsen 
and Cook, 1976) can reduce Fe absorption, and dietary ~
carotene. vi tamin A, and vitamin C can increase Fe absorp
Lion (Garcia-Casal et al. , 1998). Elevated dietary P reduces 
hepatic Fe concentrations in steers (Standish et al., 197 1 ). but 
whether lhe other factors listed above alTect Fe absorption in 
ruminants is unknown. 

Assign ing ACs for Fe to basal ingredients and supple
ments is plagued by a lack of data and because absorption 
i s dependent on Fe supply and Fe status of lhe animal. 
M aximum absorption efnciency occurs when animal 
are defic ient in Fe, which is very rare in adult rurrunants. 
M aximum absorption can occur in calves because diets are 
inherently low in Fe, and deficiency is possible i f animals are 
not supplememed. Absorption of Fe by deficient cal ves fed 
low Fe liquid-based dieL<> ranges from 0.55 Lo 0. 72 (Matrone 
et al., 1957: Bremner and Dalgarno, l 973a,b: Miltenburg 
et al., 1993). A n analysi s of balance studies done in growing 
calves suggests lhat Lhe AC of soluble Fe from liquid diets 
declined from 0.40 to 0. 15 as dfotary Fe increased from 40 
LO JOO mg/kg (ARC, 1980). 

Once the animal is ruminating. the elTiciency of Fe 
absorption is considerably lower, in part because diets are 
generally excess in Fe and because much of the dietary Fe is 
provided by forages. Mechanically harvesled forages can be 
high in Fe becau se soil comamination occurs during harvest. 
Much of that Fe is likely ferric ox.ide, which. based on data 
from calves and sheep, is essentially unavailable (Ammerman 
el al., 1967; van Ravenswaay et al., 200 I). B ased on in vitro 
tests and solubi lity, Fe from soil contamination has low bio
availability, but after soil-contaminated forage is stored as si
lage (pH -4), solubili ty of Fe was abom 20 times greater than 
in preensiled samples (Hansen and Spears, 2009). Whether 
that results in increased absorption of Fe is unknown. 
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Studies using radioactive Fe determined that Fe absorp
tion efficiency was less than 0.02 in adult caule fed a diet 
that supplied much more Fe than was needed (van Bru
waene et al.. 1984). When pregnmH ewe. were red dk ts 
that contained 20 mg Fe/kg diet (much lower than most 
practical diets fed dairy cows), absorption of dietary Fe 
was 0.2 1 (Hoskins and Hansard , 1964). Because data are 
not available Lo conLradict the value used previously (NRC, 
200 I) for Fe absorption from basal ingredients (0.10), that 
value was retained. However, because of the typically high 
concentrations of Fe in most dafry diets and because much 
of the Fe is likely from soil contamination, an AC less than 
0.10 is probably more accurate. Based on limited data from 
cal ves and sheep, ferrous sul fate has Lhe grealesl relative 
bioavailability. followed by ferrous carbonate (Ammennan 
el al.. L967; van Ravenswaay et al., 2001). Jn NRC (200 1). 
Fe supplements were given ACs of 0.4 to 0.6, which may 
be appropriate for preruminant catLle but are likely much 
100 high for adult ruminants fed practical diets. No data are 
available on actual absorption of Fe by ruminants: ferrous 
sulfate was assumed to have an absorption of 0.20 based on 
data from Hoskins and Hansard (1964), and based on relative 
availabi lity, ferrous carbonate was assigned <m absorption 
value of 0.10. Many mineral supplements are contaminated 
wilh low concentrations of Fe, and because of a total lack or 
data. the Fe was assumed to be mostly Fe oxide and given 
an AC of 0.0 1. 

A 650-kg cow producing 25 kg of mi lk/d at 205 days or 
gestation and consuming 20 kg/d DM needs LO absorb only 
41 mg Feld o r be fed a diet (AC=O. l ) with just 20 mg Fe/kg 
DM. Most feedstuffs will contain adequate Fe to meet lhe 
Fe requirements of adult call le. Milk-fed calves are the only 
group or cattle that ordinarily require Fe supplementation. 
Feerung veal calves< l5 weeks of age as liule as 39 mg Fe/kg: 
DM will allow calves to grow at a normal rate, but Lhe 
muscles remain pale and the animals remain slightly anemic 
(Bernier et al., 1984). A study by (Lindt and B lum, 1994) 
suggests that a 50-mg Fe/kg diet is adequate 10 maintain 
physiological function in growing veal cal ves. 

Toxicity 

NRC (2005) set the MTL for caLtleat 500 mg Fe/kg o f diet 
DM: however, that value is dependent on source. The MTL 
assumes the Fe is from a readily availab le source; therefore. 
if lhe Fe is predominantly from forage, diets in excess of 
that value likely will cause little problem. However, when 
readily avai lable sources of Fe are fed, the MTL established 
by N RC (2005) may be too hJgh. M ilk yield and DM f de
creased linearly when cows were fed diets with 0, 250, or 
400 mg supplemental Fe from Fe sulfate (M cCaughey et al.. 
2005). Diets supplemented w ith 500 mg Fe ( from Fe sul fate) 
decreases measures of Cu status (Chase et al. , 2000). Excess 
Fe can lead Lo ox idative stress by increasing the genera Lion 
of ROS and reactive N species (Meneghini. 1997). High Fe 
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(from Fe sulfate) reduced in vitro ruminal digestibility of OM 
(Harrison el a l., 1992). Fe in water can affect water intake 
and increase measures of oxidative stress in dairy cows (see 
C hapter 9). 

Manganese 

Function and Measures of Adequacy 

Mn is a cofac tor in a hosl o f enzymes ~md other protein. 
that are needed for normal metabolism of AAs, carbohy
drates, and lipids and is required by every organ system in 
the body. Mn-dependent transferases are vital for cartilage 
produc t.ion and bone development. and a common s ig n of 
Mn deficiency is skeletal abno rmalities. C linical signs of 
these abno rmal it ies include enl arged jo ints, shortened and 
weak bones, superior brachygna thism, ataxia. and deafness 
and equilibrium problems c aused by improper development 
of bones in lhc m iddle ear. The ske letal system of the gesta t
ing fetus is especia lly sens itive Lo Mn de fic ienc ies. and lhe 
newborn calf can show clinical s igns of defic iency while its 
dam appears nonnaJ (Hansen et al., 2006a). The majority of 
calves born from beef cows (Roj as et al., 1965) and heifer. 
(Hansen e t a l., 2006a) fed die ts with approximately 16 mg 
Mn/kg die t DM for the e ntire gesta tion had bone deformity 
s igns indicative of a Mn defic ie ncy. whereas the dams ap
peared clinically normal. 

Re productive efficiency can be reduced when cows are 
fed diets with inadequate Mn; however. lhe concentration o f 
die tary Mn at which this occurs is poorly defined (Hidiroglou. 
»979). In an old s tudy (Bentley and Phillips, 1951 ). heifers fed 
d ielS with approximate ly I 0 mg Mn/kg had poor fertility, and 
lhe calves lhat were born had bone disorders. When the diet 
contained 30 to 40 mg Mn/kg OM, fertility improved and no 
bone disorders were noted. More recently, beef heifors fed a 
basal diet wilh 16 mg Mn/kg bad s imilar reproductive measures 
as did heifers fed diets wilh 26 mg Mn/kg; however. heifers fed 
diets with 56 to 66 mg Mn/kg had a sub. tantia l but sta tistically 
insignificant increase in pregnancy rate compared with heifers 
fed 16 or 26 mg Mn/kg (Hansen et al., 2006b). 

At the current Lime, no sens ilive indicators o f Mn sta
tus have been ide ntified fo r caule. Manganese superoxide 
d isrnutase (Mn-SOD) is in the mitochondria and works in 
concert with othe r antioxidants Lo minimize accumulation of 
ROS. In some spec ies, Mn-SOD activity responds to c hanges 
in Mn intake (de Rosa el a l., 1980). Data are lacking re la ting 
Mn intake to Mn-SOD activity in cattle, but steers injected 
with a mix of trace minerals including Mn had higher Mn
SOO activity in red blood cells than steers injected with 
saline (Genther and Hansen, 2014). In humans, Mn-SOD 
activity of lymphocytes responded to changes in Mn intake 
(Davis and Greger. 1992), and in rats, Mn intake was rela ted 
lo several measures of immune function (Son et al. , 2007). 
Arginase is a Mn-dependent enL.yme in the urea cycle, and 
rats fed Mn-deficie nt die ts had reduced arginase activity. 
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which resulte d in higher concentralio ns o f plasma ammonia 
and lower concentrations of plasma urea (Brock et al., 1994). 
Plasma urea concentrations in ca11Je have not been shown lo 
respond to change. in die tary Mn. Arginase activity also af
fects concentrations o f nitric oxide in certain tissues, whic h 
could explaim some o f the effects Mn has on immune func
tion (Chang el a l., 1998). Concentrations or Mn in p lasma 
or whole blood did not differ between caule fed die ts with 
wide ranges in Mn concentra tio ns (Weiss and Socha, 2005~ 
Hansen e t al., 2006a.b), indkating lha t it is not a good in
dicator of status in clinically normal caule. Newborn calves 
lhat were displaying clinical s igns of Mn defi ciency had lower 
who le-blood Mn than calves born from heifers fed adequate 
Mn during gestalion (Hansen e t al., 2006a). In beef caule, the 
concentration of Mn in liver responded linearly to increasing 
dietary concentralions of Mn ( 16 to 66 mg/kg), but liver Mn 
was only about 10 percent greater (9.4 versus 8.2 mg Mn/kg 
of liver OM). whcrea<; intake of Mn varied more lhan 4-fo ld 
(Hansen el al., 2006b). The lack of sensitive status indicators 
and established reference ranges for liver concentralions make 
quaHLifying the Mn requirement difficult. 

Manganese Absorption and Homeostasis 

Intestina l absorption of Mn is tho ught ro occur mainly 
via DMT I. a pro tein that is also involved w ith Cu. Zn, and 
especially Fe absorplion (Garrick et a l.. 2003). Expressio n of 
DMTl in Lhe duodenum of humans experiencing an Fe defi
ciency is increased (Zoller e t a l., 2001 ). and it is downregu
la ted in cat ves fed high Fe ( Hansen e t al., 20 I Oa). Whether 
Mn status affects expression is unknown.Althoug h data with 
caule are lac king. high Co. Fe, and Cu can inhibit uptake 
of Mn in other species (Garrick et al., 2003). In humans. 
high Ca reduced absorption of Mn, but P and Mg did not 
(Davidsson e t al., 1991 ). In c hickens, high Ca had no effect 
on Mn absorption, whereas phosphate significantly reduced 
Mn absorption (Wedekind e t a l .• 1991 ). Whether any of lhese 
antagonisms or Mn absorption occur in catLk are unknown. 
Elevated dietary S reduced apparent absorption of Mn by 
steers (Pogge el al., 2014). 

Measuring the true absorption of Mn is especially dif
ficult because the majority o f die tary Mn that is absorbed 
is removed from the portal c irculation by the li ver ru1d is 
excre ted back into lhe intestine via bile . Using radioaclive 
Mn (MnCl2), Mn absorption by humans ran ged from 1.0 to 
2 .5 percent (Davidsson el al., 199 1; Finley e t a l., 1994). In 
rats, Mn (MnCl2) a bsorptio n averaged 1.8 percent (Chua 
and Morgan. 1997). In a very limited stud y (two cows). 
a bsorption of radioactive Mn ( from MnCl2) averaged about 
0.5 percent (Vagg, 1976), and in another limited study (two 
cows) based on portal vein data, Sansom et al. ( 1978) cal
culated an absorption rate of 0.5 percent foir MnC12. Across 
studies, the AC in caule was about one-fourth the value mea
sured in nonruminants. That may be a true species difference 
or it could be caused by di !Te rence. in intake of Mn. Absorp-
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lion and turnover of Mn are positively correlated (Brillon 
and Cotz.ia., 1966). When Mn intake increases, more Mn 
is absorbed, but bi liary excretion al. o increa. es so that very 
lillle net change in body Mn content occurs. 

Data are not available regarding absorption of Mn from 
basal feed or from inorganic. ources other than MnCl2. In 
the previous edition (NRC, 200 1), lhe AC for Mn from lhe 
c1- and so

4
- :? sahs was set at 0.01 and 0.0075 for all basal 

feedstuffs. The same relative differences between supple
mental Mn sour·ces and basal fccdstulTs were retained in 
this edition: however, AC of Mn from MnCl

2 
was set al 0.005 

based on the limited cow data that are available. Manganese 
sulfate wa a signed the same AC value (0.005), and basal 
i11gredients were assigned an AC of0.004 (i.e., 0.005 x 0.75). 
The ACs of other ource of upplemental Mn were et at 
Mn carbonate (0.0015) and Mn monoxide (0.003) based on 
relative bioavailability studies (Henry. I 995c). 

Manganese Requirements 

The amount of Mn needed by a dairy cow for maime
nance has not been experimentally measured. Approximate 
intake. of 250 Lo 300 mg total Mn by gestating cattle were 
not adequate to prevent deficiency signs in their offspring 
(Han. en et al. , 2006a: de Carvalho et al., 2010). Assuming 
an AC for dietary Mn of0.004 and that approximately 50 mg 
Nln was needed for gestation (see below). tbe maintenance 
requirement for absorbed Mn must be greater than 0.00 16 to 
0.002 mg Mn/kg BW. Weis and Socha (2005) detennined 
an intake of approximately 580 mg Mn/d was necessary lo 
maintain lactating dajry cows in zero Mn balance. In that 
study, average secretion of Mn in milk was 0.6 mg/d. which 
equals 150 mg dietary Mn (assumed AC = 0.004). Subtract
ing lhat value from 580 mg yields an esLimatcd maintenance 
requirement of 430 mg for a 650-kg cow or 0.0026 mg 
absorbed Mn/kg BW. Because of a lack of olher data, that 
value was set as the maintenance requirement for absorbed 
Mn. Thi i 30 percent highenhan Lhe requirement e timated 
i111 the previous version (i.e., 0.002 mg Mn/kg BW). 

H ouse and Bell (1993) determined Lhat 0.3 1ng Mn/d was 
deposited into the fetu. from J 90 days of gestaLion until 
parturition for Holstein cows weighing 715 kg. Therefore, 
the daily ge tatio n requirement (starting at 190 days or gesta
tion) for absorbed Mn was . et at 0.00042 mg/kg BW of tl1e 
dam. The lactation requirement is equal to lhe amount of 
Mn secreted in milk daily. The concentration in milk ranges 
from about 0.016 to 0.050 mg Mn/kg (Gunshin et al., 1985; 
Erdogan et :tl., 2004; Pechova et 31., 2008: Caslillo et :tl., 
2013). The weighted average was 0.027, which is essentially 
equal to 0.03 mg Mn/kg, the value used in the previous edi
tion (NRC, 2001 ). Therefore, the lactation requirement for 
absorbed Mn was set at 0.03 mg Mn/kg of mjlk. The concen
tration of Mn in carcasses of calves averages abouL2.5 mg/kg 
of total carcass on a DM basis (Suttle, 1979). Assuming tl1e 
carca es used in lhese experiments were 27 percent DM. tbe 
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Mn requirement for growth can be estimated to be 0.7 mg 
Mn/kg BW gain. No new data were found on tissue accretion 
of Mn or whole-body Mn concentration. in caule; lherefore. 
the growth requirement wa not changed. 

The requirement for absorbed Mn for a late-gestation 
Holstein cow weighing 700 kg wou ld be 1.8 mg/d for main
tenance plus 0.3 mg/d for gestation for a total of 2. 1 mg 
absorbed Mn. This is about 490 mg total dietary Mn (as
sumed AC =0.0042). A. suming a DMl of 12.5 kg/d, a con
centration or 40 mg total Mn/kg of diet DM would meet U1c 
requirement. This is substantially greater lhan in lhe previous 
version. For a 650-kg cow producing 45 kg of milk/d, the 
maintenance requiremem would be 1.7 mg and 1.35 mg for 
lactation for a total absorbeu Mn requirement o f 3.1 mg/d. 
Assuming a DMJ of 26 kg/d. dietary concentration or totaJI 
Mn to meet the requirement would be approximately 27 mg 
Mn/kg (assumed AC of 0.0042). 

Summary of Equations (mg absorbed Mn/d) 

Maintenance= 0.0026 x BW 
(Equation 7-39) 

Growth==2.0xADG {Equation 7-40) 

Gestation (> 190 d pregnanl)=0.00042 xBW 
( Equation 7-41) 

L'tctation = 0.03 x Milk (Equation 7-42) 

where ADO and milk are in kg/cl, and BW is in kg. 

Maximum Tolerable Level 

Because absorption of diclary Mn i s extremely low, Mn 
toxicity in ruminants i. unlikely to occur, and the few docu
mented incidences wilh adverseefTecl. are limited to reduced 
feed intake and growth (Jenkins and Hidiroglou, I 99 1 ). 
The maximum tolerable amount of Mn, as given by NRC 
(2005) i 2.000 mg Mn/kg of diet DM. However, diets with 
500 mg Mn/kg exacerbated the negative effects or feeding a 
Cu-deficienl diet (H ansen et al., 2009). FurU1em1ore, cattle 
fed a Cu-deficiem die1 with 500 mg Mn/kg DM displayed 
some indications of an Fe deficiency (Han. en et al., 20 I Ob). 

Selenium 

Functions and Animal Response 

The on ly known nutriLional function or Se i. as a compo
nent of speci fie selenoprotei ns. Essentially, any protein can 
contain Se because of non specific incoiporation of selenome
thionine (replacing methionine) into tl1e pol ypeptide chain. 
However. selenoproteins require . elenocy teine in a specific 
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location within the peptide chain to be functionally active. 
Sclcnocystcine is identical to cystcine, except a Se molecule 
replaces Lhe sulfur molecule. To be inserted into ll1e proper 
location in a peptide, elenocysteinc must be synthesized 
from . erine that is j o ined to a specific transfer RNA (tRNA: 
UGA codon). Sclenocysteine that i. absorbed by the inte. -
cjne cannot be d irectly inserted into the active site will1in a 
polypeptide chain. In humans. at least 25 genes for seleno
proteins have been identified (Lu and Holmgren. 2009), but 
the functions of many of the resu lting selenoprotein. are 
unknown. Glutathione peroxidases (GPx) are a family of 
sclenoprotein. tihat reduce hydrogen peroxide to water or 
phospholipid hydroperoxide. 10 phospholipids. and increas
ing Se intake o f caule o ften increases ll1e activity of these 
enzymes. lodotbyronine deiodina es are a fam ily or eleno
enzymes that activates thyroxin by deiodinaling T4 into T3, 

and Se supplementation ha. increa. cd erum T3 concentra
tions in callle (Awadeh et al.. 1998: Co111reras et al.. 2002). 
The enzyme can also inac tivate T

3 
by furll1cr deiodination. 

Thioredoxin reductases (TRx) are selenoenzyme. that reduce 
thioredoxin, which is involved in regulation of the redox 
potential or cells. Two other selenoproteins (selcnoprotein P 
and selenoprote~n W ) have been ro und in bov ine ti . ue, but 
their functions are unclear. 

White muscle disease or nutritional muscular dystrophy 
is the clas. ical sign o f a clinical Se deficiency. Signs of thl 
disease include leg weakness and sLifTne. s. nexion or lhe 
hock join ls. and muscle tremors (NRC, 1983). Cardiac and 
skeletal muscle have chalky striation and necrosis. and 
animals often die from cardiac fa ilure. ln cauJe. ]mproved Se 
status has increased growth rates (Wichtel et al.. 1994; Reis 
et al.. 2008) andl reduced prevalence of retained feta I mem
branes (reviewed by Hemingway fl 999l and Jovanovic et al. 
[201 3]). Most stud ies evaluating eITects of Se on clinical and 

s.ubclinical mastitis have reported positive results (Smith 
et al., 1985: Erskine e1 al., 1987, J 989, 1990; Weiss et al., 
1990; Wichtel et al., 1994; Juko la et al., 1996; M albe et al., 
2003: Kommisrud et al., 2005). Other health problems that 
have responded to Se supplementation include metritis, cystic 
ovaries (Harri. on et al.. 1984; Enjalbert et al., 2006), and udder 
edema (Miller e1 al., 1993). The Likely mode of action of Se for 
these health disorders is via regulation of cellular conce111ra
tions of ROS via GP>. and TRx. Selenium supplementation of 
cattle h as improved ll1e function of immune cell , including 
neutrophil (Hogan et al., 1990: Cebraet al., 2003), macrophage 
(Ndiweni and Fi nch, 1995). and l ymphocyte (Stabel et al., 
1990; Cao et al.. 1992; Pollock et al., 1994). Concentrations 
of specific ROS wit.hin cells afTcct infiamm~nory responses. 
arachidonic acid metabolism. and produclion of pro. taglandins 
and numerous cytokine (Salman et al., 2009; Sordillo, 2013). 

Sources 

Concenlration. of Se in plants are posi live I y correlated w ith 
tho ein the soil (Whelan et al.. 1989: Hall et al., 201 1 ). In gen-
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era I. feeds grown in the central plains of the United States and 
Canada contain more than 0.1 mg Se/kg OM, and feeds grown 
ea. t of the Mississippi Ri ver and west o f the Rocky M ountain. 
typically contain <0.1 mg Se/kg DM (NRC. 1983). Except ror 
Se accumulator plants (e.g .. Astragalus bisulcatus), the pre
dominant form o f Se in plant is selenomcthionine plu. minor 
amounts of selenocysteine and selenite (Whanger. 2002). 
Selenium concentration of feeds is positively correlated with 

protein concentrations, and plant part. that are higher in pro
tein also are higher in Sc. Leaves of forage pmants contain l.5 
to 2 times more Se than do stems (Gupta and Winter, 1989). 

Ba ed on cun-ent regulation of the U.S. FDA ( 1997. 
2003), the only fonns of Se that can be added legally to diets 
in ll1e United State. are sodium selenite. sodi1Um selenate. and 
Se-enriched yeast at level not to exceed 0.3 mg supplemen
tal Se/kg DM. Other sources of supplemental Se that have 
been evaluated in caule inducle barium . elenate (Ceballo, 
et al. , 2010) and Sc dioxide ( Grace et al., 1995). 

Efficiency of Absorption 

Apparent absorption of Se from diets without supplemen

tal Se is between 0.30 and 0.60 for sheep. goats, and non
lactuting dairy cows (Ha1Tison and Conrad, 1984a.b: As pi la. 
1988; Koenig et al., 1997: Gre akova et al.. 2013). Apparent 
absorption of Se in diets that contain elenite and selenate in 
diets ranged from 0.36 10 0.51 (H arrison and Conrad, I 984b; 
Ivancic and Weiss, 2001: Gresakova et al., 2013), and for 

diets with Se yeast. apparent absorpLion ranged from about 
0.57 to 0.62 (Walker et al., 20 I 0: Gresakova et al., 20 13 ). 
fn a direct comparison, apparent absorption of Se from Se 
yea l was about 24 percenl greater (0.62 ver. us 0.50) that 
that of selenite when fed to sheep (Gresakova et al., 2013). 
Because of endogenous feca l losses, true absorption of Se is 
greater than apparent absorpLion. True absorption estimated 
using the regression method averaged abolll 0.5 in dairy cows 
fed inorganic Se (Harri. on and Conrad, 1984a: Tvancic and 
Wei. s, 2001). No data are available on estimated true absorp
tion o f Se from yeast. Because Se from Se yeast is retained in 
cellular prote ins to a greater extent ll1an ll1an from inorganic 
Se, endogenous fecal losses of Se when Se yeast is fed may 
be greater, but ll1e Lnie absorption would also be gremer. 

Factors Affecting Absorption 

illtestinal absorption of selenate is greater than selenite in 
sheep and ral intestinal in vitro models (ArdUser et al., 1986) 
and in the hwnan Caco-2 cell model (Gamme lgaard et al.. 
2012); however. becau e most but not all o f the selenate is 
reduced to selenite within the rumen. absorption of selenate 
is probably only slightly greater than selenite in cattle (Podoll 
et al.. 1992). The predominant form of Se in Se yeast is sele
nomelhioninc, which is absorbed via the same mechanism 
as methionine. lnte. Linal absorption o f selenomethionine 
i. greater than ab orption o f inorganic Se ources (Garn-
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melgaard et al., 20 12). Assuming differences in apparent 
absorption accurately reflect differences in lrue absorption, 
absorption of Se from high-quality (i.e., high proportion or 
Se as selenomethionine) Se yeast is al least 1.2 times that of 
inorganic Se. Se uptake by ruminal microorganisms is much 
greater when Se yeast is fed compared wilh selenite (Main
vi lle el al., 2009), but form of Se did not affect measures of 
ruminal fermentation (Panev et al., 2013). 

Dietary sul fale added lo increase concentrations of dietary 
S by 0.2 and 0.4 percentage units (Ivancic and Weiss, 200 I ) 
and low (<0.6 percent of OM) and high (>1.0 percent of OM) 
concenlrations of dietary Ca (Harrison and Conrad, I. 984a) 
reduce absorption of inorganic Se by cattle. Supplementa
l.ion of S from anionic sails (approximately 0.6 percent total 
diet S) for lhe last 3 weeks of gestation did not influence Se 
status of nonlactating cows (Gant el al.. 1998). Long-term 
feeding of diets that contained approximate ly 0.3 percent
age units of added sulfale-sulfur lo beef cattle did not affect 
concentrations of Se in blood or the activity of GPx (Khan 
etal., 1987). In an in vitro sheep intestinal model, thiosulfate 
and molybdate reduced absorption of inorganic Se (Ardiiser 
el a l. , 1986). In nonruminants. Se absorption was not affected 
by dietary Cu. Fe. Mo. and Mn over a wide range of conccn-
1.rations (Abdel Rahim et al.. 1986). In dairy cows, increased 
dietary Cu did not alTect measures of Sc status (Koenig el al., 
1991). Rat<; that were Mg deficient had significantly lower Se 
absorption than rats adequate in Mg (Jimenez e l aJ., 1997). 
and elevated dietary Zn reduced Se absorption in nus (House 
and Welch. 1989). WheLher Mg or Zn affects Se absorpLion 
in caule is unknown. Antagonists lo absorpLion of inorganic 
Se may alTecL absorption of Se yeast differently. 

Indicators of Selenium Status 

Se status can be assessed by concentrations of Se in 
tissue and blood, activity of glmalhione peroxidase, and 
various immune cell assays. Few dilTerences in blood and 
tissue concentration. of Se occur between different inorganic 
sources of Se when fed to dairy cattle (Podoll et al., 1992; 
Gibson et al., 1993: Ortman and Pehrson, 1999; Ortman 
et al., 1999). Se from Se yeast or from basal ingredienL'> 
with higher concentraLions of Se usually increases concen
trntions of Se in blood and activity of GPx more than diets 
with inorganic Se (Conrad and Moxon. 1979: Ortman and 
Pehrson, 1997; Knowles et al., 1999; Ortman e t al., I 999: 
Weiss and Hogan, 2005; Juniper et al., 2008; Phipps eL al., 
2008: Koenig and Beauchemin, 2009). Blood concentrations 
and GPx activity average 20 to 25 percent gre:ner when Se 
yeast is fed (Weiss, 2003; Juniper et al., 2006. 2008: Phipps 
el a l., 2008: Koenig and Beauchemin, 2009) similar to the 
di!Terence in apparent absorption. On average, milk Se is 
about 1.9 limes greater when Se yeast is fed compared with 
imorganic Se, bul a meta-analysis detennincd that depending 
on supplementation rate, the dilTerence could be more than 
three limes (Ceba llos et al., 2009). Feeding rumen-protected 
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methionine reduces the concentration of Se in milk when Se 
yeast is fed (Weiss and St-Pierre, 2009). 

Requirements and Factors Affecting RequiTements 

The seventh revised edition (NRC, 2001) defined the Se 
requirement as 0.3 mg/kg of dietary DM for all classes or 
dairy cattle. No new data are available to dispute this require
ment However, most of the data supporting this requirement 
were generated from experiments in which selenite or sel
enate/kg of dfotary OM (OM basis) was fed, and total dietary 
Se ranged from 0.35 to 0.40 mg/kg. 

Establishing requirements for Se using the factorial ap
proach is dirficull because the depos ition of Se in body tis
sues. conceptus, and milk is dependent on Se intake and Se 
source, and essentially no daLa are available on endogenous 
fecal and urinary losses. Assuming a cow is fed a diet with 
approx imately 0.3 mg Se from inorganic sources/kg or 
dietary OM, the conceptus will accumulate 0.055 mg Seid 
during the last trimester of gestation (House and Bell. 1994). 
Comparable data when Se yeast is fed are not available, but 
accumulation in swine fetuses when Se yeast was fed was 
approx imately l.3 limes greater lhan when selenite was fed 
(Ma et al., 2014). 

Se concentrations vary across tissues in callle, with kidney 
usually havi11g the highest concentrations and muscle hav
ing lower concentrations (Lawler et al., 2004: Juniper et al .. 
2008), bul muscle contained about 0.3 mg Se/kg OM when 
growing caltlc were fed a diet with 0.3 mg Se/kg from sel
enite (Juniper et al., 2008) and 0.4 to 0.8 mg Se/kg dry weight 
when Se yeasl was fed (Juni per el al.. 2008: Richards el al., 
2011 ). Concentrations of Se in various tissues of growing 
beef animals were 1.25 times greaLer when Se yeasL was fed 
compared with selenite (Juniper et al.. 2008 ). Se concentra
tion of milk averages about 0.02 mg/kg and 0.04 mg/kg when 
selenite and Se yeast is fed at approximately 0.3 mg Se/kg or 
diet, respectively (Ceballos et al.. 2009). Using the regres
sion method, endogenous f ecal and urinary losses varied by 
more than a factor of two depending on the source of data 
(Harrison and Conrad. 1984b; Ivancic and Weiss. 2001). 
Endogenous cells sloughed by cows that are deficient in 
Se would like ly have lower concentrations of Se than cells 
sloughed by cows adequate in Se. No data are available on 
endogenous losses when Sc yeast is fed bul would likely be 
greater because of greater Se concentrations in cells. 

Current FDA regulations ljmit Se supplemenlat.ion to 
0.3 mg/kg of diet (assumed air dried or approximately 
90 percent DM basis) in the United Slates (FDA, 1997). 
and in most s ituations, that amount of supplemental Se will 
maintain dairy cattle in good Se stmus. Based on the effect 
of Se on maslitis, concentrations of Se in whole blood should 
be greater lhan about 0.18 µg/mL or approximately 0.075 µg/ 
mL for plasma when inorganic Se is fed (Jukola et al., 1996). 
Intake of approximately 6 mg/d of inorganic Se should main
tain those blood concentrations (Maus et al., 1980). Less Se 
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may be needed when Se yeast is fed; however, more Se is 
also secreted in milk and retai ned in the body (nonspecific 
proteins) when Se yea. t is fed. B ased on available data, the 
AJ or Se for all classes of caule was set at 

Selenium Al , mg/d=0.3 x DtvII 
(Equation 7-43) 

w here DMI i in kg/d, and ba. al diet is generally assumed 
to provide no Se. 

M ost of the studies with Se for dairy caule were conducted 
in area with low soil Se so that ba. al Se was usually <0.1 mg 
Se/kg OM. This means that intake or supplemental Se was 
approx imately equal to intake of total Se. In areas where 
soil ha higher Se concentraLion. (e.g .. North and South 
Dakota), users are advised to analyzc locally grown forages 
for Se and include basal Se in the calculation o f Se supply. 
Since Se concentrations in feedstuffs are low. specialized 
equipment is needed for the assay, which many labs do not 
have. The Se concentration in the feed library included in 
the model arc means and ccu1 dHTer greatly from feeds grown 
on speci fic ram1s. 

Toxicity 

Alkali disease and blind taggers re ul t from Se toxicity. 
Clinical signs include sloughing or hooves. lameness. loss 
of hair, and emaciation. Most cases of Se toxici ty have been 
related to consumption of Se-accumul<uing plants (e.g., As
tragalus sp.), ru1d much or the Se in those plants is found in 
methy 1-sel.enium compounds. Similar clinical signs were also 
cau ed by feedjng high do e of elenomethionjne (I 0 mg 
Se/kg diet DM) or selenite (25 mg Se/kg diet DM) to yearling 
cattle for 120 days (O'Toole and Raisbeck, 1995). Acute 
toxicity can occur when cows are fed 10 to 20 mg Se/kg 
BW from selenite. An injecLion or about 0.5 mg Sc/kg BW 
to youngcaule (ea. 200 kg) resulled in a 67 percent mortality 
rate (NRC, 1983 ). T he current MTL for dietary Se is 5 mg/kg 
or diet DM (NRC, 2005) or about 16 Lime. greater than the 
recommended dietru·y concentration. 

Zinc 

Function 

Zn is a component or more Lhm1 200 enzymes, includ
ing oxidoreducta es (e.g., Cu- Zn superoxide di mu ta. e}, 
transferases (e.g., RNA pol ymerase), hydro l ases (e.g., 
alkaline phosphatase and carboxypeptidase), lya es (car
bonic anhydrase), and ligase (e.g., tRNA synthetase) (Kidd 
et al., 1996). Zn is involved with macronutrient metabolism, 
numerous aspects of the immune system. gene regulation. 
hon11onal regulation, neurotransmj ssion. and apoptosis. The 
eITects of Zn on immune function have received substantial 
attention (Fraker and King, 2004). Hi torically, these effects 
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were thought to be manifested via Zn-containing enzymes 
such superoxide dismutase (which usually does not show a 
change in activity when dietary Zn in take is allered). However. 
accumulating data inclicate that changes in Zn concentrations 
within immune cell. are a major regulatory mechanism that 
may affect the entire immune system (Haase and Rink. 2009)_ 
1l1e ubiquitous functions of Zn are likely the primary reason 
identifying markers or z n status has been so difficult. 

Absorption 

Molecular and cellular mechani ms of absorption of cli 
etary Zn have not been studied to any degree in the bovine. 
but substantial information is available from rodents and 
poultry modd . Whether information from those spec ie 
renects mechanisms in canle is unknown. In rats and poul 
try. Zn absorption occurs throughout the sma ll inte tine and 
perhaps in the large intestine by two diITerem mechanisms: 
a saturable, t ransport-mediat.ed absorption system and non
saturable difTusion. fn poultry. transport-mediated ab orp
tion occurred primarily in the duodenum and j ejunum, and 
nonsaturable diffusion occurred primarily in the ileum (Yu 

et al.. 2008). In rats. saturable absorption ofZn was found in 
all segments or the small intestine. The saturable transporters 
probably belong to the Zip family, and expre. sion is down
regulated when dietary Zn supply i high and upregulated 
when supply is low (Liuzzi and Cousins. 2004: Lichten 
and Cousins. 2009). Based on poultry and rodent data, at.. 
low dietary concentrations o f Zn. high-affinity transporters 
become important Gejunum cuid ileum) but at high concen
tration. or Zn, diffusion in ileum and colon likely would 
predominate becau e or transporter saturation and downregu
lation. Although some regulation of Zn absorptfon probably 
occurs, based on the putaUve ab orption processes, when 
exce. s-absorbable Zn is fed, cows will absorb Zn in excess 
of requirement. Export of Z n out of eoterocytes appears to 
be regulated and is used to maintain Zn homeostasis. Expres
sion of metallothionein genes or ynthesis o f the protein in 
intestinal cell. is upregulated when excess Zn is provided 
(Tran et al., J 998: Shen et al.. 2008), which likely is one 
mechanism of increased fecal excretion of endogenous Zn. 

Factors Affecting Zinc Absorption 

Measuring the tnie absorption of Zn or relative availabil
ity or Zn is exceedingly difficult because fecal excretion of 
Zn is u. eel to maintain Zn homeostasis. and good marker 
of Zn status are lacking. Lactating cows that were adapted 
to a Zn-deficient diet (6 mg Z n/kg diet OM) absorbed nearly 
50 percent of dietru·y Zn (Ki rchgessner and SchwarL. J 976). 
H owever, maximizing Zn absorption by feeding deficient 
diets is clearly not desirable. Based on isollOpe studies. Zn 
absorption by ruminat.ing cattle fed practical diets thal were 
likely adequale in Zn ranged from 12 to 33 percent (Miller 
and Cragle. 1965: Hansard et al .. 1968: Miller et al .. 1968). 
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However, lhese sludies are decades old and were done with 
Callie with low DMI compared w ilh modern lactating cows. 
Whether DMr affects Zn absorption is unknown. but a posi
tive correlation belween DM digestibility and Zn absorplion 
has been observed (Mi ller and Cragle. 1965). Because new 
data are lacking, the AC for zinc chl oride (ZnC~; Lhe Zn source 
used in the above studies) used in the previous version (NRC, 
200 I) was retained (i .e .. 0.20). Absorption of Zn by rats fed 

radioacl ive Zn from ZnCl2 or from soy nour produced by 
plants fertilized wilh radioactive ZnCl2 were the same (Stuart 
el al., 1986). S.imilar resulcs were found when preruminanl 
calve. were fed ZnCI, or corn pl ants grown with radioactive 
Zn (Neathery et al., t972). These stud ies, at least for nonru
minants, indicate that Zn contained in basal ingredients has 
s imilar absorbability as ZnCl2 (ea. 0.20). l n agreement, true 
absorption of Zn was 0.182 by adull goats fed a diet in which 
about 50 percen L of the Zn was from basal ingredients and 
50 percent from ZnCI~ (Hauori et al., 20 I 0). Therefore, Zn 
in basal ingredients was assigned an AC of0.20. Absorption 
coefficients for Zn from other supplements were estimated 
from studies measuring relative bioavailability. ZnCl

2 
and 

zinc sulfate (ZnSO) had similar bioavailability in calves 
with a functioning rumen (Kincaid. 1979). Zinc oxide had 
a bioavailability of approximately 80 percent that of ZnS04 

(Sandoval et al.. 1997) so that its AC was set at 0.16. Zinc 
carbonale had the same bioavailability as ZnSO.i in . heep 
(Sandoval et al., 1997). Several proprietary supplemental 
Zn sources are available, but published data on measures of 
re lative bioavailability are limited (Cao et al.. 2000). The 
lfo1jted data indicate slightly higher ( 10 to 20 percent) greater 
bioavailability for some proprietary compounds compared 
with ZnSO~. A problem wilh most relative bioavailability 
studies is that very high concentrations ofZn are fed, which 
can affect results. 

Severa l dietary components can interfere wilh Zn absorp
tion or increase body losses of Zn, bm most of Lhe studies 
have been done with nonruminants (Lonneirdal, 2000). 
Phytate clearly reduces Zn absorption in nonruminants. Zn 
absorption by calves fed milk averaged about 50 percent 
(Mi ller and Cragle, L965) but was reduced by more than 
half when soybean protein was included in lhe diet, likely 
because of the phytic acid in Lhe soybean product {Miller 

et al., 1968). Phylase has liLtle effect on P absorption (see 
P section), suggesting Lhat in functioning ruminants. phytic 
acid probably does not greatly affect Zn absorption. High
fiber diets can reduce Zn absorption in nonruminanls, but 
that affect is often confounded w ith elTects of phytate. Diets 
that difTered greatl y in concentration of undigested NDF did 
not afTect apparent Zn absorption in dairy cows (Faulkner 
et al., 2017). Ca can reduce Zn absorption in nonruminants 
but that may be an indirect effect caused by the clTects or 
Ca on phytate (Lonncrdal, 2000). Jn cattle, supplementation 
of Ca was associated with a reduction of Zn in serum of 
yearling steers and calves (Mills et al.. 1967: Perry et al., 
1968), but no deleterious effects of increased dietary Ca on 
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metabolism of Zn or growth in sheep were observed (Pond 
and Wallace, 1986). 

Cadmium markedly reduces Zn absorption in rats (Evans 
et al. , 1974). High dietary Fe ( 1,000 mg Fe/kg of diet pro
vided by ferrous sul fate) reduced liver Zn concentration in 
steers by about 18 percent (Standish et al.. 1971 ). Zn and Cu 
are antagonistic to one another. Very high Cu can interfere 
with Zn metabolism; however, very low Zn-Lo-Cu ratios 

(0.15: I ) are likely necessary to produce antagonism (Oes
treicher and Cousins, 1985). Diets w ith 40 mg Cu/kg and 
50 mg Zn/kg (0.8: 1 Cu-to-Zn ratio) did not reduce plasma Zn 
in growing steers (Gooneratne et al., 1994). Elevated dietary 
s (approximately 0.5 percent) has increased urinary loss or 
Zn and reduced Zn absorption in beef cattle (Gooneratne 
et al.. 20 11 : Pogge et al., 2014). Conversely. feeding monen
sin may increase absorption of Zn (Spears, 1990). and w ith 
nonruminanlS. certain proteins such as whey or beef increase 
Lhe absorption of Zn, but other proteins such as casein and 
isolated soy protein (phytase treated) reduce Zn absorption 
(Lonnerdal, 2000). Based on currently available information. 
most practical diets should not contain adequate concentra
tions of antagonistic substances to reduce Zn absorption with 

Lhe possible exception of excess S. 

Dietary Zinc Requirement 

A factorial approach was taken to determine the dietary 
requirement for Zn. In the previous edition (NRC, 2001) 
endogenous fecal and the obligate urinary loss of Zn was 
set at 0.033 m g Zn/kg BW a1J1d 0.0 L 2 mg Zn/kg BW, respec
tively, for a total maintenance requirement of 0.045 mg Zn/kg 
BW. The data used to generate those equations came from 
a study wilh growing heifers (ea. 300 kg BW) fed radioac
tive Zn (Hansard et al., 1968). Newer data do not support 

Lhe value used for the obligate urinary loss and bring into 
question the value used for endogenous fecal loss. Growing 
cattle (ea. 300 kg) fed low but not deficient Zn diets excreted 
0.003 mg Z n/kg BW in the urine (Gooneratne et al., 201 I; 
Pogge et al.. 2014), and lactating cows fed low Zn diets 
(30 mg Zn/kg DM) excreted 0.0016 mg Znlkg BW in urine 
(Faulkner et a l.. 2017). Because urinary excretion of Z n is so 
low, the obligate urinary loss was set at zero. A stable isotope 

study with goats fed at maintenance estimated endogenous 
fecal loss of Zn at 0.17 mg/kg BW (Hattori et al., 20 JO). An 
earlier study with 300-kg beef heifers estimated endogenous 
fecaJ loss at 0.027 mg Zn/kg BW (Hansard el al .. 1968). On 
a DMl basis (inlake was<2 percent of BW in both studies). 
endogenous fecal Zn ranged from 2.0 (heifers) to 8.6 (goats) 
mg Zn/kg DMl. The exu·emely limited darn and the great 
difTerences between studies make it difficult to estimate this 
requirement. In add ition, the dieL5 were not typical of what 
is fed to dairy cows. One reason for the disparate results is 
that endogenous recal loss of Zn renects Zn status. As more 
Zn is red, Zn bound Lo metallothionein is excreted via reces 
LO maintain Zn homeostasis. Based on Zn intake, the goats 
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TABL E 7-4 Compari son Between Current and Prev ious (NR C, 2001) Zinc Requirements for Dry and 
L actating Cows 

Total abs.orbed requirement 
Current. mg/d 

RC 2001. mg/d 
Total dietary requirementu 

Current, mg/d 
NRC. 2001. mg/d 

650 kg CO\I. JO kg Milk/d. 
22.4 kg of lnwkc 

232 
149 

1.160 
993 

650 kg Cow. 50 kg Milk/d. 
29.4 kg of Intake 

3.17 
229 

1.735 
1.526 

70(} kg Ory Cow. 270 Day~ of 
G~tation. 13 kg of lni.ake 

65 
-14 

325 
293 

4 Absorption coefficient was 0.20 for current requirements 1md 0.15 for NRC (200 1 ). 

(Hattori et al., 2010) were likely in greater Zn status than 
the heifers (Han ard et aJ., 1968). Data on endogenous fecal 
excretion of Zn (and mo l trace mineral ) by dairy cows 
are clearly needed to improve our e timates of mainte
nance requirements. Therefore the commiuee decided to 
use the mean va lue (rounded to the nearest whole number) 
from the two experiments and set the endogenous fecal Zn 
r equirement as 

Endogenous fccal loss= Maintenance requirement 
= 5 mg Zn/kg DMJ. 

No new daca are available on Zn accretion by the concepius: 
therefore, the gestation requirement was not changed and set 
at 0.017 mg Zn/kg of maternal B W, which equals 12 mg Zn/d 
between day 190 of ge talion and the end of gestation for a 
715-kg Holstein cow (House and Bell, 1993). Newer data sup
p ort retaining Lhe lactation requirement for Zn al 4 mg/kg of 
milk. but concentral ions can range from about 3 to 6 mg Zn/kg 
(Schwartz and Kirchgessner, 197 5: Kinal et aJ., 2007; Castillo 
el al ., 2013; Faulkner et al., 20 17). The amom1l of Zn retained 

during growth o f body tissues averages 24 mg Zn/kg A DG 
(range, 16 to 3 1 mg) (Miller, 1970; Kirchgessner and Neesse, 
1976). Zn accretion in growing sheep averaged about 28 mg 
Znlkg of empty BW but wa 24 mg Zn/kg in young sheep 
( 15 kg BW) and increased LO 30 mg Zn/kg in beep weighing 
about 50 kg (BeJlof and Pallauf. 2007). Whether the growth 
requirement (per kg of BW) increases as growing cattle get 
larger is not known; therefore, a single growth requirement 

(24 mg Zn/kg daily gain) wa used. 

Summary of Equations (mg absorbed Zn/d) 

Maintenance=S.OxDMl (Equation 7--44) 

Growth = 24 x ADG (Equation 7-45) 

Gestation (>190 d pregnant)=0.017xBW 
(Equation 7-46) 

L actation =4 x Milk (Equation 7-47) 

where DMI, ADG, and milk are in kg/<l, and BW is in k g. 
T he maintenance requirement for absorbed Zn wa. 

greatly increased compared with the previous version. but the 
AC for ba aJ Zn was al o increa. ed. A comparison between 
NRC (200 I ) and cu1Tent requirements is in Table 7-4. 

Deficiency 

Callie that are deficient in Zn quickly exhibit reduced 
DMI and growth rates. With a more prolonged defic iency. the 
animals exhibit reduced growth of testes, weak hoof horn. 
and parakeraLosi. of the skin on the legs. head (especially 
nostrils). and neck. On necropsy. lhymic atrophy and lym
phoid depletion of the spleen and lymph nodes are evident 
(Miller and Miller, 1962; Mills el al.. 1967; Mayland et al.. 
1980). A genetic defect that g reatly reduces ab orption ofZn 
has been identified in Dutch-Friesian Callie, and they become 
severely defic ient in Zn unless fed extremely large amounts 
or dietary Zn (Fl agstad. 1976). Marginal deficiency of Zn 
may increa<;e lhe risk or maslilis and other infectious disease. 
Dairy cows fed diets with approximalely 41 mg Zn/kg diet 

DM had higher milk SCC Lhan cows fed diets with 63 mg/kg 
Zn (Cope eL a l.. 2009). The diet w ith 4 1 mg Zn/kg would nol 
meet the current Zn requirements. 

Concentration of Zn in . erurn are normally between 0.7 
and 1.3 µg/mL, and concentrations belowO.S µg/mL are often 
considered deficienL However, tress or disease can cause a 
rapid redi tribution of Zn out o f cxlracellu lar fluids, caus
ing concentrations of Zn in serum to fall into the "deficient"· 

range even when dietary Zn is adequate (GolT and Stabel. 
1990). Liver Zn concentrations are not refiecl.i ve of Zn intake 
but will. decline w ith prolonged periods or dietary deficiency 
(H erdt and HolJ, 2011). Increased liver Zn concenlralions have 
been ob. erved in sheep red supplemental Zn compared to no 
added dietary Zn (Cao et al., 2000), and the effects are greater 
when fed z inc lysine compared to zinc sulfate, zinc oxide, and 
Line methionine (Rojas et aJ., 1995). However, no dilTerence. 
were observed in liver Zn concentrations of adult catLJc fed 
360 mg/d o f supplemental Zn compared to no supplemental 
Zn (Rojas el al., 1996). mid source o f supplemental Zn had no 
elTect on liverZn concentration. (Rojas el al., 1996: Siciliano
Jone. eL al.. 2008). Liver Zn concentration in caule are al o 
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affected by age and perhaps other factors (Puschner et al., 
2004). Carbonic anhydrase and alkaline phosphatase activ iLies 

i111 blood have been used to assess Zn status, but me. e are di f

ficull to interpret because concurrent disea. c can affect these 

enzymes as much as a deficiency of Zn (Mills, 1987). No 
widely agreed-011 . Latu indic<HOr is avai lable for Zn. 

Toxicity 

Cattle can generally tolerate high concentrations of dietary 

Zn. Clinical toxicity was observed in cattle fed a 900-mg Zn/kg 
diet (Ou et al., 1966a,b). Feed intake, milk production, and Cu 

. tatus were reduced w hen cows were fed diets w ith 2,000 mg 

Zn/kg (from Z nS0
4

) but not when fed diet wilh J,000 mg 

Zn/kg (Miller et al.. 1989). NRC (2005) establi hed an MTL 
for cattle at 500 mg Zn/kg diet DM. H owever. dairy cows can 

Ukely tolerate greater concenu·ation . 

Arsenic, Molybdenum, Nickel, and Vanadium 

These elements can be found in minute amounts in the 
tissues of animals. In rodents, some of these elements have 

been demonstrated to be essential. Data on essenliality in 

dairy can le are nonexistenl. and practical dieL'> would not 

be expected to result in deficiency of any of Lhe. c elements. 

Most or these e lements are toxic at levels occasionally 
occurring under field conditions. 

Our current understanding, of metabolism does not include 

any. pecific role for arsenic (As). Goats fed a diet w ith 0.35 mg 
As/kg DM had more kids, and more of the kids surv ived through 

weaning compared with goats fed a diet wi th 0.035 mg As/kg 

(Anke. 1986). Organic ar enicals. as well as inorganic forms of 
As, are well absorbed and can cause toxicosis when feed Luff.<; 

are accidentaUy contaminated w iLh As. lnorganic arsenicaJs are 

more toxic than organic arsenicals. The maximal to lerable level 

was set at 30 mg As/kg diet DM (NRC, 2005). 

Mo is an essential m ineral and a cofactor of xanthine 

oxidase. aJdehydc ox idase. and su l fite ox.id a e (R ajagopalan, 
1988). However, clinical signsor adeficiencyofMo havenoL 

been produced in any animal making supplem entation un

necessary. Because of its antagoni. tic effects on Cu absorp
tion (. ee discussion in Cu section above). clinical signs of 

Mo Lox ic ity are similar to tho. e of a Cu deficiency. Increa. ing 

dietary Cu concentrations wi ll usually decrease or eliminate 

c linical signs of Mo toxicity. 
Nickel (Ni) is an essential nutrient for ruminants, aJthough 

deficiencies are extremel y difficult to produce (Spear , 
E984). One function of N i is as 3 cofac tor for some forms of 

urease. Ruminal urease activ ity was stimulated when lambs 
were fed a diet supplemented with 5 mg N i/kg (from nickel 

chloride) compar ed Lo basaJ with 0.06 mg N i/kg (Spears et al.. 

m977). Feeding d iets wilh 0 to 3 mg/kg of supplemental N i 

to young heifers ( 125 kg of BW) linearly increased plasma 

ureaseactivity. DMI. and ADG (Singh et al., 20 19). Studies on 

the effects of N i at nu tri tiona II y relevam supplementation rates 
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on lactating dairy cows are lacking. N i is relatively nontox ic 
wiLh maximal tolerable dietary concentrations of 100 mg Ni/ 

kg for cattle ( NRC, 2005 ). However, no effects were noted on 

performance vruiables when lactating cows were fed diets with 

0. 50. or 250 mg Ni/kg DM (O'Dell et al., 1970). 
Vanadium (V) may have insulin-like activity (Heyliger 

et al., 1985). When Y (as vanady l sulfate) was supplemented Lo 

daiiy cow diets at 0 10 0.12 mg Y /kg BW0•75 from 4 weeks pre

partu m to 4 week postparlllnn, milk yield increased quadrati
cally w ith a maximum al 0.04 mg V/kgBwo.75 (Heidari el al .• 

2016). Milk composition, BW, and DM1 were not affected. 
Blood gluco e concentratio111s followed a panern similar to 

milk y ield. and the insulin-to-gluco. e ratio post part um was 

reduced by all V treatments compared 10 control. The basal 

concentration orv was 0 .89 mg/kg DM. Ln goats, supplemen

tal Y at 2 mg/d increased glucose clearance rate and increased 

average daily gain and feed efficiency (Z.arqami et al.. 2018). 

Although these studies show promise, inadequate data are 
avai lable 10 determine an A I for V. A lthough it is poorly de

fined. the MTL i. 50 mg V/kg of diet (NRC. 2005). H owever. 

ruminal function (OM iligestibility) in lambs was disrupted 
with j ust 7 mg vanadium/kg of diet (Williams, 1973). 
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Vitamins 

INTRODUCTION 

Historically, vitamin requirements (or recommendations) 
and dietary concentrations were expressed on an interna
tional unit (IU) basis. This was done because early assays 
relied on biological response and did not directly measure 
mass of a compound and because multiple forms and sources 
of many vitamins are available, and they yield different 
potencies when evaluated using bioassays. The conversion 
factors for calculating IU for various forms of vitamins are 
in Table 8-1. These standard conversion factors have been 
used in previous editions. 

FAT-SOLUBLE VITAMINS 

Vitamin A and !}-Carotene 

Sources 

Vitamin A can be provided by preformed supplemental 
vitamin A or by the enzymatic conversion of consumed ca
rotenoids (predominantly ~-carotene). The common forms 
of supplemental vitamin A used in the United States are 
all-trans retinyl acetate and all-trans retinyl palmitate, and 
vitamin A activity is defined in retinol equivalents. Retinol 
is not found in plants, but many feeds contain ~-carotene 
(Lindqvist et al., 2012, 2014; Pickworth et al., 2012). Carot
enoids other than ~-carotene can be converted to vitamin A 
by animals, but conversion efficiency appears to be poor, and 
most common feeds do not contain substantial amounts of 
those carotenoids. Forages can contain substantial amounts 
of ~-carotene but most grains and grain by-products are 
practically void of ~-carotene. Com silage contains ex
tremely variable concentrations of ~-carotene depending on 
duration of storage, amount of grain in the silage, and other 
factors (Pickworth et al., 2012). ~-Carotene concentrations 
decrease as forages mature (Park et al. , 1983). 13-Carotene 
is easily oxidized, and once plants are cut, concentrations 

164 

decrease quickly so that stored forages (silage and hay) have 
lower concentrations of~-carotene than fresh forage (Bruhn 
and Oliver, 1978; Park et al., 1983). Under ideal wilting and 
ensiling conditions, loss of ~-carotene for legume and grass 
mixtures averaged 15 percent but was as high as 25 percent 
(Lindqvist et al., 2012). The length of time forages are stored 
is negatively correlated with ~-carotene concentrations (Bruhn 
and Oliver, 1978; Pickworth et al., 2012). 

Bioavailability and Factors Affecting Supply 

Bioavailability of vitamin A is defined as the proportion 
of vitamin A consumed that is absorbed into the body and is 
available to cells, but for ruminants, absolute bioavailability 
data do not exist. Bioavailability of vitamin A depends on the 
degree of ruminal destruction and on absorption efficiency by 
the small intestine. Based on in vitro data and data with non
ruminants, bioavailability for vitamin A is probably substan
tially less than 100 percent. Ruminal destruction of vitamin A 
can be extensive; approximately 60 percent of supplemental 
vitamin A was destroyed in the rumen of steers fed hay and 
corn grain diets (Warner et al., 1970). Similar values have 
been obtained using in vitro rumen systems (Rode et al., 
1990; Weiss et al., 1995). In vitro ruminal destruction of 
vitamin A was approximately 20 percent with high-forage 
diets but increased to about 70 percent with 50 to 70 percent 
concentrate diets. In vitro and in vivo studies suggest that 
between about 0 and 50 percent of dietary ~-carotene is de
stroyed in the rumen (Polanski et al., 1974; Fernandez et al., 
1976; Noziere et al., 2006), but the ~-carotene contained 
w ithin forages is more resistant to ruminal degradation than 
is supplemental ~-carotene. Essentially no reliable data are 
available on the intestinal absorption of dietary retinyl esters 
in cattle, but data collected from humans and rats suggest 
20 to 60 percent of it is absorbed (Blomhoff e t al., 1991; 
Harrison, 2005). Prior to absorption, the esters are cleaved 
and then retinol is absorbed by what appears to be diffusion. 
Absorption of retinol is enhanced by increased intake of fat. 
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TABLE 8- I Factors for Converting Common Sources of Vi tamins in to 
International Units (lU) 

Vitamin 

A 

D 

E 

Source 

~-carotene 
All-1r<ms re1inol 
All-trcms re1inyl acetate 
All-mms re1inyl palmitate 

Cholecalciferol (vitamin 0 3) 

Ergoe::ilciferol {vitamin 0 1) 

RRR-tocophcrol 
RRR-tocopheryl acetate 
RRR-tocopheryl succinme 
All-rac tocopherol 
All-rac tocopheryl acetate 
All-roe tocopheryl ~ucciruue 

Standard 

2.5 microgram 
0.3 microgram 
0.344 microgram 
0.550 microgr.tm 

0.025 microgram 
0.025 microgram 

0.67 mill igram 
0.74 mill igram 
0.83 mill igram 
0.91 milligram 
1.00 milligr:tm 
1.1 2 milligram 

M~sll lU 

Used in TI1is Edition 

2.5 microgrJm0 

0.3 microgram 
0.344 microgram 
0.550 microgram 

0.025 microgram 
0.025 microgram" 

0.45 milligramb 
0.50 milligramh 
0.55 milligramh 
0.91 milligram 
1.00 milligmm 
1.1 2 milligram 

0 Potcncy is likely overe:.1in11a1ed using this conversion factor but data are inadequate 10 quru1ti fy 
(see ICXI). 

bBased on canle darn, the RRR fom1~ of vitamin E are more potem than 1he siandard conversion 
fac1ori. (see text). 

Apparent absorption of ~-carotene from a variety of forages 
averaged 77 percent in dairy steers (Wing, 1969), but Cohen
Femandez et al. ( 1976) reported that fecal recovery (indigest
ibility) of radiolabeled ~-carotene was about 90 percent in 
sheep. In human and rodent models, inlestjnal absorption of 
~ -carotene is a saturable process (von Lintig, 2010), sug
gesting that absorption efficiency may be less when cows 
are consumjng large amounts o r ~-carotene (e.g., grazing) 
compared with cows conswning hay-based dieLs. 

In addition to ruminal metabolism, the bioavailability of 
~ -carotene as a source of vitamin A depends on the efficiency 
o f conve1ting it LO retinol. ~-Carotene is predominantly con
verted to relinol by an enzyme located in intestinal mucosal 
cells. Relinoic acid, at least in humans and rodenL<;, regulales 
this conversion process; anjmaJs with hjgh concentrations 
of retinoic acid convert less ~-carotene into retinol. If this 
regulation occurs in caule, cows in good vitamjn A status 
w ill convert less ~-carotene into retinol, which means tissue 
concentrations of ~-carotene may increase when ~-carotene 
is fed. whereas .cows in low vitamin A status may convert 
much of the P-carotene they absorb into retinol and have 
lower ~-carotene concentrations in tissues. 

The vitamin A acli vity of P-carotene for cattle is in 
Table 8-1 . Previously, the conversion efficiency used for 
humans was much greater than that used for caule, but the 
assumed efficiency for humans has been reduced and is now 
1 mg ~-carotene (in food)= 277 IU of vitamin A or 83 µg 
rc tinol (!OM, 2000a), which is less than the value used for 
caule (1 mg ~-carotene=400 fU of vitamin A). A bsorption 
o f ~-carotene in frujts and vegetables by humans was much 
less than previousl y thought (JOM, 2000b). The defined ac
tivity of ~-carotene ror cattle is based largely on experiments 
using lambs fedi corn silage (M artin et al., I 968). Studies 
are needed to reevaluate the conversion efficiency of catl le 

in light of the changes made to the humarn conversion ef 
ficiency factor. 

Vitamin A is less stable than many other vitamjns. When 
supplemental vitamin A is mixed in premixes without added 
trace minerals, loss of acUvity during storage under ideal 
conditions is: similar to other vitamins at about 3.5 percent 
per momh, but if the premix contains supplemental inor
ganic trace minerals (copper, iron, manganese. selenium 
[Se]. and zinc), loss in activity was about 9 percent per 
month (Shurson et al.. 2011). Pelleting and extrusion cause 
very substantial losses in vitamin A acti vity, and improper 
environmental conditions during storage (e.g., heat and 
exposure to sunljght) will increase loss or activity during 
storage (Coelho. 2002). 

Relative bioavailability o f vitamin A supplements can 
be evaluated by monitoring retinol concenmrations in liver. 
and significant differences were found between commercial 
sources of supplemental vitamin A when fed to feed lot cattle 
(Alosilla et al., 2007). These djfferences could be caused by 
loss or activity during storage or differences in ruminal de
su·uction or intcsUnal absorption. The rehujve dose-response 
assay has been used to assess dietary effec ts on vitamin A 
bioavailabil ity and vitamin A status in calves (Hammell 
et al., 2000) and adult caule (Westendorf et aJ., 1990), but it 
may lack adequate sensitivity. Because of the invasive nature 
or limited sensitivity of current assays, data on factors affect
ing bioavailability of vitamin A and ~-carotene a.re limited. 
High supplementation rates of vitamin E (6.000 IU/d) tended 
to reduce vitamin A status in feedlot cattle (Westendorf 
et al., 1990). and 2.500 lU/d of supplemental vitamin E 
reduced plasma and tissue concentrations of ~-carotene in 
grazing cattle (Yang et al ., 2002). Feeding supplemental fat 
increased ~-carotene concentration in plasma of' dairy cows 
(Weiss et al.. 1994). 
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Functions and Animal Responses 

One specific function of vitamin A (retinaldehyde) is the 
production of rhodopsin (a vision pigment) that is necessary for 
low-light vision. However, because vitamin A (retinoic acid) is 
a major regulator of gene transcription, it is involved in a mul
titude of cellular and tissue functions, including spermatogen
esis, female reproduction, fetal development, and maintenance 
of skeletal and epithelial tissue. It also is a major regulator of 
immune cell function and has profound effects on the immune 
system (Stephensen, 2001; Mora et al. , 2008). Vitamin A status 
in cattle is positively related to various measures of immune 
function (Yano et al., 2009), and vitamin A supplementation 
enhances the function of different immune cells (Tjoelker 
et al., I 988a,b, 1990; Meyer et al., 2005). Cows that eventually 
developed retained feta! membranes had lower semm concen
trations of retinol prepartum than did healthy cows (LeBlanc 
et al., 2004), and cows with retained feta! membranes had lower 
serum ret inol concentrations postpartum (Akar and Gazioglu, 
2006). In one study (LeBlanc et al., 2004), but not in another 
(Rezamand et al., 2007), cows that developed an intramammary 
gland infection in early lactation had lower serum retinol than 
healthy cows. Lower concentrations of plasma retinol were 
associated with more severe lameness in cows (Sadeghi-nasab 
et al., 2013). Stillborn calves, but not aborted fetuses, were de
ficient in vitamin A (Waldner and Blakley, 2014). Overall , the 
preponderance of data indicates that cows in suboptimal vitamin 
A status are at higher risk for numerous health disorders than 
cows in adequate vitamin A status. 

Requirements 

Inadequate data are available to establish a requirement 
for vitamin A, and because the ~-carotene content of diets is 
highly variable and almost never known in commercial situ
ations, an Adequate lntake (AI) was established for supple
mental vitamin A rather than total vitamin A (see Chapter I 
for discussion regarding Al). Fresh forage (e.g., pasture) can 
have high concentrations of ~-carotene; therefore, the amount 
of supplemental vitamin A needed when fresh forage is fed 
will be less than for cattle consuming conserved forages. The 
AI presented below assumes conserved forages are fed and are 
probably in excess of requirements for grazing cattle. 

The vitamin A requirement established in 2001 (NRC, 2001) 
for growing heifers, dry cows, and lactating cows was l 10 ID 
of supplemental vitamin A/kg body weight (BW) and was 
based on cerebrospinal n uid pressure, the presence of papillary 
edemaoftheeye, milk yield, immune function, mammary gland 
health, and reproduction (NRC, 2001). The requirement also 
incorporated expected ruminal destruction of a portion of the 
supplemental vitamin A when higher concentrate diets are fed. 

The AI for supplemental vitamin A for growing heifers 
was kept at l 10 JU/kg BW because of a lack o lf new data; 
however, the AI ofvitaminA for replacement heifers remains 
especially poorly defined. Holstein steers fed a high-grain 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

diet that provided approximately 110 JU of supplemental 
vitamin A/kg BW had greater average daily gain than steers 
fed no supplemental vitamin A, but the vitamin A treatment 
was confounded with a vitamin E treatment (Salinas-Chavira 
et al., 2014). Feeding finishing diets (i.e., high concentrate) 
void of supplemental vitamin A has increased intramuscular 
fat deposition in beef steers and tended to decrease rib fat 
thickness compared with steers fed approximately 70 JU/kg 
BW (Gorocica-Buenfil et al., 2007). Whether the effects of 
low vitamin A intake on fat deposition occur in heifers fed 
lower-energy diets is not known. Ir inadequate vitamin A 
does affect fat deposition in growing dairy heifers, this could 
be detrimental to future milk yields if the fat is deposited in 
the developing mammary gland. In the beef study (Salinas
Chavira et al., 2014), the feeding period was approximately 
170 days, and no adverse effects were reported in cattle not fed 
supplemental vitamin A. Because of reproduction demands, the 
lack of adverse effects when no supplemental vitamin A was 
fed to steers may not extend 10 replacement heifers. 

In NRC (2001), the vitamin A requirement for adult cattle 
(lactating and dry) was set at 110 JU/kg BW. Milk represents 
a significant los.> of retinol from the cow, with concentrations 
ranging from about 3 to 11 mg/kg of milk fat (Jensen and 
Nielsen, 1996; Jensen et al., 1999; Shingfield et a l., 2005; 
Noziere et al., 2006). This is equivalent to approximately 0.1 
to 0.4 mg/kg of milk with 3.7 percent fat, or about 1,000 IU of 
vitamin A/kg of milk. Using the average concentration, a cow 
producing 35 kg of milk with 3.7 percent fat would secrete 
about 10 mg of retinol into milk daily, which is equivalent to 
30,000 ID, which is substantial relative to the AI (ea 69,000 ID 
for a 625-kg cow). In addition, lactating cows are typically fed 
higher-concentrate diets than growing heifers and d1y cows. 
These facts could argue for increased AI for vitamin A for lac
tating cows relative to the AI for heifers and dry cows and that 
the AT should be related to milk fat yield. The preponderance of 
available data on production, health, and reproduction indicates 
that approximately 110 ID of vitamin A/kg BW for lactating 
cows is adequate, but most studies used cows producing<35 kg 
of milk per day. Based on current data and expected loss of 
retinol in milk, the daily AI for vitamin A was set as follows: 

If milk yield ~35 kg/d (including dry cows), 
A I = 1 10 IU/kg BW (Equation 8-1 a) 

If milk yield >35 kg/d, AI= 110 IU/kg BW + 1000 IU 
x (milk yield-35) (Equation 8-1 b) 

Although lactating cows secrete substantial amounts of 
retinol into milk, several arguments exist for selling the AI 
for dry cows equal to that of lower-producing cows. First, 
the developing fetus requires vitamin A. Second, the con
centration of retinol in colostrum is pos itively correlated 
with vitamin A intake during th e dry period (Puvogel et al., 
2008). Colostrum contains substantial amounts of retinol 
(see Chapter 12), and colostrum synthesis causes a s ig-
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nificant reduction in plasma concentrations of re tinol (GofT 
et al., 2002). Calves are born with low vitamin A status, and 
increased concentrations of retinol in colostrum improve 
vitamin A status of the newborn calf (Puvogel et al., 2008). 
Third, cows fed I 70,000 TU of vitamin A/d during the dry 
period and early lactation period produced more milk than 
cows fed no supplemental vitamin A (Oldham et al., 1991). 
Fourth, late-gestation dry cows with lower vitamin A status 
have increased risk of retained feta! membranes and intra
mammary gland infections in early lactation (LeBlanc et al., 
2004). Because of a lack of new data, the AI for vitamin A 
for dry cows was retained at I I 0 TU/kg BW. 

p-Carotene 

~-Carotene has functions other than serving as a precursor 
for re tinol. Responses to supplemental ~-carotene by dairy 
cows have been inconsistent and could reflect differences 
in basal ~-carotene intake or vitamin A status . The pre
ponderance of studies has found no e fTect of supplemental 
~-carotene on milk production (de Ondarza e t al., 2009). 
Jn an older review, Hurley and Doane ( 1989) reported that 
supplemental ~-carotene (usually at 300 to 400 mg/d) im
proved some measure of reproductive efficiency in 12 of 22 
s tudies, but when studies conducted only in North America 
were summarized, ~-carotene had no effect on reproduction 
in 4 of 5 studies. Newer data show similar inconsistencies. 
Kawashima et al. (2009) reported cows that were anovulatory 
had lower concentrations of ~-carotene in plasma, whereas 
Kaewlamun et al. (20 11) reported that I g/d of supplemental 
~-carotene had no effect on ovarian activity and uterine 
involution. Some data have shown a relationship between low 
plasma concentrations of ~-carotene prepartum and increased 
incidence of retained feta! membranes (Inaba et al. , 1986; 
Akar and Gazioglu, 2006), whereas LeBlanc et al. (2004) 
found no relationship. ~-Carotene, independent of its pro-
vitamin A function, is an antioxidant and can e nhance the 
killing ability of neutrophils (Chew, 1993). In some (Chew, 
1987) but not all (Michal et al., 1994) studies, supplementing 
between 300 and 600 mg ~-carotene/d reduced the incidence 
of intramammary gland infections and mastitis. These stud
ies were conducted with cows at dry-ofT or peripartum cows. 
Newer data on effects of ~-carotene on mammary g land health 
are limited. Supplementing 425 mg ~<arotene/d w lactating 
cows did not afTect somatic cell count (SCC) (de Ondarza 
et al., 2009). Ju kola et al. ( 1996) reported increased mastitis 
in cows with low plasma ~-carotene, whereas LeBlanc et al. 
(2004) reported no relationship. Considering the extremely 
inconsistent data with respect to ~-carotene supplementation, 
an AI could not be established for ~-carotene. 

Maximum Tolerable Level for Vitamin A 

Feeding approximately 500,000 TU of vitamin A/d (ap
proximately 6.5 ><current AI) during the dry period reduced 
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milk yield in the subsequent lactation possibly because of in
creased mammary cell apoptosis (Puvogel et al., 2005). Based 
on older data, cattle consuming approximately 1,300 TU of 
vitamin A/kg BW (approximately 12 x current Al) developed 
signs of osteoporosis (NRC, 1987). One-week-old calves fed 
3 million IU o f vitamin A/d for 10 days developed hyena dis
ease (premature growth plate closure) (Takaki et al., 1996). In 
humans and other nonruminants, excess intakes of vitamin A 
can cause problems with bone metabolism, including osteopo
rosis (Penniston and Tanumihardjo, 2006); negatively afTect 
immune function and increase incidence of certain infectious 
diseases (Field et a l., 2002); and cause feta! abnormalities 
(Aza'is-Braesco and Pascal, 2000). With improved sensitivity 
of measurements, negative effects of excessive vitamin A for 
humans are being observed at much lower intakes of vitamin 
A than previously. For example, markers of osteoporosis in 
humans may develop when vitamin A intake is about twice 
the recommended daily allowance, whereas previously, 10 
times requirement was considered necessary to see negative 
effects (Penniston and Tanumihardjo, 2006). Because of 
ruminal metabolism and multiple other differences, human 
toxicity data cannot be extrapolated to cows, but nutritionists 
should be aware that negative effects of excess vitamin A may 
occur at lower intakes of vitamin A than previously thought. 

Vitamin D 

Sources and Factors Affecting Supply 

Vitamin D can be produced within the skin of most 
mammals, including cattle, as a result of the photochemical 
conversion of7-dehydrocholesterol to vitamin D

3
• ln plants, 

ultravio let irradiation causes photochemical conversion of er
gosterol to vitamin D, . Although some feeds contain vitamin 
0 (Horst et al., 1984), there are almost no data on vitamin 
0 concentrations of feeds published within the past 20 years 
(Ka lac, 2012). Therefore, basal ingredients are assumed to be 
an unre liable source of vitamin 0 , and the AI is expressed o n 
a supplemental vitamin 0 basis. Vitamin 0 2, the form associ
ated with plants, and vitamin 0

3
, the form associated with 

vertebrates, are both used for supplementation of diets. The 
biological activity of the two forms was generally considered 
equal in cattle; however, Littledike and Horst (1982) dem
onstrated reduced efficacy of the vitamin 0

2 
form in cattle. 

Presumably, this is because reduced binding of vitamin D2 
metabolites to vitamin 0 -binding proteins in blood leads to 
more rapid clearance of vitamin 0 2 metabolites from plasma. 
Vitamin 0 3 was about twice as e lTective at elevating the con
centra tion of25-hydroxyvitamin 0 (i.e., calcidio l) in plasma 
of dairy cows as vitamin 0 2 (Hym~ller and Jensen, 2010). In 
humans, the value o f vi tamin D

2 
as a vitamin D supplement 

is questionable (Houghton and Vieth, 2006). Vitamin 0 3 is the 
predominate source of supplemental vitamin 0 used for live
stock, and theAI for supplemental vitamin 0 assumes vitamin 
D3 will be used. If vitamin D2 is used, supplementation rates 
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probably should be increased. Calcidiol is commercially 
available and can be used as a source of vitamin D. Most of 
the research has been with transition cows (see Chapter 12), 
and at this time, the relative activity (i.e., IU per unit mass) 
of calcidiol is not known. 

Dietary vitamin D can be metabolized in the rumen by 
bacteria to inactive metabolites (Horst and Reinhardt, 1983), 
but the degree of this metabolism is unclear. Hym~ller and 
Jensen (20 I 0) reported that concentrations of vitamins D2 
and D

3 
in rumen fluid (in vitro) were constant over time (up 

to 30 hours). However, concentrations were expressed per 
unit of dry mailer (DM), which suggests vitamin D degra
dation occurred at a rate similar to DM digestion. Both forms 
of vitamin D followed similar time profiles. 

In vivo synthesis of vitamin D3 depends on the duration 
and intensity of exposure to solar radiation, and solar intensity 
depends on latitude, season, and cloud cover. Caule housed 
outside have higher concentrations of25-hydroxyv itamin Din 
plasma during the summer compared with winter (Hym~ller 
etal. , 2009; Edringtonetal. ,2012;Casaset al., 2015).Tomain
tain adequate plasma concentrations of 25-hydroxyvitamin D, 
dairy cows (56° lat itude) in June required about 90 minutes 
of sun expostu-e (centered on approximately 1300 h) per day 
(Hym~ller and Jensen, 2012). Based on human vitamin D 
synthesis rates, the required duration of sun exposure (as
sumed latitude of 40°) to obtain adequate vitamin D could be 
several Limes greater during spring and fall and unobtainable 
during the winter (Webb and Engelsen, 2006). Supplemental 
vitamin Dis probably not needed during summer months for 
callle that graze for several hours during daylight hours. 
However, as the date deviates from the summer solstice, 
sun exposure becomes an unreliable source of vitamin D for 
grazing callle. 

Physiology and Function 

Vitamin D is a prohormone, a necessary precursor 
for the production of the calcium (Ca) regulating hormone 
1,25-dihydroxyvitamin D. Absorbed vitamin D enters the 
circulation but is rapidly converted to 25-hydroxyvitamin D 
within the liver by vitamin D 25-hydroxylase, which is then 
released into the blood. Concentrations of vitamin D in blood 
are not a good indicator of status because of rapid removal, and 
blood levels usually are 1 to 2 ng vitamin D/mL plasma (Little
dike and Horst, 1982). The production of 25-hydrox.yvitamin D 
within the liver is dependent on vitamin D supply (dietary and in 
vivo synthesis). Thus, plasma 25-hydroxyvitamin Dconcentra
tion is a good indicator of vitamin D status of an animal (Horst 
et al., 1994). However, in humans with high semm concentra
tions of 25-hydroxyvitamin D (i.e., good status), increased in
take of vitamin D increased semm concentrations of vitamin D 
at twice the rate as the increase in 25-hydroxyvitamin D 
(Heaney et al., 2008). 

The 25-hydroxyvitamin D c irculates to the kidlney, where 
it can be converted to the hormone 1,25-dihydroxyvitamin D. 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

This hormone acts to increase the active transport of Ca 
and phosphorus (P) across the intestinal epithelial cells and 
potentiates the action of parathyroid hormone (PTH) to 
increase bone Ca resorption. Both functions are vital for Ca 
and P homeostasis. The influence of vitamin D on Ca and 
P metabolism has been studied for decades, but vitamin D 
receptors are found throughout the body and regulate a mul
titude of genes involved in a host of functions in addition to 
Ca and P metabolism (Christakos et al., 2013). Vitamin D 
or, more precisely, 1,25-dihydroxyvitamin D has substantial 
involvement in maintaining and regulating immune function 
(Reinhardt and Hustmyer, 1987; Nelson et al., 2012). In bo
vine cell systems and in vivo, vitamin D regulates both innate 
(Nelson et al., 2010; Tellez-Perez et al., 2012; Alva-Murillo 
et a l., 2014) and adaptive immunity (Nelson et al., 2011). 
Intramammary infusion of 25-hydroxyvitamin D reduced the 
severity of experimentally induced bacterial mastitis (Lippo
lis et al., 2011 ). However, intramuscular injections of vitamin 
D

3 
to cows with clinical mastitis did not improve meastu-es 

of mammary gland health (Shahmohammadi et al., 2014). 
Renal production of 1,25-dihydroxyvitamin D is tightly 

regulated under most situations. Activityof25-hydroxyvitamin 
D-1-a-hydroxylase of the kidney is stimulated by PTH, which 
is released in response to declining concentrations of Ca in 
blood (DeLuca, 1979). In the absence of PTH, when an ani
mal is in positive Ca balance, 25-hydroxyvitamin D can be 
hydroxylated in the kidney to 24,25-dihydroxyvitamin Das a 
primary step in the inactivation and catabolism of vitamin D. 
The vitamin D catabolic enzymes also function LO deactivate 
1,25-dihydroxyvitamin D. These catabolic enzymes exist in 
tissues throughout the body. In these tissues, the catabolic 
pathway is generally stimulated by 1,25-dihydroxyvitamin D 
as a negative feedbac k to reduce high concentrations of 
1,25-dihydroxyvitamin D in plasma (Reinhardt and Horst, 
1989; Goff et a l. , 1992) . Dietary supplementation of 
25-hydroxyvitamin D, at least to peripartum cows, can over
whelm the feedback mechanism and s ignificantly elevate 
plasma concentrations of 1,25-dihydroxyvitamin D (Wilkens 
et al., 2012; Weiss et al., 2015). Increased concentrations of 
1,25-dihydroxyvitamin D under that situation resulted in 
some transient increases in plasma Ca concentrations but did 
not reduce clinical or subclinical hypocalcemia postpartum. 

A low concentration of P in blood also can enhance renal 
production of 1,25-0ihydroxyvitamin D, even when the con
centration of Ca in plasma is normal or above normal (Gray and 
Napoli, 1983). Also, higher than nonnal concentrations of Pin 
blood can inhibit renal production of 1,25-dihydroxyvitamin D, 
which can be a factor contributing Lo hypocalcemia in the 
peripartw·ient cow (Barton et al., 1987). 

Vitamin D deficiency reduces the ability to maintain Ca 
and P homeostasis, resulting in a decline for P and less often 
a decrease for Ca in plasma. This eventually causes rickets 
in young animals and osteomalacia in adults; both are bone 
diseases in which the primary lesion is failure to mineralize 
the organic matrix o f bone. In young animals, rickets causes 
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enlarged and painful joints; the costochondral joints of 
the ribs are often readily palpated. ln adult cattle, lameness 
and pelvic fracture are a common sequelae of vitamin D 
deficiency. Vitamin D deficiency in humans, as determined 
by low plasma concentrations of 25-hydroxyvitamin D, is a 
risk factor for numerous health disorders, including cancers, 
cardiovascular disease, diabetes, and immune dysfunction 
(Holick, 2007). 

Requirement 

The amount of dietary vitamin D required LO provide ad
equate substrate for production of 1,25-dihydroxyvitamin D 
is difficult Lo define; therefore, the commillee established an 
Al, rather than a requirement for vitamin D. Animals exposed 
to adequate sunlight may not require any dietary vitamin D, 
but this is highly dependent on the latitude, exposure time, and 
season. Sun-cured hay provided adequate vitamin D to prevent 
symptoms of vitamin D deficiency in young growing calves, 
but the hay made up most of the diet (Thomas and Moore, 
1951 ). Other feeds are likely Lo provide inadequate vitamin D. 

The movement away from pasture feeding systems and 
toward confinement and feeding of stored feeds and by
products has increased the need for dietary supplementation 
of vitamin D for dairy cows. The contribution of sunlight and 
sun-cured forage to the supply of vitamin D for the cow is 
not considered in this publication, and the AI for vitamin D 
is expressed as IU of supplemental vitamin D (assumed Lo 
be vitamin D3) . However, as discussed above, cattle that are 
grazing during the summer probably do not need supple
mental vitamin D. 

Horst et al. ( 1994) de1e1mined that plasma 25-hydrox yvitamin 
D concentrations below 5 ng/mL are indicative of vitamin D 
deficiency, and concentrations of 200 Lo 300 ng/mL would 
indicate vitamin D toxicosis. For humans, optimal plasma 
concentration of 25-hydroxyvitamin Dis in the range of 30 
to 50 ng/mL based on a variety of health outcomes (Bischoff
Ferrari, 2008). An optimal range of 25-hydroxyvitamin D 
plasma concentrations has not been established for caule bu l 
likely is similar Lo the optimal range for humans. However, 
bovine macrophage function in vitro improved linearly as 
25-hydroxyvitamin D concentrations increased up to I 00 ng/ 
mL(Nelson et al., 2010). Cattle with low exposure Lo sunlight 
and not supplemented with vitamin D generally have plasma 
concentrations of 25-hydroxyvitamin D less than 20 ng/mL 
(McDermotl e t al., 1985; Vinet et al., 1985; Hymll)ller et al., 
2009). Supplementation of 10,000 Lo 50,000 fU/d of vita
min D (ea. 15 lo 75 TU/kg BW) usually (McDermoll el al., 
1985; Vinet et al., 1985; Nelson et al., 2016) but not a lways 
(H ym\3ller et al., 2009) maintained plasma concentrations of 
25-hydroxyvitamin D greater than 30 ng/mL. Cows in early 
lactation (<30 days in milk) had lower concentrations of 
25-hydroxyvitamin D in plasma than cows in later lactation 
(Nelson et al., 2016), but whether this was a physiological 
response or reflected changes in intake is not known. 
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Under most circumstances, I 0,000 IU/d ( 16 TU vitamin D/kg 
BW) should provide adequate vitamin D with respect to Ca 
metabolism for dairy cows during late gestation. Astrup 
and Nedkvilne ( 1987) reported that lactating cows produc
ing about 20 kg of milk/d required about JO IU vitamin D/kg 
body weight to maintain normal concentrations of Ca and P in 
blood. These studies were conducted in Norway in winter and 
spring, when effective sunlight exposure should have been 
minimal. Effects on immunity and other heallh measures 
were not evaluated in those s tudies. However, Ward el al. 
(1971) reported that cows fed an alfalfa hay-concentrate 
diet receiving 300,000 IU vitamin D

3 
once each week 

(43,000 IU/d) returned Lo estrus 16 days earlier than cows 
given no supplement. Ward et al. (1972) also demonstrated 
that cows receiving 300,000 IU vitamin Djwk had improved 
absorption of dietary Ca. Hibbs and Conrad (1983) sum
marized the results of several experiments and concluded 
that cows supplemented with 40,000 IU vitamin D/d (50 to 
70 IU vitamin D/kg BW) produced more milk and generally 
ate more than cows fed the same diets with no vitamin D 
supplementation or supplemented with 80,000 or more TU 
vitamin Did. Reduced milk production, which could be 
interpreted as the beginning of vitamin D Loxicosis, was 
observed when cows were fed 80,000 TU vitamin Did ( 120 
LO 140 TU/kg BW). In those studies, vitamin D? was used and 
40,000 IU of vitamin D2 may be substantially less active than 
40,000 IU of vitamin D

3
• 

The previous vitamin D requirement (NRC, 2001) was 
set al 30 IU/kg BW for a ll classes of dairy catlle (approxi
mately 20,000 IU/d for a typical Holstein cow). Based on 
a limited number of studies, for most cows, this rate of 
supplementation should maintain plasma concentrations of 
25-hydroxyvitamin D al about 30 ng/mL, which appears 
adequate (Nelson et al. , 2016). However, some cows had 
plasma concentrations less than 30 ng/mL when the group 
was fed a diet formulated Lo provide 20,000 IU of supple
mental vitamin D

3
, but herds that were fed diets formulated 

to provide approximately 30,000 TU of supplemental vitamin 
D3 per day consistently maintained plasma concentrations 
of 25-hydroxyvitamin D >30 ng/mL in lactating dairy cows 
(Nelson et al., 2016). In addition, newer studies have identi
fied positive elTects of vitamin Don immune function. 

Therefore, the Al for supplemental vitamin D was set as 
follows: 

For replacement heifers and dry cows: Vitamin DAI, 
IU/d = 30 x BW, kg (Equation 8-2a) 

For lactating cows: Vitamin DAI, TU/d = 40 
x BW, kg (Equation 8-2b) 

Although Ca metabolism can differ between some breeds 
(see Chapters 7 and 12), based on serum concentrations of 
25-hydroxyvilamin D (Nelson el a l. , 2016) and number of 
vitamin D receptors in intestinal tissues (Liesgegang et al., 
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2008), breed dilTerences in vitamin D nutrition have not been 
shown. Additional experimentation is needed to determine 
optimal plasma concentrations of 25-hydroxyvitamin D with 
respect to immune function and diseases not directly related 
to Ca and P status. New data are needed to better titrate 
vitamin requirements. 

Maximum Tolerable Level 

Very little new information is available regarding the 
maximum tolerable level for vitamin D in dairy caule. The 
maximum tolerable amount of vitamin D is inversely related 
to dietary concentrations of Ca and P. Short-term studies by 
McDermott et al. ( 1985) suggest that 50,000 JU vitamin D/d 
(80 IU/kg BW) is well tolerated while 250,000 1U vitamin 
D/d (400 JU/kg BW) is not. Hibbs and Conrad (1983) re
ported a slight decline in milk production when cows were 
fed 80,000 JU D/d (160 IU/kg BW). In nonruminants, the 
maximum tolerable level for vitamin D, is much greater than 
that for vitamin Dy NRC (1987) suggested the maximal 
tolerable level of vitamin D is 2,200 fU/kg diet when fed 
for long periods (more than 60 days) and 25,000 JU/kg diet 
when fed for shorter periods of time. Vitamin D intoxica
tion is associated with reduced DM intake (DMI), polyuria 
initially followed by anuria, dry feces, and reduced milk 
production. On necropsy, calcification of kidneys, aorta, 
abomasum, and bronchioles is evident (Littledike and Horst, 
1982). Finishing beef steers fed 500,000 to 5,000,000 IU of 
vitamin D

3 
the last 8 days of life had significantly greater 

concentrations of Ca in muscle, but no other nega live effects 
were reported (Montgomery et al., 2004). The maximal 
tolerable dose of parenterally administered vitamin D is at 
least 100-fold lower than the maximal tolerable oral dose, 
and repeated injections can be especially toxic (Littledike 
and Horst, 1982). 

Vitamin E 

Sources 

Vitamin E is a generic name for a series of lipid-soluble 
compounds called tocopherols and tocotrienols. The most 
biologically active form of vitamin E is a-tocopherol; it 
is also the most common form of vitamin E found in most 
feedstulTs. a-Tocopherol has three chiral centers and can ex
ist in eight stereoisomeric forms. Plants only make the RRR 
isomer of a-tocopherol, but chemical synthesis produces all 
eight isomers in equimolar concentrations. 

The concentration of RRR-a -tocopherol in plants is highly 
variable, but generally, it is associated with metabolically 
active tissues (i.e., leaves) and fat storage depots (oilseeds 
or seed germ). Forages and intact oilseeds (e.g., soybeans, 
canola, cottonseed) are the only feedstulTs with appreciable 
concentrations of a-tocopherol. Grains and oilseed meals 
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generally contain <6 mg a-tocopherol/kg ofDM (McMurray 
et al., 1980), but dried distillers grains (ea. 12 percent oil) can 
contain up to 20 mg/kg (Winkler et al., 2007). Generally, the 
concentration of a -tocopherol in concentrate feeds is positively 
correlated with fat concentration. Whole soybeans contain 
between 5 and 30 mg a -tocopherol/kg DM (Seguin et al., 
2010; Carrera and Seguin, 2016). Other oilseeds probably 
have similar variable concentrations of a - tocopherol. a
Tocopherol is labile, and roasting or heat processing and 
long exposure to oxygen destroy it (Francois et al., 2006). 

Fresh forage can be an excellent source of a-tocopherol, 
but concentrations are extremely variable, ranging from 
about 20 to 150 mg 0:-tocopherol/kg DM (Tramontano et al., 
1993; Lindqvist et a l. , 2012, 2014; Elgersma et al., 2013). 
Plant species (grasses tend to have higher concentrations 
than legumes), maturity (concentrations decrease as maturity 
increases), climate, and numerous other factors contribute 
to the variation. Wilting and ensiling decrease a-tocopherol 
concentrations by 25 to 65 percent (MUiier et al., 2007; 
Lindqvist et al., 2012). Short wilting periods and practices 
that encourage rapid fermentation generally reduce losses of 
a-tocopherol when forages are stored as silage. Less data are 
available on a-tocopherol concentrations in corn silage, but 
values range from about 9 to 20 mg/kg DM (O'Sullivan et al., 
2002; Weiss et al., 2009; Kalac, 2012). Hay usually has lower 
concentrations of a-tocopherol than hay crop silages with typi
cal values <25 mg/kg ofDM (Kalac, 2012), but some hays may 
contain twice that concentration (Weiss et al., 2009). 

The form of supplemental vitamin E usually fed to dairy 
cows is all-rac-a-tocopheryl acetate. The esterified form of 
the vitamin is more stable than the alcohol form; expected 
losses in biological activity from premixes containing all
rac-a-tocophery 1 acetate are 1 or 2 percent per month under 
most storage conditions, but extruded products containing 
all-rac-a-tocopheryl acetate may have storage losses of 
6 percent per month (Coelho, 2002; Shurson et al., 2011 ). 
RRR-a-tocopheryl acetate (or the free alcohol form) is also 
available commercially as a vitamin E supplement. 

Bioavailability 

In vitro and in vivo experiments have shown that com
mercial forms of supplemental vitamin E are stable in the 
rumen over a wide range of diets (Leedle et al., 1993; Weiss 
et al., 1995; Chikunya et al., 2004; Hym0ller and Jensen, 
2010). Data are not available on the efficiency of intestinal 
vitamin E absorption in ruminants, but in humans, Jess than 
70 percent of ingested vitamin E is likely absorbed (Kayden 
and Traber, 1993). Efficiency of absorption increases as 
dietary fat concentration increases, and because cattle are 
usually fed diets with much less fat than typical human diets, 
vitamin E absorption by cattle may be less. 

The United States Pharmacopeia (USP) has defined the 
factors to convert mass of the common types of supplemental 
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vitamin E into units related to bioavailability (see Table 8-1 ). 
Those conversion factors are based largely on research with 
laboratory rodents conducted decades ago, and newer data 
with humans and cattle have brought those convers ion factors 
into question. The relative difference in convers ion factors 
between the alcohol and ester fonns within the main vitamin E 
form is likely correct (Hidiroglou et al., 1988, 1989) and sim
ply represents dilution by the acetate moiety. The difference 
in bioactivity or bioavailability between the RRR and all-rac 
forms, however, is likely greater than the USP conversions 
indicate. Cattle (Weiss et al., 2009) as well as other animals 
(Lauridsen et al., 2002; Cortina et al., 2004; Jensen et al., 
2006) have higher concentrations of a.-tocopherol in blood and 
tissues when fed the RRR form of vitamin E compared with the 
all-rac fonn, even though on an ru basis, intake of vitamin was 
the same. The vitamin E requirement for humans in the United 
States assumes that only 2R isomers (i.e., SRS, SRR, RRS, and 
RRR) of vitamin E are biologically active (IOM, 2000b). Data 
with dairy cows and calves support that assumption (Eicher 
et al. , 1997; Meglia et al., 2006; Weiss et al., 2009). This means 
that RRR fonns of vitamin E are twice as biologically active 
than the all-rac fo1ms (see Table 8-1), and that difference was 
used for this publication. However, feed labeling regulations 
require that the standard conversion factors be used for dif
ferent forms of RRR-tocopherol. When using these forms of 
supplemental vitamin E, users will need to convert the labeled 
IU to units used in Table 8-1. 

Functions and Animal Responses 

The best unders tood function of vitamin E is as a lipid
soluble cellular antioxidant that is especially reactive with 
fatty acid (FA) peroxyl radicals. These compounds are 
produced by peroxidation of polyunsaturated FAs. Via this 
function and perhaps others, vitamin E is involved in the 
maintenance of cellular membranes, arachidonic acid me
tabolism, immunity, and reproductive function. M ost o f the 
research on dairy cow response to vitamin E supplementation 
has concentrated on reproduction and health measures, such 
as mastitis, retained feta! membranes, and metritis. 

White muscle disease is a classic sign of a c linical de
ficiency of vitamin E, and it was prevented in preweaned 
calves when 50 TU of vitamin E/d were supplemented to 
a vitamin E- free diet based on skim milk (Blaxter et al., 
1952). Dietary or parenteral supplementation of vitamin E 
to dairy cows during the peripartum period has consistently 
improved the function of neutrophils and sometimes macro
phages (Hogan et al., 1990, 1992; Po litis et al., 1995, 1996, 
200 I, 2004; Suwanpanya e t a l. , 2007). In those studies, the 
amount of supplemental vitamin E fed per day during the 
prepartum period varied between 1,000 IU/d and 3,000 fU/d. 
In all studies, cows were fed stored forages. 

Feeding approximate ly 1,000 fU/d of supplemental vi
tamin E (usually all-rac-a.-tocopheryl acetate) to dry cows 
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when adequate Se was supplemented reduced the prevalence 
of retained feta! membranes in most (Harrison e t al., 1984; 
Miller et al., 1993) but not a ll (Wichtel e t al., 1996) studies. 
When vitamin E was injected (usually in combination with 
Se), about half the time, there was no effect for prevalence 
of retained feta! membranes, and about half the time, there 
was a positive response (Miller et al., 1993). More recent 
studies have tended to be positive (Erskine et al. , 1997; 
Bourne et al., 2008), especially when cows had low plasma 
concentrations of a.-tocopherol prior to injection (LeBlanc 
et al., 2002). In the older studies, the typical treatment was 
a s ingle injection of approximately 700 TU vitamin E and 
50 mg Se, but in the more recent studies, 2,000 to 3,000 TU 
vitamin E were injected. A meta-analysis determined that 
vitamin E supplementation during the prepartum period 
s ignificantly reduced the risk of cows having retained feta! 
membranes (Bourne et al., 2007). 

The majority of studies evaluating effects of supplemental 
vitamin Eon mastitis have been positive (Smith e t al., 1985; 
Weiss et al., 1997; Valle et a l., 2000; Po litis et al., 2004; Chat
terjee et al., 2005; Raj iv and Harjit, 2005). Supplementation 
was usually between I ,OOO and 3,000 IU/d during the dry 
period or peripartum period. Rates of new infection, SCCs, 
and the severity and duration of mastitis have been reduced 
with vitamin E supplementation. However, a study conducted 
in Canada (Batra et al., 1992) found that about I ,OOO TU/d 
o f supplemental vitamin E did not reduce the incidence of 
c linical mastitis. Based on the concentrations of Se in the 
plasma (<35 ng/mL), cows in that study were deficient in 
Se. In contrast to the positive studies, a large, replicated field 
s tudy found that supplementing dry cows for approximately 
60 days with 3,000 TU of vitamin E per day (control treatment 
provided 135 TU of supplemental vitamin E/d) significantly 
increased the risk of developing mastitis during early lactat ion 
(Bouwstra et a l., 2010b). Most of the positive studies supple
mented vitamin E at lower rates ( 1,000 fU/d) or at similar rates 
for shorter periods of time ( 14 to 45 days). Case definitions also 
differed between studies. Clinical data are lacking evaluating 
e fTects of supplemental vitamin E during later lactation on 
mastitis and other health measures. 

Low plasma concentrations of a.-tocopherol, especially 
during the peripartum period, have been related to increased 
risk of health problems, including mastitis, high sees, 
displaced abomasum, and retained feta! membranes (Weiss 
e t al., 1997; LeBianc et al., 2004; Nyman et al., 2008; Politis 
e t al., 2012; Qu et al., 2013). However, Jukola et al. ( 1996) 
reported no relationships between plasma a.-tocopherol 
concentrations and mammary gland and reproductive health 
measures, and Bouwstra e t al. (2010a) reported that high 
a.-tocopherol concentrations in plasma were a risk factor for 
increased mastitis. 

Concentrations o f a.-tocopherol in plasma drop precipi
tously shortly before calving and remain low for a few days 
postpartum (Goff and Stabel, 1990; Weiss et al., 1990). This 
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coincides with a period of reduced immune function in dairy 
cows (reviewed by Sordillo, 2005). Vitamin E supplementa
tion has improved various measures of immune function, 
especially in the peripartum cow (Hogan et a l. , 1990, 1992; 
Politis et al., 1996, 200 I, 2004; Chandra et al., 2014). Supple
menting 2,000 to 4,000 IU of vitamin E per day during the 
last 2 weeks of gestation reduced mammary gland infection 
rates, c linical mastitis, or sees compared with cows given 
I ,OOO IU of supplemental vitamin E during that period 
(Weiss et al. , 1997; Baldi et a l. , 2000). However, a field study 
on commercial farms (Persson Waller et al., 2007) found no 
benefit of supplementing 1,600 mg RRR-a-tocopherol per 
day (approximately 3,500 IU of vitamin E using the conver
sion factor discussed above) during the last 4 weeks of ges
tation on mammary gland health postpartum, but stillbirths 
were reduced. 

Extremely high supplementation rates of vitamin E (gen
erally 3,000 to 10,000 IU/d) have been used to reduce the 
development of spontaneously oxidized flavor in milk (Nich
olson et al., 1991 ). More recently, high rates of vitamin E 
supplementation (3,000 to 11,000 IU/d) have been used to 
reduce milk fat depression associated with die ts containing 
polyunsaturated oils, but results have been mixed. Vitamin E 
did not prevent or reduce milk fat depression induced by 
feeding diets with high inclusion rates of oil (>6 percent 
added oi I) from rapeseed (Givens et al., 2003; Deavi lie e t al., 
2004). At more modest inclusions (<3 percent added oil), 
high rates of vitamin E supplementation have reduced but 
not eliminated milk fat depression (Focant et al. , 1998; Bell 
et al., 2006; Pottier et al., 2006; O'Donnell-Megaro et al., 
2012). In a short-term experiment, vitamin E did not reduce 
milk fat depression when oil supplementation started before 
vitamin E supplementation (Zened et al., 2012). 

Requirements 

Inadequate data are available to determine a require
ment for vitamin E, but based mainly on cow health, an AI 
for vitamin E can be established. Many common feeds fed 
to dairy cows can contain appreciable concentrations of 
a-tocopherol, but the highly variable concentrations result 
in substantial tmcertainty regarding basal concentrations. In 
addition, in commercial situations, few feeds are actually 
assayed for a-tocopherol. Therefore, the AI for vitamin E 
is expressed as supplemental vitamin E, not total dietary 
vitamin E. Because of the lack of new data, the AI for dry 
and lactating cows was the same as in NRC (2001). Dairy 
cows in the immediate(ca. 2 weeks) prepartum per iod benefit 
from increased supplementation of vitamin E (3.2 to 6.4 IU/ 
kg BW); however, differences in supplementation rates make 
establishing an AI for peripartum cows difficult. The lowest 
supplementation rate that observed benefits (Baldi et al., 
2000) was 3.0 IU/kg BW or about 2,000 IU/d dtU"ing the last 
2 to 3 weeks of gestation, which was used for the AI. 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

Dry cows: Vitamin E AI, IU/d= l.6xBW, kg 
(Equation 8-3a) 

Prepartum animals within 3 weeks of calving: Vitamin E 
AI, IU/d=3.0xBW, kg (Equation 8-3b) 

Lactating cows and growing heifers, Vitamin E Al, 
IU/d = 0.8 x BW, kg (Equation 8-3c) 

This is approximately equal to 1,000, 2,000 and 500 IU 
of supplemental vitamin E per day for dry, prefresh, and 
lactating cows, respectively. Fresh forage is an excellent 
source of vitamin E, and the need for supplemental vita
min E by grazing cattle is substantially less than those 
presented for cattle fed conserved forages . To account for 
increased supply of a-tocopherol when cows consume 
fresh forage, fresh forage was assumed to supply 35 mg/kg 
(50 IU/kg) more a-tocopherol than hay and silage. The 
requirement for supplemental vitamin E was reduced by 
50 IU/d for every kilogram of fresh pasture DM consumed 
by a cow. 

The difference between the AI for vitamin E for dry and 
lactating cows is mainly caused by expected differences in 
intake of vitamin E from basal feedstuffs and potentially 
reduced absorption of vitamin E by cows fed conventional 
dry cow diets (i.e., low-fat concentration). Based on typical 
DMI and average vitamin E concentrations in feedstuffs, the 
recommended amount of total vitamin E (supplemental plus 
vitamin provided by feedstuffs) is approximately 2.6 JU/kg 
BW during the late gestation and for lactating dairy cows. 
Of that amount, the basal diet will provide on average about 
1.8 IU/kg BW for lactating cows (ranges from about 0.8 for 
cows fed d iets based on severely weathered hay to about 
2.8 IU/kg BW for cows fed diets based on pasture) and about 
I IU/kg BW (ranges from 0.5 to about 2.3 IU/kg BW) for dry 
cows. Colostrum synthesis during the immediate prepartum 
period increases the need for vitamin E. Cows may secrete 
5 to 7 .5 mg a -tocopherol/kg of colostrum (see Table 12- 1 in 
Chapter 12). This is equivalent to I 00 to 150 mg (or IU) of 
all-rac tocopheryl acetate per 10 kg of colostrum. However, 
plasma concentrations of a-tocopherol in mastectomized 
cows decrease markedly around calving (Goff et al., 2002), 
suggesting colostrum synthesis is not the only reason peri
partum cows require additional vitamin E. 

Maximum Tolerable Level 

Toxicity studies have not been conducted with ruminants, 
but data from rats suggest an upper limit of approximately 
75 IU/kg BW per day (NRC, 1987). Lesser amounLs of sup
plemental vitamin E (2,500 to 6,000 fU/d) fed to cattle had 
reduced vitamin A and ~-carotene concentrations in tissues 
(Westendorf et al., 1990; Yang et al., 2002). Dry dairy cows 
fed 3,000 IU of supplemental vitamin E per day during the 
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dry period (ea. 60 days) had a higher risk of having mastitis 
than cows fed 135 IU/d (Bouwstra et al., 20 lOb). 

WATER-SOLUBLE VITAMINS 

B Vitamins 

B vitamins, with the possible exceptions of niacin, biotin, 
and vitamin B 12, are often not considered in diet formulation 
and are rarely supplemented because signs of B vitamin defi
ciencies are rarely observed in adult ruminants, and feeds and 
synthesis by ruminal microbes provide a substantial supply. 
However, changes in diet composition may have changed 
vitamin supply. In addition, marginal deficiency signs may be 
subtle and only cause biochemical pertw-bations and cellular 
dysfunction without observable clinical signs. The substantial 
increase in milk yields by today's dairy cows and the need 
to maximize metabolic efficiency likely have increased the 
demand for B vitamins. In addition, increasing vitamin concen
trations in colostrum and milk may have benefits to the health 
of the calf and to humans consuming dairy products. 

Ruminal Metabolism of B Vitamins 

In ruminants, B vitamin supply cannot be calculated 
exclusively from B vitamin intake; significant synthesis 
and destruction of these vitamins by the ruminal microflora 
occur. Hunt et al. (1954) stated, "Members of the vitamin 
B-complex are synthesized in the rumen of the bovine, but 
our knowledge of the factors which affect these syntheses are 
rather limited." Table 8-2 illustrates the great variability of 
intake, duodenal flow, and apparent synthesis of B vitamins 
in rumen of dairy cows. Negative values for apparent mminal 
synthesis indicate that the amount of vitamin destroyed in 
the rumen is greater than the amount of vitamin ingested. 
Absorption of B vitamins across the rumen wall has been 
demonstrated when the mmen is emptied of its content and 
filled with an aqueous solution of vitamins (Rerat et al., 
1958), but in fed animals, no ruminal absorption of B vita
mins is detectable (Rerat et al., 1959). As B vitamin absorption 
takes place mostly in the small intestine, duodenal flow of B 
vitamins represents the amount of vitamins potentially avail
able for absorption by the cow. Overall, because of analytical 
challenges and other issues, our current estimates of B vitamin 
synthesis, degradation, and absorption need to be improved to 
increase our ability to accurately determine when Sttpplementa
t.ion is warranted and will elicit a positive response. 

Thiamin (81) 

The main forms of thiamin are free thiamin and its mono-, 
di-, and triphosphorylated forms. Thiamin diphosphate is 
essential for carbohydrate metabolism (pyruvate dehydroge
nase and two transketolases in the pentose- phosphate path-
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TABLE 8-2 Intake, Duodenal Flow, and Apparent 
Ruminal Synthesis" of B Vitamins in Dairy Cows (mg/kg of 
Dry Matter Intake)b 

Apparen1 Syn1hesis 
In1ake Duodenal Flow in Rumen 

Thiamin 1.310 3.8 0.8 10 7.8 -1.510 4.2 
Riboflavin 410 106 310 87 -50 10 29 
Niacin 22 to 170 47 to 146 -123 10 120 
Pantothenic 

acid" 
Vitamin B6 2.610 17.6 0 .7 10 7.7 -14.110 l.3 
Biotin 0.210 7.0 0.210 6.6 --0.910 0.2 
Fol ates 0.210 I.I 0.9 to 2.4 0.5 to 1.7 
Vi1amin 8

12 
_J 0.1 10 4.8 0.1 10 4.8• 

0 A negative value indicates that the amount of vitamin degraded in the 
rumen is greater than the amount of vitamin ingested. 

•Steinberg and Kaufman. 1977; Breves e1 al.. 1981; Santschi et al., 2005a; 
Schwabe1al., 2006; Lebzien et al., 2006; Niehoff et al.. 2013; Beaudet e1 al., 
2016; Castagnino e1al.,2016a,b, 2017. 

' No darn available. 
'Under or close 10 1he level of detec1ion. 
' Dielary concentral ions of cobali: 0.1710 2.5 mglkg DM. 

way), energy metabolism (a-ketoglutarate dehydrogenase in 
the Krebs cycle), and catabolism of branched-chain amino 
acids (branched-<:hain a -ketoacid dehydrogenases). Thiamin 
triphosphate is required by a peroxisomal enzyme complex 
for FA oxidation. Thiamin is involved in regulation of the 
immune system, acts as an anti-inflammatory factor, and has 
antioxidant properties (Manzetti et al., 2014). 

Given the importance or glucose as an energy supply 
for the brain and because thiamin is intricately involved 
in several of the energy-producing reactions, thiamin 
deficiency causes central nervous system disorders. Po
lioencephalomalacia (PEM) is the most common thiamin 
deficiency disorder. Clinical signs include a profuse but 
transient diarrhea, lis tlessness, circling movements, opis
thotonus, and muscle tremors. If treated promptly by par
enteral injections of thiamin (2 mg/kg BW), the condition 
can be reversed (NASEM, 2016). Thiamin deficiency has 
been observed when thiaminases, associated with either 
feeds or produced from altered ruminal fermentation, 
destroy thiamin or produce antimetabolites of the vitamin 
that block Lhiamin-dependent reactions (Combs, 2012). 
Thiaminases have been detected in bracken ferns and some 
raw fish products. Feeding high-sulfatediets can also cause 
a thiamin deficiency (Gould e t al., 1991), increases the 
need for thiamin diphosphate by the brain, and increases 
the r isk of developing PEM (Amat et al., 2013). Thiamin 
is generally considered atoxic. ln three short-term (3- to 
4-week periods) experiments, supplemental dietary thia
min, at doses of 150 and 300 mg/d, increased milk yield in 
one experiment, increased milk protein yield in two experi
ments, and did not affect, increased, or decreased milk fat 
yields (Shaver and Bal, 2000). Supplementation of thiamin 
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in low fiber diets was more positive than when diets con
tained adequate fiber. 

Sources of thiamin include grains, grain by-products, 
soybean meal, and brewer's yeast. Thiamin concentrations 
in rumen contents (Tafaj et al., 2004, 2006), duodenal flow 
(Breves et al., 1981), and apparent ruminal synthesis of the 
vitamin (Schwab et al., 2006; Castagnino et al., 2016a,b) 
are negatively correlated with ruminal pH. Between 52 and 
68 percent of dietary supplemental thiamin escaped destruc
tion in rumen (Zinn et al., 1987; Santschi et al., 2005a). 

Riboflavin (82) 

Riboflavin is the essential component of two coenzymes, 
flavin adenine dinucleotide (FAD) and flavin mononucleo
tide, involved with more than 100 enzymes in oxidation
reduction reactions. The coenzymes are essential for catabo
lism of certain amino acids (AAs) and purines, 13-oxidation 
of FAs, and dehydrogenation of succinate into fumarate in 
the Krebs cycle. Riboflavin is also involved in the reduction 
of oxidized glutathione (glutathione reductase) and in the 
activation of pyridoxine (vitamin B

6
) and folates into their 

coenzyme forms (Combs, 2012). 
Deficiency symptoms have been described in very young 

milk-fed calves (Wiese et al., 1947), but no deficiency or toxic
ity symptoms have been reported in adult ruminants. A single 
intramuscular injection of riboflavin ( 10 mg/kg for calves and 
5 mg/kg for mature cows) increased neutrophil counts and en
hanced neutrophil function (Osame et al. , 1995). The effects 
of supplemental riboflavin on lactation performance have 
not been studied. Forages are good sources of riboflavin, al
though it is rapidly destroyed by sun-drying. Almost all of the 
riboflavin in dietary supplements (99 percent) is destroyed in 
the rumen (Zinn et al., 1987; Santschi et al., 2005a). 

Niacin (83 ) 

The generic term "niacin" covers two molecules: nicotinic 
acid and nicotinamide. Niacin is the essential component 
of nicotinamide adenine di nucleotide (NAD) and nicotin
amide adenine dinucleotide phosphate (NADP), which are 
involved in more than 200 reactions in the metabolism of 
carbohydrates, fally acids, and amino acids and in all redox 
reactions. Each form has specific metabolic roles; NAD is 
involved in glycolysis, lipolysis, and the Krebs cycle. As 
such, NAD+ is reduced into NADH and works in synchrony 
with FAD, which is the ion acceptor. On the other hand, 
NADP is invol ved in the pentose- phosphate pathway and FA 
synthesis and acts as coenzyme of the glutathione reductase 
and dihydrofolate reductase. At high doses, nicotinic acid 
possesses antilipolytic and vasodilatory activities. 

Niacin does not completely fit the defini tion of vitamin 
because in most mammals, the molecule is synthesized from 
tryptophan. In rats, ketone bodies (Shastri et al., 1968) and 

fatty liver (Fukuwatari and Shibata, 2013) suppress conversion 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

of tryptophan into niacin. The importance of endogenous syn
thesis of niacin differs among species (Combs, 2012). In pre
mminant calves, endogenous synthesis of niacin is sufficient 
to avoid clinical deficiency signs if the diet provides sufficient 
tryptophan (Hoppner and Johnson, 1955), but the importance 
of the tryptophan-niacin pathway for dairy cows is unknown. 

Supplementation of nicotinic acid frequently increased 
the number of ruminal protozoa and microbial protein syn
thesis in vitro and in vivo (Schussler et al., 1978; Riddell 
et al., 1980, 1981; Dennis et al., 1982; Shields et al., 1983; 

Brent and Bartley, 1984; Horner et al., I 988a,b; Erickson 
et al., 1990; Ouou and Doreau, 1996; Aschemann etal., 2012; 
Niehoff et al., 2013). According to a meta-analysis (Schwab 
et al., 2005) using data from 27 studies, 6 g/d of supplemental 
nicotinic acid did not affect lactation performance of dairy 
cows, but 12 g/d resulted in modest increases in yields of fat, 
protein, and fat-corrected milk. Feed efficiency (milk yield/ 
DMI) tended to increase with supplemental niacin. 

Supplemental niacin can have pharmacological effects on 
lipolysis and vasodilation, the first one to counteract the effects 
of l ipid mobilization in early lactation and the second one to 
reduce the consequences of heat stress on lactating dairy cows. 
However, results have not been consistent. D ecreases in plasma 
concentrations of FAs and ~-hydroxybutyrate and increases 
in plasma glucose are the most frequently reported responses 
following useofnicotinic acid supplements(dose ranging from 
6 to 12 g/d), although the response is highly variable among 
studies (Schwab et al., 2005; NiehofT et al., 2009; Pescara 
et al., 2010). Supplementary nicotinic acid (doses range from 
12 to 36 g/d) increases vasodilation, enhancing heat loss dur
ing periods of heat stress in some studies (Di Costanzo et al., 
1997; NiehofT et al., 2009; Pescara et al., 2010; Zimbelman 
et al. , 2010, 2013; Wrinkle et al., 2012; Pineda et al., 2016) 
but not in others (doses varying from 4 to 24 g/d; LohOlter 
et al., 2013; Rungruang et al., 2014). In nonruminant animals, 
toxicity of niacin is low, at least 10- to 20-fold the estimated 
requirements (Combs, 2012). 

Brewer's yeast and distillers grains are good sources and 
forages are considered fair sources of niacin (McDowell, 
2000). Concentrations of niacin in cereals are often high, 
but a large proportion is covalently linked to small peptides 
and carbohydrates, which markedly impairs its availability, 
at least in nonruminant animals (Combs, 2012). Availability 
of those complexes 10 ruminants is not known. D estruction 
in rumen of supplementary niacin, given as nicotinic acid or 
nicotinamide, is greater than 90 percent (Zinn et al., 1987; 
Santschi et al., 2005a). However, production responses to 
supplementation of mmen-protected (RP) forms of niacin 
have been small (Yuan et al., 2012; Pineda et al., 2016). 

Pantothenic Acid (85) 

Pantothenic acid is an essential component of coenzyme A 
(Co A) and the acyl carrier protein (ACP). ACP is at the center 

of the multienzyme complex, FA synthase, and as such, its 
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component, 4'-phosphopantetheine, acts as an arm to allow 
the binding and transfer of acyl units for the elongation of 
the FA chain. Coenzyme A (CoA) is essential for numerous 
enzymatic reactions within cells, including the Krebs cycle, 
lipid metabolism, and AA catabolism, and acts as a global 
regulator of energy metabolism. CoA cannot pass through 
cell membranes, but all tissues can synthesize it using pan
tothenic acid. Conservation of CoA within cells is due to a 
tight control on CoA synthesis but also to efficient recycling 
of phosphopantetheine formed during catabolism of Co A and 
ACP (Bender, 1999). 

Deficiency symptoms have been described in calves fed a 
pantothenic-f ree synthetic milk (Sheppard and Johnson, 1957), 
but no deficiency or toxicity symptoms have been reported 
in adult ruminants. Dietary supplementation of I g/d pan
tothenic acid decreased the efficiency of rumina] microbial 
protein synthesis of cows fed a low-forage diet, whereas it 
increased the amount of organic matter ruminally fermented 
with a high-forage diet (Ragaller et a l., 201 1). In the same 
study, pantothenic acid decreased plasma glucose with the 
low-forage diet and decreased milk protein content and in
creased lactose content with the high-forage diet. In a field 
study, supplements of pantothenic acid protected (50, 100, 
or 200 mg/d) or not protected (200 mg/d) from degradation 
in rumen increased milk production, milk fat and protein 
contents, and plasma concentration of glucose in cows dur
ing the first 5 months of lactation (Bonomi, 2000). However, 
supplementation of unprotected pantothenic acid (21 mg/kg 
DM) fed alone or in combination with biotin (0.87 mg/kg 
DM) for 18 days had no efTect on DMI and yields of milk 
and milk components (Ferreira et al., 2015). 

Pantothenic acid, usually in its bound forms (CoA, CoA 
esters, ACP), is widely present in feed ingredients from plant 
and animal origins. In sheep, the amount of free pantothenic 
acid reaching the duodenum is positively correlated with its 
intake, whereas the amount of CoA reaching the duodenum 
is positively correlated with the amount of microbial DM 
synthesized in the rumen (Finlayson and Seeley, 1983). In 
steers, only 22 percent of supplemental pantothenic acid es
caped degradation in the rumen (Zinn et al., 1987}. Similarly, 
only 15 percent of a pantothenic acid supplement was not 
degraded in an artificial rumen (Volker et al., 2011). 

Vitamin 86 

There are six vitamers with vitamin B6 activity: pyri
doxine, pyridoxamine, and pyridoxal and their respective 
phosphorylated forms. Pyridoxal-5-phosphate (P-5-P) is a 
coenzyme for more than 120 enzymes and is involved in 
most reactions in AA metabolism. Due to its critical roles in 
AA metabolism, vitamin B

6 
requirements of nonruminants 

are increased by high-protein diets (Okada et al., 1998). The 
vitamin is also essential for glycogen utilization ; synthesis 
of histamine, hemoglobin, and sphingolip id; and modulation 
of expression of some genes. In nonruminants, symptoms 
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of deficiency are nonspecific neurologic and dermatologic 
changes. There is no report of deficiency symptoms in adult 
ruminants. The efTects of vitamin B6 supplementation on 
lactation performance of dairy cows have not been studied. 
In nonruminants, toxicity of vitamin B

6 
is low, although it is 

neurotoxic at excessively high doses, over I ,OOO times the 
reference nutrient intake (Bender, 1999; Combs, 2012). 

Forages and grains are good sources of vitamin B
6

, but 
diet composition does not have a major efTect on vitamin B6 
mminal concentrations (Kon and Porter, 1953; Briggs et al., 
1964; Lardinois et al., 1994; Santschi et al., 2005b) probably 
because apparent ruminal synthesis of vitamin B

6 
is nega

tively correlated with B
6 

intake (Beaudet et al., 2016; Cast
agnino et a l. , 2016a,b, 2017). However, 60 to I 00 percent of 
supplemental B

6 
escaped destruction in rumen (Zinn et al., 

1987; Santschi et al., 2005a). 

Biotin 

Biotin plays key roles in lipid, AA, and energy metabo
lism due to its function as coenzyme for five carboxylases 
that catalyze the incorporation of the most oxidized form of 
one-carbon units (i.e., bicarbonate). Two of these carboxyl
ases (pyruvate carboxylase and propionyl-CoA carboxylase) 
are likely of major importance for ruminants due to their 
role in gluconeogenesis. Methylcrotonyl-CoA carboxylase 
is involved with the catabolism of leucine, and two forms of 
acetyl-CoA carboxylase (mitochondrial and cytosolic) are 
involved with FA synthesis and oxidation. Biotin is involved 
in regulation of gene expression of many enzymes that play 
critical roles in glucose metabolism. 

In many species, the major sign of a biotin deficiency is 
skin lesions. In vitro, omission of biotin from the culture me
dia markedly reduces ruminal cellulose digestion and volatile 
FA production, especially propionate (Milligan et al., 1967). 
However, biotin supplementation has not improved in vitro 
and in vivo fiber digestibility (Majee et al., 2003; Rosendo 
et al., 2003). Two meta-analyses (Chen et al., 2011; Lean and 
Rabiee, 201 1) evaluated the effects of supplemental biotin on 
milk production (some data were used by both analyses) with 
similar conclusions. Biotin supplements, at a dose of20 mg/d, 
increased DMJ, milk production, and fat and protein yields 
but did not afTect milk fat and protein concentrations. Numer
ous studies report an improvement in hoof health when 10 to 
20 mg/d supplemental biotin is fed (Lean and Rabiee, 2011). 
High doses of biotin are considered atoxic. 

Yeast is a good source of biotin, and oilseed meals contain 
more biotin than cereals, with corn being a better source than 
wheat and barley. ln feeds, biotin is present as free biotin and 
as biocytin, biotin bound to protein lysyl residues by an amide 
link. This bond can only be broken by the enzyme, biotinidase, 
present in intestinal mucosa and pancreatic juice. Biotinidase is 
rarely used for sample preparation because no pure preparation 
of the enzyme is available commercially; therefore, di fTerences 
in extraction methods leading to incomplete liberation of free 
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biotin exacerbate the variability among studies. Biotin duodenal 
now is related Lo the amount of fermented organic matter and 
microbial protein synthesis (Lebzien et al., 2006). Bioavailabil
ity of dietary supplements of biotin has been estimated around 
45 percent (Frigg et al., 1993; Santschi et al., 2005a). 

Fol ates 

Folic acid is used either as the generic name of the vita
min or, specifically, for the synthetic form of the vitamin, 
pteroylmonoglutamatic acid. The term " folates" applies to 
the numerous biologically active forms: dihydrofolate and 
several fo1ms of tetrahydrofolate. The length of the glutamate 
chain can vary from one to seven glutamate molecules. In 
mammals, folic acid accepts and releases one-carbon units 
in biochemical reactions. Cellular tetrahydrofolate accepts 
one-carbon units from donors such as serine or formate and 
transfers them for thymidylate and purine synthesis. There
fore, folic acid is crucial for DNA synthesis, replication, 
and repair. A folic acid deficiency causes an imbalance in 
D NA precursors, uracil misincorporation, and chromosome 
breakage. Tetrahydrofolate can also transfer melhyl groups 
to homocysteine for regeneration of methionine under the 
action of a vitamin B 12-dependent enzyme, methionine syn
thase. In the methylation cycle, the role of folate coenzymes 
is to provide one-carbon units to ensure a constant supply 
of S-adenosylmethionine, which is the primary methylating 
agent. Reactions mediated by S-adenosylmethionine include 
DNA methylation, which controls gene transcription and ge
netic stability, as well as synthesis of phosphatidylcholine, 
choline, creatine, and several neurotransmitters. 

Weekly intramuscular injections of40 mg folic acid given 
Lo dairy heifers from I 0 days until 16 weeks of age increased 
average daily gain by 8 percent during the 5 weeks follow
ing weaning (Dumoulin et al., 1991), suggesting that folic 
acid may be deficient in young calves around weaning when 
the ruminal microbial populations are not fully established. 
Daily dietary supplements of folic acid (2 to 6 mg/kg BW 
of unprotected folic acid or I to 3 g of a RP product) usually 
(Girard and Matte, 1998; Grau let et al., 2007; Girard et al., 
2009a; Li et al., 2016) but not always (Girard e t al., 2005) 
increase milk production and milk protein yield during the 
first part of the lactation. Except for one study (Li et al., 
2016), none of these studies observed an increase in DMI, 
suggesting that supplemental folic acid increases metabolic 
efficiency. Li et al. (2016) also reported improved reproduc
tive efficiency when cows were supplemented with RP folic 
acid. Dietary supplements of fol ic acid have little effects on 
ruminal fermentation (Chiquette et al., 1993; Girard et al., 
2009a; Ragaller et al., 20 IQ) . High doses of folic acid have 
no negative effects in nonruminant animals, except in the 
presence of vitamin B 12 deficiency (Selhub et al., 2007; 
Combs, 2012). 

Oilseeds and brewer's yeast are major dietary sources. 
Disappearance of supplementary folic acid before the duo-
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denal cannula is 97 percent but 25 percent of a dose of folic 
acid infused in the abomasum disappears before the duodenal 
cannula, probably absorbed in the proximal part of the duo
denum (Santschi et al., 2005a). Based on the latter, destruc
tion of a dietary supplement of folic acid can be estimated 
around 72 percent of the amount ingested. 

Vitamin 812 

"Vitamin B 12" is a generic term used to describe all cor-
1inoids containing an atom of cobalt (Co) and exhibiting the 
biological activity of cyanocobalamin. Cyanocobalamin is 
the synthetic form of vitamin B 12 present in most supple
menL5. The cyanide group is added Lo stabilize the molecule, 
but the molecule is not biologically active until the cyanide 
group is enzymatically removed. In mammals, the major co
balamin vitamers are methylcobalamin, adenosylcobalamin, 
and hydroxocobalamin. 

Several vitamin B 12-dependen l metabolic reactions 
have been identified in microorganisms, but in mammals, 
only two such reactions exist. One of the two vitamin 
B12- dependent enzymes, methionine synthase, is the criti
cal interface between folic acid and vitamin B 12 metabo
lism. Methionine synthase transfers a methyl group from 
5-methyl-tetrahydrofolate (producing tetrahydrofolate) to 
homocysteine producing methionine. In a vitamin B 12 de
ficiency, all available one-carbon units are diverted toward 
the synthesis of 5-methyl-tetrahydrofolate, which cannot be 
demethylated by methionine synthase in absence of vitamin 
B 12, leading to a secondary folate deficiency. Besides its role 
in the methylation cycle and folate metabolism, vitamin B 12 
plays a key role for the entry of propionate in the Krebs cycle 
and gluconeogenesis, through the mitochondrial vitamin 
B1,-dependent enzyme, methylmalonyl-CoA mutase. 

-Vitamin B 12 deficiency has been demonstrated in pre
mminant calves fed diets devoid of animal protein (Lassiter 
et al., 1953). In ruminants, vitamin B 12 deficiency is the 
major consequence of an insufficient supply in Co. However, 
even with sufficient dietary Co, plasma concentrations of 
vitamin B 12 are low during the first weeks of lactation (El
liot et al., 1965; Mykkanen and Korpela, 1981; Girard and 
Matte, 1999; Kincaid and Socha, 2007). Dietary or paren
teral supplemental vitamin B,2 when cows are fed adequate 
Co has minor or no effects on production responses (Elliot 
et al., 1979; Croom et al., 1981; Kincaid and Socha, 2007; 
Grace and Knowles, 2012; Akins et al., 2013). However, a 
combined supplement of folic acid and vitamin B 12 given 
from 3 weeks before calving until 8 or 16 weeks of lacta
t ion (usually given parenterally once weekly) increased 
milk production and energetic efficiency in early lactation 
(Girard and Matte, 2005; Graulet et a l. , 2007; Preynat et al., 
2009a,b; Ghaemialehashemi, 2013; Duplessis et al., 2014a; 
Gagnon et al., 2015). Perhaps via improved energy status, the 
combined vitamin supplement has improved various mea
sures of reproductive efficiency (Ghaemialehashemi, 2013; 
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Duplessis et al. , 2014b; Gagnon et al., 2015). No toxic ity of 
vitamin B 

12 
has been reported. Parenteral supplementation of 

a commercial mixture of butophosphan (an organic P com
pound) and vitamin B

12 
before calving or in early lactation 

decreased plasma concentrations of nonesterified FAs and 
~-hydroxybutyrate (Fi.irll e t al., 2010; Rollin et al., 20 10; 
Kreipe et al., 2011 ; Pereira et al. , 2013; Nuber et al., 2016). 
Production responses to that mixture are variable. 

Vitamin B 12 is not synthesized by plants; it is produced 
only by bacteria and archaebacteria when Co supply is 
adequate (Martens et al., 2002). Only 11 percent of the Co 
ingested is used for ruminal synthes is of corrinoid!s, of which 
only 4 percent is inco1porated into vitamin B 12 (Girard et a l., 
2009b). Ruminal bacteria use dietary Co to produce vitamin 
B

12 
analogues, which are devoid of biological activity. The 

production of biologically active vitamin B
12 

usually in
creases with Co intake, generally at the expense of analogue 
synthesis (Hedrich et al., 1973; Bigger et a l., 1976; Tiffany 
e t al. , 2003, 2006; Stemme et al., 2008). Apparent ruminal 
synthesis of vitamin B 12 is correlated positively w ith Co in
take (Beaudet et al., 2016; Castagnino et al., 20 I 6b, 2017). 
Apparent ruminal synthesis of vitamin B

12 
in the rumen is 

generally positively correlated with fiber intakes (Sutton and 
Elliot, 1972; Schwab et al., 2006; Beaudet et al., 20 16; Cast
agnino et al., 2016a,b, 2017) and negatively correlated with 
the amount of starch digested in rumen (Suuon and Elliot, 
1972; Schwab et al., 2006; Beaudet e t al., 2016). 

Choline 

Choline is not a vitamin in a traditional sense because it 
can be synthesized by cows and it is required in gram rather 
than milligram or microgram amounts. Johnson e t al. ( 1951) 
produced a choline deficiency in week-old dairy calves using 
synthetic milk replacer diets containing 15 percent casein. 
Choline requirements estimated from that experiment were 
260 mg/L of milk replacer (1,733 mg/kg DM). Current esti
mates of requirements for the calf are !,OOO mg/kg DM. The 
predominant sign of cho line deficiency in most animals is 
fatty liver; in calves, other deficiency signs include muscular 
weakness and renal hemorrhage. 

Both naturally occurring choline in feeds, predominantly 
found in phospholipids (lecithin), and dietary choline from 
supplements such as choline chloride are extensively de
graded in the rumen (Neill et al., 1979; Sharma and Erdman, 
1988a,b). Microbial degradation of choline in the rumen 
results in the production o f acetaldehyde and trimethylamine. 
Methyl group carbon from trimethylamine is su bsequently 
degraded to methane (Neill et al., 1978). Supplementation 
of choline in an unprotected form is useless because of ex
tensive ruminal degradation. 

Because of exte nsive degradation o f d ietary cho line, 
methyl groups for synthesis of methyl-containing metabo
lites in the dairy cow are presumably produced! via meth
ylalion pathways involving methionine and the enzyme, 
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S-adenosylmethionine methyl transferase. Sources of methyl 
groups for ruminants would include intestinally absorbed 
methionine, betaine resulting from degradation of choline, 
and de novo synthesized methyl groups produced through 
5-methyl tetrahydrofolate. Approximately one-third of the 
methionine methyl groups were transferred to cho line in 
studies with lactat ing dairy goats (Emmanuel and Kennelly, 
1984). Intravenous infusion of choline and carnitine reduced 
the irreversible loss of methionine by 18 to 25 percent in 
sheep, suggesting that methionine could be spared with the 
addition of methyl-group-containing metabolites (Lobley 
et al. , 1996). 

Choline concentration of milk ranges from about 70 to 
100 mg/L (Deuchler e t al. , 1998; Pinotti et al., 2003; Elek 
et a l. , 2008) and increases 25 to 40 percent when RP choline 
is fed (ea. 15 g/d actual choline). This suggests that secre
tion of choline into milk could be qualitative indicator of 
postruminal choline supply. Daily excretion rates vary from 
about 2 to 6 g/d depending on milk yield and whether RP
choline was fed. 

The dairy cow evolved under circumstances where intesti
nally absorbed choline is almost nonexistent; hence, choline 
supply is dependent on the ability o f the cow to synthesize 
it from serine or from feeding RP forms. Since publication 
of the first article on the use of RP-choline (Erdman and 
Sharma, 1991), adequate studies have now been published 
to allow for meta-analyses. Sales et al. (2010) used data from 
11 different publications and Arshad et al. (2020) used data 
from 20 publications, including most of the publications used 
by Sales et al. (2010). Results were in general agreement: 
supplementing approximately 13 g of actual choline (in RP 
form) increased milk yield about l .5 kg/cl, increased DMI 
about 0.5 kg/d, and had liule effect on milk composition but 
increased milk fat and protein yields. Most studies conducted 
with RP-choline only involve transition cows (supplementa
tion usually started a few weeks prepartum and usually ended 
3 to 4 weeks postpartum). Data on production responses to 
RP-choline later in lactation are limited and inconsistent. 
The predicted milk yield response (in early lactation) to 
RP-cho line was greater when calculated (not measured) 
supply of metabolizable methionine was low and response 
decreased as metabolizable methionine supply increased 
(Arshad et al., 2020). This meta-analysis and individual 
studies indicate that RP-choline may reduce the amount of 
methionine being used as a methyl donor, allowing more 
to be used for protein synthesis. In an experiment where 
methyl transfer from methionine was inhibited but choline 
was provided, fat-correct milk yield increased, suggesting 
the importance of methionine in methyl group metabolism 
in the dairy cow (Sharma and Erdman, l 988b). However, in 
studies in which both RP-choline and RP-methionine have 
been fed, few interactions have been observed (Sun et al., 
2016; Zhou et al., 2016). 

Because the role chol ine has in hepatic lipid metabo
lism (Piepenbrink and Overton, 2003), RP-chol ine has 
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been investigated as a means of reducing incidence and 
severity of ketosis. Although a meta-analysis (Arshad et al., 
2020) found that peripartum cows fed RP-choline had sig
nificantly higher blood glucose concentrations and lower 
blood concentrations of FAs and ~-hydroxybutyrate, the 
mean di!Terences were clinically insignificant, and several 
individual studies report no di!Terences. However, several 
studies have reported improved health of peripartum cows 
when RP-choline was supplemented. Improvements included 
fewer cases of retained placenta, less mastitis, and dis
placed abomasum (Ardalan et al., 201 O; Lima et al., 2012). 
Although health data are limited, a meta-analysis (Arshad 
et al., 2020) reported that RP-choline significantly reduced 
the incidence of retained placenta and mastitis but did not 
affect prevalence of other health disorders, includ! ing ketosis 
and fatty liver. Limited data also suggest that positive health 
effects are more likely when cows rather than prepartum heif
ers are supplemented with RP-choline (Lima et a l. , 2012). 

Supplementing peripartum cows with an effective source 
of RP-choline (i.e., not degraded in rumen but available for 
intestinal absorption) is expected in increased production mea
sures and can reduce the prevalence of some health disorders, 
but the commil!ee did not establish a dietary requfrement for 
choline because of potential variability in commercial prod
ucts and because it is not a dietary essential nutrient. 

Vitamin C 

Vitamin C or ascorbic acid is synthesized from L-gulonic 
acid within the liver of ruminants. Calves cannot synthesize 
ascorbic acid until approximately 3 weeks of age (Cummins 
and Brunner, 1991 ). Hence, vitamin C is not considered an 
essential nutrient for healthy cattle that are older than about 
3 weeks. Most orally ingested ascorbic acid is destroyed in 
the rumen, but some commercial formulations of vitamin C 
may provide varying degrees of protection from ruminal me
tabolism. Oral supplementation of modified forms of vitamin 
C designed to reduce ruminal degradation has increased or 
tended to increase plasma ascorbic acid in sheep (Hidiroglou 
et al., 1997), steers (Pogge and Hansen, 2013), and dairy cows 
(Weiss, 2001 ). 

Ascorbic acid functions as a water-soluble cellular an
tioxidant and is involved numerous biochemical pathways 
(Smirnoff, 20 I 8). Vitamin C is needed for collagen synthe
sis, iron absorption, and phagocytic cell function, among 
other functions. Stressful (e.g., poor housing conditions, 
heat stress) and inflammatory events (e.g., mastitis) reduce 
plasma concentrations of ascorbic acid in calves and cows 
(Hidiroglou et al., 1977; Cummins and Brunner, 1989; 
Weiss et al., 2004; Padilla et a l. , 2006). Clinical ketosis 
did not affect plasma ascorbic acid concentrations (Padilla 
et al., 2005). Although dietary supplementation of some 
forms of vitamin C can increase concentrations of ascorbic 
acid in blood, and lower plasma concentrations of ascorbic 
acid are associated with maslitis, dietary supplementation 
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of vitamin C to cattle has had little to no effect on diseases 
and immune cell function (Santos et al., 2001; Chaiyotwit
tayakun et al., 2002; Naresh et al., 2002; Weiss and Hogan, 
2007). No growth response has been reported when calves 
were supplemented with vitamin C. Tmmunoglobulin titers 
in calves were generally not affected by vitamin C supple
mentation (Cummins and Brunner, 1989; Hidiroglou et al., 
1995). Current data do not support routine supplementation 
of vitamin C to calves or adult cattle. 
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Water 

INTRODUCTION 

Of all of the nutrient~ consumed by dairy cattle, water is 
consumed in the greatest amounts. Water is essential for 
life and only follows oxygen in importance. In addition, no 
nutrient is found in greater concentrations in either the body 
of a mature cow (- 65 percent), her fetus (-80 percent), or 
her milk (85 percent), and the body recycles no nutritional 
element more so than water. Even small changes in body 
water can result in important changes in animal health and 
performance. Water flux in a lactating dairy cows averages 
about 30 percent (Beede, 2012). which is greater than any 
o ther domesticated ruminant (Woodford et al., 1984a). 

Water possesses unique physical and chemical properties 
that allow it 10 act as a solvent and to support Ii fe. Two impor
tant characteristics of water are that (I) lhe molecule is elec
trically po/a rand that (2) an unshared pair of electrons on the 
oxygen atom can bond with a hydrogen (H) atom on another 
molecule, creating a hydrogen bond. A consequence of these 
two characteristics is that water molecules are attracted to 
each other. Water also possesses several properties that con
tribute to the e ffectiveness in regulating body temperature 
(Denny. 1993). First. compared to virtually all other liquids 
at room temperature, water has a high specific heal (al 0°C, 
it is 4,218 J kg- 1 K- 1). Thus, to alter its temperature, large 
amounts of heal need to be added or removed. fn addition, 
the thermal conductivity of water is 0.565 W m- 1 K- 1 al 0°C 
and aids the dissipation of heal from the body (Denny, 1993). 
Water has a high latent heat of vaporization, thus allowing for 
the evaporation of water from the skin and respiratory tract. 
This characteristic of water creates a notable route of heal 
loss for callle (Monteith, 1972; Squires, 1988). 

The true number of functions served by water is not 
fully known, but major functions include regulating body 
temperature, supporting intermediary metabolism by acting 
as a solvent to dissolve substances, transporting nutrients 
and metabolites throughout lhe body, and eliminating waste 
materials in urine, feces, and respiration. Last, water serves 

as a lubricant in joints and in many organs. In cerebrospinal 
fluid, water acts as a cushion for the brain and brain and 
spinal tissue (Roubicek, 1969). Given the number of func
tions related to water, restricting water intake results in rapid 
but often reversible reductions in feed intake and milk yield 
(Burgos et al., 2001). 

POOLS OF BODY WATER 

Total Body Water 

Total body water (TBW) is composed of intracellular fluid 
water and extracellular fluid water (ECW). Extracellular 
fluid water can be broken down into blood plasma water, 
interstitia l water, and transcellular water (Hix et al., 1959; 
Murphy, 1992). The intracellular pool is the largest pool at 
approximately 40 percent of body weight (BW; Murphy, 
1992). The ECW pool includes water contained in saliva, 
plasma. and interstitial fluid. The plasma volume of water in 
lactating cows is about 6.4 percent of BW (Woodford et al., 
l 984a). Because milk contains roughly 85 percent water, the 
ECW pool, which includes milk, is proportionally large. The 
proportion of ECW within the gastrointestinal tract is located 
mostly in the rumen and is about 65, 62, and 61 percent of 
total ECW in cows on -7, 63, and 269 days postpartum, 
respectively (Andrew et al., 1995). 

Water enters the reticulo-rumen pool through saliva, 
through swallowed water, and by consuming feed containing 
water (Appuhamy el a l. , 2014). A portion of drinking water 
may pass directly into the abomasum through the esopha
geal groove (Woodford e t al., 1984b) but likely is only 11 
10 22 percent of the total drinking water intake (Woodford 
et al. , l 984b; Cafe and Poppi, 1994). 
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Empty Body Water 

Empty body water (EBWtr) is the proportion of water 
contained in the animal minus that contained in the ingesta. 
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WATER 

In general, EBWtr decreases with increasing body fat content 
(Maeno et al., 2013 ); thus, in calves, EBWtr is approximately 
70 percent (Chapman et al., 2017), and as they age, EBWtr 
decreases before reaching a relatively constant value on 
physiological maturity (Lohman, 1971). TBW is lower for 
fat dry cows and higher in lactating cows (Aschbacher et al., 
1965; Murphy, 1992). Andrew et al. ( 1995) reported that the 
EBWtr content at-7, 63, and 269 days postpartum is 59, 
66, and 60 percent of BW, which are similar to more recent 
data for lactating cows (64.7 ± 3.02 percent of B W; Agnew 
et al., 2005). 

WATER BALANCE 

Cattle lack the ability to store bulk volumes of water for 
extended periods of time (Dukes, 1955). Provided that water 
is available throughout the day, the volume of water in the 
body remains relatively consistent (Reece, 2004). When 
needed, the animal gains water by ingestion via drinking 
and consuming feed containing water and through metabolic 
oxidation. Water is lost via feces, urine, and sweating and 
respiration, while a small volume is also lost through saliva 
(Holter and Urban, 1992). When lactating, milk is a major 
route of water loss; however, the proportion of water in milk 
is highly regulated and does not fluctuate with changes in 
whole-animal fluid balance (Olsson, 2005). 

Water Intake 

Thirst and Drinking Behavior 

Physiologically, homeostatic factors regulate pH, osmotic 
pressure, and acid-base balance and are modulated by the 
movement of ions such as sodium (Na), potassium (K), 
chloride (CI-), and bicarbonate through intracellu lar and ex
tracellular fluids containing water and solutes (Reece, 2004; 
Hogan et al., 2007). Consequently, the gain and loss of body 
water plays a major role in maintaining homeostasis. 

Thirst is defined as a "longing or compelling desire to 
drink" and is stimulated by either extracellular or cellular 
dehydration (Hogan et al., 2007). Thirst may be triggered 
by a reduction in salivary secretion and dryness of the throat 
and mouth. The hypothalamic region of the brain controls 
thirst and drinking behavior and is mediated by angiotensin 
I 1 (Hogan et al., 2007). 

Osborne et al. (2002) observed that cows consumed 
40 percent or their dai ly water intake within 2 hours of each 
feeding and milking time. Cattle generally use the muscula
ture found in their cheeks to create suction that draws water 
upward. This water is then directed by the tongue and trans
ported intraorally (Reis et al., 2010). Drinking is composed 
of one cycle in which one aliquot of water is first sucked up 
and then swallowed (Hiiemae and Crompton, a 985). The 
frequency or water consumption varies depending on an 
array of factors that most notably include water availability, 
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and lactating cows should have access to unlimited amounts 
of water throughout the day (Radostits and Blood, 1985), 
especially under hot conditions (West, 2003). The frequency 
of discrete water consumption episodes varies from five for 
cows in late lactation (Jago et al., 2005) to almost eight in low 
stocking environments (Cardot et al., 2008). The frequency 
of water consumption is reduced when animals are on pasture 
compared to those in confinement (Jago et al., 2005). In some 
cases (e.g., winter), beef cattle have been known to survive as 
many as 3 to 5 days without water (Siebert and Macfarlane, 
1975; Squires, 1988). In lactating dairy caule, the total time 
spent drinking ranges between 13 and 17 min/d (Thomas 
et al., 2007). The volume of water consumed is positively 
correlated with the animal's standing of social dominance 
within the herd (Andersson and Lindgren, 1987). Pinheiro 
Machado Filo et al. (2004) observed that cows consume more 
water from large deeper troughs. 

Free Water Intake 

Free water intake (FWl) is defined as water that is con
sumed directly from a water store or watering device. 

Lactating Cows 

Several factors that affect daily FWI by dairy cows have 
been identified. Table 9-1 is a list of published equations 
used to predict FWI (kg/d) in lactating and dry dairy cows. 
The previous report (NRC, 2001) recommended the equa
tion or Murphy et al. ( 1983); however, newer equations that 
attempt to identify more factors and account for more varia
tion have been developed. Controlled studies to quantify the 
effects of ambient temperature, temperature humidity index 
(THI), solar radiation, relative humidity, wind speed, and 
precipitation on FWI are needed, but some of these variables 
are used in predictive equations (see Table 9- 1). ln general, 
because mean, minimum, and maximum daily temperatures 
are closely correlated, one measure is probably suitable for 
predictive purposes (Murphy et al., 1983). Recently, Ap
puhamy et al. (2016) evaluated published equations used 
to predict FWI and developed and evaluated new predictive 
equations (see Table 9- 1 ). Recommendations of Appuhamy 
et al. (2016) and those adopted for this report are that when 
reliable estimates of dry matter (DM) intake (DMI) are avail
able, Equation 9- 1 (see Table 9-1) be used to predict FWI 
while Equation 9-2 (see Table 9-1) be used when reliable 
estimates of DMI are not available. Both Equations 9-1 and 
9-2 are unique to others because they include dietary K. K 
has been shown to positively affect both water consumption 
(Meyer et al., 2004; Fraley et al. , 2015) and ruminal liquid 
passage rates (Fraley et al., 2015). Given the lack of data 
available to develop these equations, seven alternative equa
tions are also listed. Appuhamy et al. (2006) noted that the 
equation of Murphy et al. (1983) and Meyer et al. (2004) 
both required DMI and, when evaluated, performed well. In 
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TABLE 9-1 Equations Used to Predict Free Water Intake (FWI) (kg/d) in Dairy Cattle• 

Equation Reference Models for Predicting FWI (kgld)° 

Recommended equations 
Lacmting cows 
Equation 9-1 
Equation 9-2 

Appuhamy et al. (2016) 
Appuhamy el al. (2016) 

= -91.1 + (2.93 xDMI)+ (0.61 x DM%)+ (0.062xNaK)+(2.49 xCP%) + (0.76x TMP) 
= -60.2+ ( 1.43 x Milk) + (0.064x NaK)+ (0.83 x DM%)+(0.54 XTMP)+ (0.08x DIM) 

Alternative equations 

Murphy et al. ( 1983) 
Meyer el a I. (2004) 
Murphy el al. ( 1983) 
Holler and Urban ( 1992) 
Khelil-Arfa et al. (2012) 
Appuhamy el al. (2014) 
Lillie and Shaw (1978) 
Stockdale and King ( l983) 
Casile and Thomas ( 197 5) 
Khelil-Arfa e1 al. (2012) 
Dahlborn el al. (1998) 

= 16.0+ ( 1.58 x OM!) +(0.90 xMilk)+ (0.05 x Na!) + (1.20 xmnTMP) 
= -26.1 + (1.30 xMi lk)+ (0.406x Na!)+ ( I .5 I 6xTMP)+(0.058x BW) 
=23.0+ (2.38x OM!) +(0.64x Milk) 
= - 32.4+(2.47 x DMI)+ (0.60xMilk) +(0.62 xDM%) + (0.091 x JD)-(0.00026 xJDl) 
= -77.6 + (3.22 x OM!)+ (0.92 x Milk) - (0 .28 x CONC%)+ (0.83 x OM%)+ (0.037 x B W) 
= -34.6+(2.75x DMl)+ (0.84 xMilk) + (2 .32 xAsh%)+(0.27 x OM%) 
= 12.3 + (2.15 x OM!) +(0.73 x Milk) 
=-9.37 + (2.30 x OM!)+ (0.53 x OM%) 
=-15.3 + (2.53 x Mi lk)+ (0.45 x OM%) 
= -4 1.1 + ( 1.54 xMi lk) - (0.29x CONC%) + (0.97 x OM%) + (0.039x BW) 
= 14.3+ ( 1.28xMilk) + (0.32 x OM%) 

Recommended equation 
Dry Cows 
Equation 9-3 Appuhamy et al. (2016) = ( l. 16x OMl)+(0.23 x OM%) + (0.44xTMP)+(0.061 x TMPC2) 

Al1erna1ive equations 

Appuhamy el al. (2016) 
Holler and Urban ( 1992) 

= (0.69 x OM!)+ (0.28 x OM%)+ (0.85 xTMP) 
= 10.34+(0.230xOM%)+(2.21 xOMl)+(0.0394x(CP%)') 

0 Adapted from Appuhamy el al. (2016). 
• oMI (kgld). BW (kg). Milk = milk yield (kg/d). OM%=dry mailer percen~1ge of the die!. CONC%=concen1ra1e conlenl of !he die! (% of OM). 

CP%=die1ary CP comenl (% of OM). Ash%=die1ary 101al ash conlelll (% OM). Nal=sodium imake (gld). TMP= daily average ambient lemperalure (°C). 
mnTMP=daily minimum ambiem 1emperature (0 C), JO=Julian day. TMP=daily mean ambient temperature (oC). TMPC'=(TMP- 16.4)'. and NaK= sum 
concemration of Na and Kin the diet, mill iequivalen!IDM kg, (% Na/0.023) + (% K/0.039) x 10). 

general, measures to increase consumption of water should 
be encouraged, but water intake alone should not be used 
to evaluate the elTects of water quality. One cannot assume 
underconsumption is a result of poor water qua lily as it may 
be reduced in response to other factors such as poor health or 
production as well as access to watering devices (KononolT 
et al., 2017). 

Ory Cows 

Fewer equations exist to predict FWI in dry cows (see 
Table 9- l ), and further research in this area is needed to test 
current predictive equations. Equations for dry cows are 
based mostly on DMI, DM concentration of the diet, and 
ambient temperature; however, factors such as K likely alTect 
water intake, but data are lacking. For dry cows, Equation 
9-3 (see Table 9-l) is recommended (Appuhamy et al., 2016), 
but published studies measuring FWI in dry cows are lack
ing, and this prediction will likely be improved with more 
data. Because an independent data set was not available, 
Appuhamy et al. (2016) did not compare Equation 9-3 to the 
alternative equation of Holter and Urban (1992) also listed in 
Table 9- 1. Equation 9-3 is recommended because data used 
to develop it represented a greater range of DMI as well as 
environmental and diet conditions, but it is possible that the 

alternative equation of Holter and Urban ( 1992) could predict 
FWI as well as or better than Equation 9-3. 

Calves and Heifers 

Water shou ld be provided free choice to calves, including 
those being fed a liquid diet (Drackley, 2008). Kertz et al. 
(1984) observed that weight gain was reduced by 38 percent 
and starter intake was reduced by 31 percent when calves 
had restricted access to water. Currently, models to predict 
FWI in young calves are not avai lable, and published data are 
scarce, thereby precluding development of a model. Some 
studies have reported low FWI during the period before 
weaning (de Passille et al., 201 1), but most observe that in 
early life, FWI is approximately 0.75 to 1 kg/d (Thomas 
et al., 2007; Wickramasinghe et al., 2019) and increases with 
age (Wenge et a l. , 2014 ). By 20 days of age, FWI increases 
dramatically (Kertz et al., 1984), and this increase in FWI 
occurs in parallel with reductions in feeding of milk rep lacer 
and increasing starter intake. DMI (in the form of calf starter) 
is likely directly related to FWI in young calves, and calves 
may requi re four times greater FWI than DMI or an FWI 
to DMI ratio of 4 : I (kg basis) (Kertz, 2014). Quigley et al. 
(2006) reported that prior to weaning, FWI/DMI was 2: I 
but that this increased to 4: I after full weaning. The amount 
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of water consumed prior to weaning is also a fu nction of 
liquid feed consumption, and w hen liquid feeding rates 
are high, FWI/DMI may be less than 2: I (Wickramasinghe 
et al., 2019). In addition, these investigators determined that 
withholding water until 17 days of age reduced milk intake, 
as well as BW and heart girth at S months of age compared 
to calves given access to water at birth. Increases in FWI 
in calves are also associated with increased environmental 
temperatures, feed restriction, increased water temperature in 
cold environments (Huuskonen et al., 201 1), increased starter 
intake (Kertz, 1984; Wenge et al., 2014), and development 
of ruminal fermentation (Abe et al., 1999a,b). Providing 
fresh warm water is important in calves sulTering from diar
rhea (McGuirk, 2008) because calves increase FWJ by 25 to 
SO percent when sulTering from diarrhea (Jenny et al., 1978). 
Data on FWJ in older growing heifers are limited, and no 
equations have been developed to predict their FWI. Equations 
outlined by NASEM (2016) to predict FWI in growing feed lot 
cattle do not appear to be acctu·ate based on limited data such 
as that published by Z'lnton and Heinrichs (2016). 

Ambient Temperatures and Free Water Intake 

The increase in FWI with increasing temperatures is well 
known (NRC, 1981 ), but the response is variable across 
individual animals and locations (Arias and Mader, 2011). 
During hot weather, the increase in water consumption is 
believed to be a response to the need to support evapo
rative and respiratory heat losses (Pereira et al. , 2014). If 
not properly restored, water located within th.e vascular 
and extracellular compartments may be disrupted, leading 
to interference with osmotic pressure and blood pressure. 
Such physiological changes can ultimately threaten thermo
regulation and cardiovascular function (Silanikove, 1994). 
McDowell e t al. ( 1969) observed that FWI is 29 percent 
greater when a Holstein cow is housed at 32°C compared to 
being housed in temperatures between IS°C and 24°C. Jn a 
temperature-con trolled study (temperature mean= 8.6 ± 7. I ; 
minimum=-S.6°C; maximum =23.3°C), for each degree 
Celsius increase in ambient temperature, FWI increased by 
1.5 kg (Meyer e t al., 2004). These investigators concluded 
that daily mean and minimum or maximum environmental 
temperatures are highly correlated with FWI, and each 
may inlluence FWI. In another controlled study, increasing 
ambient temperature from 15°C to 28°C increased FWI by 
10 and 42 percent for lactating and dry cows, respectively 
(Khelil-Arfa et al. , 2014). Evaporative losses were estimated 
as a proportion o f DMI, and those losses were compensated 
for by an increase in FWI. 

Other Factors Affecting Free Water Intake 

In general, and even in warm environmental tempera
tures, cattle like ly prefer warm over cool water (30°C ver
sus <140C) and callle prefer water between 20°C and 28°C 
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(Lanham et al., 1986). In hot, arid climates, a preference for 
cool water exists (Challis et al., 1987). In a study conducted 
in Canada and over four seasons, water was olTered at either 
ambient temperature (7°C to I 0°C) or warmed (30°C to 
33°C), and FWI increased with water temperature. The great
est change in intake response was observed in the winter 
(5.9 percent) while the lowest change in response (2.8 percent) 
was observed in the spring (Osborne et al., 2002). Cows in 
this study were not under heat stress. In a similar study using 
bull calves, water was offered at either cool (6°C to 8°C) or 
warmed ( l 6°C to J8°C) temperature, and FWI increased with 
water temperature during both the preweaning and postwean
ing stages (Huuskonen et al., 2011). In the summer months, 
chilling water has increased FWI of lactating dairy cattle and 
reduced respiration rates and body temperature (Lanham et al., 
1986; Milam et al. , 1986). In grazing cattle, warm env iron
mental conditions play a major role on both d1inking behav
iors and FWI. The number of drinking bouts increase.5 with 
THI, but at very high THI, the number of bouts decreases, 
possibly indicating an inability to thermoregulate in these 
conditions (Pereyra et al., 2010). Estms can decrease FWI 
in lactating cows (Reith et al. , 2014); however, llavoring 
agents (orange or vanilla) did not affect lluid water intake 
(Thomas et al., 2007). 

WATER LOSSES 

Milk Losses 

Holter and Urban ( 1992) summarized four energy balance 
trials with 329 lactating Ho lstein cows housed at 18°C and 
observed that water losses through milk averaged 34 percent 
and ranged from 19 to 52 percent of total water intake (TWI; 
lluid plus feed water). Cows housed in a climatic chamber a t 
15°C had water losses through milk that averaged 24 percent 
ofTWI, but this was reduced to 21 percent when the animals 
were housed in high temperatures (Khelil-Arfa et al., 2014; 
see Figure 9-1 ). 

Fecal and Urinary Losses 

For cows producing 23 kg of milk, fecal water contrib
uted 61 percent of the total manure water (Appuhamy et al., 
2014). The proportion of water lost in the feces when ex
pressed as the percentage ofTWI can be as low as 30 percent 
in lactating cows (McDowell et al. , 1969) and as high as 
44 percent (Khelil-Arfa et a l. , 2014) in thermoneutral con
ditions but decreased to 35 percent in warmer temperatures 
(see Figure 9- 1 ). 

The pituitary hormone, antid iuretic hormone (ADH), 
also known as vasopressin, largely regulates the excre
tion of water by the kidney. The release of ADH is likely 
governed by plasma osmoconcentration, but it may also be 
stimulated by pain, exercise, or psychological stress. When 
the animal is deprived of water, the concentration of ADH in 
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FIGURE 9-1 Waler losses as reporled by percen1age of 101al wa1er in1ake (TWl; wa1er acquired 1hrough drinking and feed consump1ion) 
by lactating dairy cows housed in (A) thermoncutral (I 5°C, TWI = I 08 kg) and (B) high temperatures (28°C, TW1 = I 13 kg) as reported by 
Khelil-Arfa et al. (2014). 
NOTE: Due to imbalance in metabolic wa1er, retained wa1er and analytical error, values do nol sum 10 I 00 percent. 

the blood increases, resulting in a reduct ion in urine volume. 
Conversely, when the animal is in excessive positive Ouid 
balance, the concentrat ion of ADH is reduced in the blood, 
and water excreted in the urine is increased until it is similar 
in concentration to that of plasma (Reece, 2004). Urinary 
losses of water have been reported to range between 11 and 
21 percent ofTWI (McDowell et a l., 1969; Holter and Urban, 
1992; Dahlbom et al., 1998). In a study evaluating the effect 
of increasing ambient temperature (I 5°C to 28°C) and so
dium bicarbonate (0.20 percent DM and 0.50 percent DM), 
Khel il-Arfa et al. (2014) observed urine losses increased 
from 15 to 21 percent in lactali ng cows as temperature and 
sodium bicarbonate increased. These effects did not occur 
with dry cows. 

Evaporative Loss 

Water lost through evaporation increased from 18 to 
30 percent ofTWI when lactating cows moved from thermo
neutral lo higher-temperature conditions (Khelil-Arfa et a l., 
2014; see Figure 9- 1 ). In dry cows, the response was 28 10 
44 percent. D ifferences between lactating and dry cows may 
be due to a change in fractionation of the body water pool 
(Abeni et al., 2015). The efficiency of evaporative losses 
from the skin is also affected by the thickness, length, and 
color of the haircoat (Gebremedhin et al., 2008). 

Sweat Losses 

Sweating is an active process, which is triggered by an 
increase in body core temperatures and involves the secre
tion of nuid by the sweat glands (NRC, 2007). During this 
process, heat along wilh water is lost from the surface of the 

skin (Gebremedhin and Wu, 2002). To dissipate heat, dairy 
caulesweat in two di!Terent ways (Bemabucci et al., 20 I 0). The 
first is insensible sweating, in which, unless relative humidity 
is I 00 percent, sweat leaves the body constantly. The second 
is thermal sweating and serves as the principal mechanism of 
cooling with increasing temperatures. The vapo1iza1ion of I L of 
water or sweat requires 0.58 Meal (2.42 MJ) (Bernabucci et al., 
2010). Jersey cows have a sweating rate of 189±84.6 g/m2-h, 
while mostly black or mostly white Holsteins have a sweating 
rate of 414± 158.7 g/m2-h or 281±119.4 g/m2-h, respectively 
(Gebremedhin et a l., 2008). These observations support the 
suggestion that Jersey caule are more heat tolerant than Hol
stein caule and that mostly black Holstein caule possess higher 
solar absorption characteristics than mostly white Holstein 
caule. 

Respiratory Losses 

Cattle also lose water through respiration. This type of 
loss is enhanced and facil itated through polypnea or the 
behavior known as panting (Gaughan and Mader, 20 14). 
Research conducted in Missouri (Kibler and Brody, 1949, 
1950, 1952, 1954) auempted to quantify heat loss through 
di!Terenl routes. In summarizing these observations, Brouk 
et al. (2003) noted that at temperatures above 2 1°C, heat 
was primarily lost through moisture evaporation from the 
skin and lungs. However, in animals that were not cooled 
and as temperatures exceeded 32°C, over 85 percent of the 
total heat dissipation occurred through vaporization of water 
from the body surface and lungs. Respiratory water loss 
(RWL) at di!Terenl air temperatures (Ta) and relative humidity 
(RH) increases with rising Ta but declines with increasing RH 
with no interaction (Bem1an, 2006). Using data from climate-
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controlled chambers, Berman (2006) developed the following 
model to predict RWL (g h- 1

) at different Ta(0C) and RH(%): 

RWL = 0.41 - 0.02xTa + 0.0005 x Ta2-o .. 004 
x RH+ 0.00004 x RH2 (Equation 9-4) 

Water Restriction and Dehydration 

The metabolic use and loss of body water is a continuous 
process, but consumption is not. Because of this all animals, 
but especially lactating cows housed in confinement, should 
have almost continuous access to clean water. Dehydration 
of as liule as 10 percent ofTBW may have serious implica
tions on health, while the loss of 15 to 20 percent may be 
fatal (Beede, 2012). When water intake was restricted 10 

50 percent expected voluntary intake for 4 days, milk yield 
dropped by 74 percent, but when cows were allowed to 
consume 90 percent of expected water intake for 14 days, 
milk yield only decreased 3 percent (Lillie e t al. , 1980). ln 
both situations, water restriction caused significant changes 
in blood composition, with all analytes increasing in concen
tration. These findings suggest a reduction in blood volume 
and hemoconcentration. 

WATER QUALITY 

Water can contain dissolved minerals, organic compounds, 
and microorganisms that may affect milk production and 
animal health. In 2005, NRC (2005) published guidelines 
on mineral tolerances from many sources, including water. 
The commillee acknowledged that although there have been 
substantial advancements of analytical methods to measure 
minerals in water, information is limited on how many of 
these minerals affect animals. Studies evaluating the effects 
of water quality on dairy caule are limited, and as a result, 
guidelines are usually extrapolated across species. Notably, 
guidelines for water quality for humans are often included 
that are particularly conservative. Because the quality of 
water may change over time and season, water should be 
sampled pe1iodically during different seasons and assayed. 
Maintaining historical data can be useful in identifying subtle 
changes in water quality. Specific sampling protocols have 
been developed for water because often it contains only 
trace amounts of some minerals, and microbiological testing 
requires aseptic sampling. Commercial testing laboratories 
can provide accepted sampling protocols, and usually they 
will provide proper sample containers. To evaluate water for 
dairy cows, the water needs to be sampled at the point of 
consumption; however, sampling at different points in the 
water supply change can help identify sources of contamina
tion (Dege, 2011 ). Table 9-2 lists thresholds of what can be 
considered upper potentially concernable concentrations for 
drinking water in ca11le. Information in this table should be 
used cautiously as there is a general lack of research infor
mation around many components (Beede, 2012). Nonethe-
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less, when water samples contain constituents greater than 
what is listed in the table, the taste and odor of water may 
be affected. In addition, diet modifications may need to be 
made to avoid minerals problems or toxicities described in 
Chapter?. 

Total Dissolved Solids and Salinity 

Total dissolved solids (TDS) are an inexact measure of 
inorganic constituents dissolved in a water sample because 
it may also include organic compounds. The term "salinity" 
is sometimes used to refer to TDS; however, in this usage, 
salinity refers to all dissolved salts (e.g., magnesium sulfate, 
sodium bicarbonate, and sodium chloride). TDS are the con
centration of total ions present in water but do not identify 
and quantify individual components of that water sample. 
Consequently, its value as a quality indicator for water is 
limited and should be interpreted with caution. The nature 
of TDS is influenced by the local geology, but the primary 
ions usually found in water are carbonate, bicarbonate, c1-, 
fluoride, sulfate, phosphate, nitrate, calcium (Ca), magne
sium (Mg), Na, and K (NRC, 1974). c1- is the ionized form 
of chlorine (Cl), and those two elemental forms have very 
different effects both in the rumen and on animal tissues. 

Although the effect of varying TDS on milk production 
has been investigated, effects are likely influenced by the ions 
used 10 alter TDS. Therefore, effects ofTDS on dairy cattle 
across studies are variable (Challis et al., 1987; Bahman 
et al., 1993; Valtorta et al., 2008; Shapasand et al., 2010). 
Nonetheless, general guidelines have been established (see 
Table 9-3). 

In a sllldy with grazing Holstein cows producing about 
24 kg/d of milk, drinking water with 1,000, 5,000, or 
I 0,000 mg/L TDS did not affect milk production or composi
tion (Valtorta et al., 2008). In that study, TDSs were increased 
by adding Na and calcium chloride, Mg and sodium sulfate, 
and sodium bicarbonate. Bahman et al. ( 1993) reported no 
difference in milk yields (averaged about 22 kg) between 
cows fed water with about 450 or 3,600 mg/L TDS (differ
ence was mostly sulfate, c1-, Na, Ca, and Mg). Conversely, 
"high-producing" cows (based on 1988 standards; actual 
production not given) had about 25 percent lower lactation 
persistency when consuming water with 4, I 00 mg/L TDS 
compared 10 cows consuming water with 450 mg/L TDS; 
however, water intake was actually greater for the high-TDS 
water (Wegner and Schuh, 1988). Similarly, Challis et al. 
(1987) reported that reducing TDS from approximately 
4,400 mg/L to 441 mg/L increased milk production from 
about 25 kg/d to 34 kg/d. In that study, TDS were elevated 
mostly by sulfate, but the high-TDS water also had more Ca, 
Mg, Na, and c1- than the low-TDS water. 

Effects of drinking saline water (i.e., water with high TDS 
from predominantly sodium chloride) are more consistent. 
When TDS were increased from about 200 to 2,500 mg/L 
via addition or sodium chloride, milk yield decreased from 
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TABLE 9-2 Drinking Water Standards for Humans and Upper Potentially Concernable Concentrations for Cattle"·b 

TDSs.' mg/L 
pH 
Nitrate-N (NO; -N). mg/L 
Nitrite-N (NO,-N). mg/L 
Sul fate (SO, >-).-mg/L 

U.S. EPA 

Enforceable or Secondary' 

Secondary 
Secondary 
Enforceable 
Enforceable 
Secondary 

Chemical. mg/L unless otherwise listed 

Aluminum 
Arsenic 
Barium 
Boron 
Cadmium 
Calcium 
Chloride 
Chlorine (Cl2) 

Chromium 
Cobalt 
Copper 
Copper 
Fluoride 
Iron 
Lead 
Magnesium 
Manganese 
Mercury 
Molybdenum 
Nickel 
Phosphorus 
Potassium 
Selenium 
Silver 
Sodium 
Vanadium 
Zinc 

Secondary 
Enforceable 
Enforceable 

Enforceable 

Secondary 
Enforceable 
Enforceable 

Enforceable 
Secondary 
Secondary 
Secondary 
Enforceable 

Secondary 
Enforceable 

Enforceable 
Secondary 

Secondary 

Human MCL" 

500 
6.5-8.5 
101 
1.0 
250• 

0.05-0.20 
0.01 
2.0 

0.005 

250 
4.0' 
0. 1 

1.3 
1.0 
2.0 
0.3 
0.015 

0.05 
0.002 

0.05 
0. 10 

5.0 

This Publication 

Potentially Concemable Concentrations for Cattle 

See Table 9-3 

See Table 9-5 

Calves=500 
Adult cattle= I ,OOO 

5.0-10.0 (Beede, 2012) 
0.20 (NRC. 2005) 
> 1 0 (Beede. 2012) 
150 (NRC. 2005) 
0 .01-0.05 (NRC, 2005; Beede, 2012) 

300 (Beede, 2012) 

0 . 1- 1.0 (NRC. 2005; Beede. 2012) 
1.0 (NRC, 2005) 
1.3 (EPA, 2009) 

2 .0 (NRC. 2005) 
0.40 (Beede, 2012) 
0.05-0.10 (NRC. 2005) 

0.50 (Beede. 2012) 
0 .01 (Beede. 2012 
0.06 (Beede, 2012) 
1.0 (Beede . 2012) 

_; 

0.05 (Beede, 2012) 
0.05 (Beede, 2012) 
300 (Beede. 2012) 
0.10 (NRC. 2005; Beede. 2012) 
5.0-25.0 (NRC. 2005; Beede. 2012) 

NITTES: T here is a general lack of research information around many components; caution for use of this table shou ld be exercised. when water samples 
contain constituents greater than what is listed in the table. 1he taste and odor of water may be affected and/or diet modifications may need to be made to 
avoid problems or toxicities. 

" Ranges listed reflect a lack of information. 
• Problems may occur when the following are observed (Beede, 2012): fluoride >2.4 mg/L may result in mottling, manganese >0.05 mg/L may affect taste, 

and sodium >20 mg/L may affect veal calves. 
' Enforceable standard (EPA, 2009). Secondary are nonenforceable guidelines regarding contaminams that may cause cosmetic or aesthetic effects in drink

ing water for humans. The EPA recommends secondary standard~ to water systems but does not require systems to comply (EPA. 2009). 
dMCL= Maximum contaminant level for humans. the highest concentration of a contaminant that is allowed in drinking water. MCL is only associated 

with enforceable standards (EPA. 2009). 
' TDS =total dissolved solids. 
! Equivalent to 44 mg/L of nitrate (NO,). 
•Sulfate sulfur (SO/- S) = sulfate (SO/-)x0.333. 
" Potentially concernable concentrations for cattle for calcium and mag nesium are unknown, but these may affect total dissolved solids (TDS); 

calcium>500 mg/Land/or magnesium > 125 mg/L have been sugge.~ted to be concentrations worthy of further evaluation (Beede, 2012). 
' Maximum residual disinfectant level for humans, the highe.~t level of a d isinfectant allowed in drinking water. 
I Potentially concemable concentrations for cattle for potassium are unknown but concentrations >20 mg/Lin drinking water fed to dry cows may warrant 

further evaluation because of its impact on die~1ry cation-anion difference. 

34.8 to 32.9 kg/d (Jaster et al., 1978). Solomon et al. ( 1995) 
found that Holstein cows that consumed water with TDS 
of about 440 mg/L produced more fat-corrected milk (31.6 
versus 29.8 kg/d) than cows that consumed water with TDS 
of about 1,500 mg/L (sodium chloride was mostly increased, 
but water also diITered in sulfate, Ca, and Mg). Conversely, 

Arjomandfar et al. (2010) observed no effect on milk yield 
(averaged 35 kg/d) when TDS were reduced from 1,400 to 
570 mg/kg through desalination (the high-TDS water con
tained predominantly sodium chloride but also contained 
higher concentrations o f Ca, Mg, and sulfate). 
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TABLE 9-3 Gu idelines for Total Dissolved Solids (TDS) 
in Water for Dairy Callie Consumption" 

TDS (mg/L) 

<I.OOO 
1.000-2.999 

3,000-4.999 

5 ,000-6,999 

>7.000 

Comments 

Safe and should pose no health problems. 
Generally safe but may cause a mild. temporary 

diarrllea in animals not accustomed to the water. 
Water may be refused when first offered co an imals or 

cause temporary diarrhea. Animal performance may 
be less than optimum because water intake is nol 
maximized. 

Avoid these waters as a source of drinking water, may 

result in reductions in milk production. 
These waters should not be feel to canle. Health 

problems and/or poor production will result. 

0 ln general. TDSs alone are not adequate to characterize drinking water 
of can le. and it is further suggested that specific salt components and bacte· 
riological measures are also needed. 
SOURCE: NRC ( 1974). 

A likely reason for the mixed responses to reducing TDS 
in water is the ionic makeup of the water. For example, high 
intakes of sulfate and c1- are detrimental to milk production 
during summer months (Sanchez et al., 1994). Furthermore, 
high concentrations of these minerals in water will likely 
decrease the dietary cation-anion difference (DCAD) 
consumed by the cow, which can reduce intake and milk 
yield (see Chapter 7). The DCAD is usually calculated as 
(Na+ K) - (Cl+ S), where mineral concentrations are ex
pressed as mEq/kg. Including Na or K supplied by water 
into that equation generally does not allerDCAD because the 
counterion of the cation is usually c 1-. However, water with 
high concentrations of sulfate can reduce DCAD because the 
counterion is often Mg or Ca. This may be problematic when 
aiming for DCAD targets in prefresh diets. For example, 
assuming water did not provide additional Na or K, if a dry 
cow consumed 11 kg DM and drank 35 L water per day that 
contained SOO mg SIL, the S in the water would decrease 
DCAD by about 90 mEq/kg. 

Hardness 

Water hardness is usually described as the total cationic 
effects of Ca and Mg within water, but other cations may 
exist in water and include zinc (Zn), iron (Fe), strontium, 
aluminum, and manganese (Mn). Categories o f hardness as 
described by NRC ( 1980) are soft (0 to 60 mg/L), moderately 
hard(61to120mg/L),hard(l21to180mg/L),andveryhard 
(> 180 mg/L). Based on tests of up to 290 mg/L, hardness of 
water has been observed to have no efTect on water intake of 
lactating cows (Graf and Holdaway, 1952; Blosser and Soni, 
1957) but has been observed 10 be negatively associated with 
FWI in weaned calves (Senevirathne et al., 2018) . However, 
water hardness may afTect water handling systems because it 
may increase the accumulation o f scale and may negatively 
affect water delivery systems (NRC, 2012). In addition, in-
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creasing hardness may reduce cleaning efficiency of milking 
equipment, and hardness poses a risk factor for bacteriologi
cal quality of bulk tank milk (Elmoslemany et al., 2009). 

pH 

Currently, no guideli nes for pH exist for drinking water 
for dairy ca11le; however, the U .S. Environmental Protec
tion Agency (EPA, 2009) recommends that for human 
consumption, water pH should be between 6.S and 8.S. No 
infonnation in the literature was found on the effects of 
varying the pH of drinking water on water intake, animal 
health, animal production, or the microbial environment 
in the rumen. However, pH likely has an innuence on the 
survival of some microorganisms found in water (Szewzyk 
et al. , 2000). 

Minerals and Ionic Constituents of Water 

Water may contain minerals, which can help meet the 
mineral requirements of animals, but if concentrations are 
excessive, these minerals can reduce water intake and have 
other detrimental effects on health and production. Water 
can supply absorbable minerals to cows, but generally this 
does not need 10 be included in supply calculations because 
the mineral content of water in most studies that evaluated 
mineral nutrition was not measured or considered in supply 
calculations. Users may consider adjusting dietary mineral 
supply downward when mineral concentrations in the water 
being consumed are high. However, including water miner
als in total supply usually has a trivial effect on total supply 
(Casti llo et al., 20 13 ). 

Speciation refers to the form of any given element in 
water. Elements may appear as a hydrated ion, as a neutral 
molecule, as a complex with an additional ion, or as some 
other molecule. Ground water commonly contains mineral 
species as hydroxo and carbonate complexes. The reactivity, 
toxicity, and bioavailability of mineral e lements found in 
water are dependent on the form in which they exist; con
sequently, simply knowing the concentration of a particular 
mineral in drinking water yields limited information (NRC, 
2005). Table 9-4 lists the major and minor ionic species 
commonly fou nd in ground water. These species are usually 
present in water due to contact between water and nearby 
mineral deposits, while the minor constituents, ammonium, 
carbonate, and sulfide, may be present because of microbial 
and algal activity (Tchobanoglous and Schroeder, 1985). Tra
ditionally, water analysis focuses on the total concentration 
of a mineral in a water sample and usually does not report 
data rela ted to speciation. Such resulL5 can be evaluated for 
completeness and accuracy by de1em1ining if the sum of cat
ions (eq/L) equals the sum of anions (eq/L). This is because, 
by the principle of electroneutrality, they must be equal in 
a solution. NRC (2005) notes that the difference of up to 
2 percent may be due to uncontrollable error, but a difference 
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TABLE 9-4 Elements and Major and Minor Ionic Species 
That Are Common of Ground Waters0 

Major Ionic Species 

Ca1ions 

Calcium (Ca' ' ) 
Magnesium (Mg" ) 
Sodium (Na') 
Po1assium (K') 

Minor Ionic Species 

Cations 

Aluminum (Al" ) 
Ammonium (NH;J 
Arsenic (As' ) 
Barium (Ba'') 
Boron (BO/-) 
Copper (Cu'') 
Iron, ferrous (Fe2') 

Iron, ferric (Fe'') 
Manganese (Mn" ) 

Anions 

Bicarbonaie (HC0
3
-) 

Sulfa1e (SO/ - ) 
Chloride (Ci-) 
Ni1ra1e (NO,-) 

Anions 

Bi sulfaie (HSO, -) 
Bi sul file (HSO,-) 
Carbonaie (C03 

2- ) 

Fluoride (P-) 
Hydroxide (OH-) 
Phosphale, mono (H2PO,-) 
Phosphaie, di (HP0

4 
, _) 

Phosphaie, 1ri (PO/ '") 
Sulfide (s2

-) 

Sulfite (S0
3 
2- ) 

0 Adap1ed from Tchobanoglous and Schroeder ( 1985). 

of 5 percent or greater suggests error in either sampling or 
analysis or that one or more ionic species were not reported. 

Su/fate 

Sulfates in drinking water usually originate fro m the dis
solution of sulfate-bearing minerals located in both soils and 
rocks. Another source of sulfate contamination in water may 
be household or industrial wastes and detergents that contain 
sulfates (Veenhuizen and Shurson, 1992). Laboratories can 
report either sulfate or sulfate- sulfur and to convert sulfate 
into sulfate-sulfur multiply by 0.33. High concentrat ions 
of sulfate (SO/-) ions in drinking water may negatively 
affect both feed and water intake (Loneragan et al., 2001). 
Weeth and Hunter ( 197 1) observed that when sulfate in 
drinking water was increased to 3,493 mg sulfate/L (by add
ing sodium sulfate), water intake by Hereford heifers was 
reduced by 35 percent Hereford heifers consuming water 
with 2,8 14 mg/L sulfate (from sodium sul fate) reduced feed 
intake and weight gain (Weeth and Capps, 1972). Although 
Digesti and Weeth ( 1976) concluded the safe maximum con
centration for sulfate in drinking water is 2,500 mg sulfate/L, 
the current consensus recom mendation is that water sulfate 
should not exceed 500 mg/L and 1,000 mg/L for calves and 
adult cows, respectively. NRC (2005) suggests that water 
for cattle fed high-concentrate diets should contain less than 
600 mg sulfate/L while also noting that when consuming 
a high-forage diet, cattle can safely drink water containing 
2,500 mg sulfate/L. Deep well water in some areas may con
tain 3,000 mg/L or more sulfate (Patterson and Johnson, 2003). 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

The rumen is a reducing environment; thus, most sulfur (S) 
originating from salts is reduced to sulfide. This can become 
so abundant that the combined S from feed and water will to
gether tie up many trace minerals, making them unavailable to 
the animal. Depending on dietary S concentration, water with 
1,000 to 1,500 mg sulfate/L may cause antagonism of copper 
(Cu) and selenium (Se) (see Chapter 7 for more detail). 

Common forms of sulfate in water include Ca, Fe, Mg, 
Mn, and sodium salts. Although the animal's response to in
creasing sulfate in water would depend on the specific form 
of sulrate present, little research exists in comparing these 
forms. In a s tudy using Angus heifers, Grout et al. (2006) 
observed that the extent of aversion to water high in sulfate 
is, in part, dependent on the associated cation. Specifically, 
they found that increasing the concentrat ions o f sulfate a t 
1,500, 3,000, and 4,500 mg/Lin the form o f magnesium sul
fate reduced water intake, but reductions were not observed 
when cattle consumed sodium sulfate. 

Iron 

Waters containing high concentrations of Fe are often 
easy to recognize, as the water appears rusty in color, con
tains sediment, and possesses a metallic taste. Consumption 
of excessive amounts of Fe can antagonize cobalt (Co), Cu, 
Mn, Se, and Zn (Olkowski, 2009). Some experimental evi
dence suggests that oxidative stress may be spurred by high 
concentrations of Fe in drinking water. Free Fe catalyzes 
reactions via the Haber-Weiss reaction (Kehrer, 2000). This 
condition may be brought about when the consumption of 
Fe exceeds requirements, and as a result, the concentra tion 
of reactive oxygen and nitrogen (N) species increases. For 
example, abomasal infusions o f ferrous lactate have been 
shown to negatively affect milk prote in composition and 
overall stability of milk (Wang et al. , 20 16). Additional 
oxidative stress may be of concern in periparturient cows 
with a compromised immune system (Celi, 2010; Konvicna 
e t al., 2015). D ietary Fe supplementation is rarely needed for 
adult cattle, and if water contains Fe, dietary supplementa
tion should usually be avoided. The maximum contaminant 
level of Fe in drinking water for humans is 0 .30 mg/L (EPA, 
2009), and this concentration is often listed as a caution 
level for dairy catt le (Genther and Beede, 2013). In a study 
w ith sheep, no differences in FWI were observed when the 
concentration o f Fe (from ferric sulfate [Fe2(S0 .)3]) was 
increased from 75 to 145 mg/L (Horvath, 1985). The effect 
of different Fe concentrations, different valances (ferrous 
[Fe+21 or ferric [Fe+3l), and different Fe sources (salts) in 
drink ing water on FWI by lactating dairy cows were tested 
by Genther and Beede (2013). W hen water contained added 
ferrous lactate (Fe(C

3
H

5
0

3
)

2
), cows reduced FWI and spent 

less time drinking with 8 mg/L, compared with 4 or O mg/L. 
Valence of Fe source, namely ferrous sulfate (FeS0 4) or fer-
1ic sul fate (FeiCS0~3), did not affect FWI when o ffe red a t 
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0 or 8 mg/L, despite some visual differences in the appear
ance of the water. When FWI was compared with 0, 8, or 
12.5 mg/L from different salts of Fe (ferrous chloride [FeCl2] 

or ferric chloride [FeCl31), no differences in FWI were 
observed. When water with 0 or 8 mg/L of ferrous lactate 
(Fe(C

3
Hp

3
)2), ferrous sulfate (FeS04), or ferrous chloride 

(FeCl2) was offered, cows drank more water without added 
Fe, but FWI was not affected by the different ferrous salts. 
These authors also noted that analytical method had a major 
effect on assayed Fe concentrations. A direct metal analysis 
of the raw water sample, without acidification, yielded values 
that were only 7 to 25 percent of the concentrations obtained 
when nitric acidification was conducted prior to analysis. 
Hence, when evaluating data, it is important to know which 
method was used. 

Nitrate 

Nitrate (N0
3

- ) in drinking water may be a result of in
dustrial pollution or heavy fertilization of fields, or it may 
be associated with shallow wells (Wang et al., 1999; Wright, 
2007). There are currently no documented needs of dietary 
No3- or nitrite (N02- ) by animals (NRC, 2005); however, it 
has been used to reduce ruminal methane production. Due to 
their caustic action, N0

3
- consumed in high concentrations 

may cause gastroenteritis. In addition, when consumed by 
cattle, N0

3
- can be used as a source of N for bacteria in the 

rumen (Russell, 2002). Most critically, the rumen is also 
the site of reduction of nitrate to nitrite. In the case of acute 
toxicosis, No

2
- is absorbed into the bloodstream, which 

triggers oxidation of the ferrous iron in hemoglobin to form 
methemoglobin. This reaction reduces the oxygen-carrying 
capacity of blood and may cause asphyxiation. Symptoms 
of N0

3
- poisoning include excessive salivation, abdominal 

pain, diarrhea and vomiting, and brown-colored mucous 
membranes (Radostits and Done, 2007). Nitrite poisoning 
will result in impaired breathing, gasping, and rapid respi
ration. Signs may also include muscle tremor, weakness, 
stumbling gait, cyanosis, and a weak pulse. Abortion in 
ruminants is believed to follow N0

3
- poisoning (Bruning

Fann and Kaneene, 1993) and has been observed in both 
dairy and beef herds (Yeruharn et al., 1997). ln dairy 
cows, N03- concentrations up to 180 mg/L in drinking 
water did not increase the concentration of N0

3
- in milk 

(Kammerer et al., 1992). In a field study with 54 cows, 
with hat f consuming water of 19 mg/L N03- and the other 
half consuming water of 374 mg/L N0

3
- with the addition 

of potassium nitrate for 35 months, the first 20 months 
resulted in no effects on reproductive performance, but in 
the last 15 months, services per conception increased and 
first service conception rate decreased in cows drinking the 
high N0

3
- water, but no differences were observed in blood 

hemoglobin and methemoglobin (Kahler et al., 1974). 
In a survey of 128 Iowa dairy farms, an elevation in the 
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TABLE 9-5 Guidelines for Nitrate (N0
3
-) and 

Nitrate Nitrogen (N0
3
-N) in Drinking Water" for 

Dairy Cattle 

Ni1nue (NO,-). 
mg/L 

0-44 
45-132 

133-220 

221-660 
>660 

NiU"me Nill"ogen 
(N03-N). mg/L 

0-10 
10-20 

20-40 

40-100 
>100 

Guidelines 

Safe for consump1ion by canle 
Generally safe when offered 

with balanced die1s wi1h low 
nitrate feeds 

May be hannful if consumed for 
long period.~ of lime 

Can le al risk and possible death 
Unsafe-possible demh; do not 

use as water source 

0 Ni1ra1e nitrogen (N0
3
-N) x4.43 = ni1ra1e (NO,-). 

SOURCE: NRC ( 1974). 

N0
3
- concentration of drinking water was correlated with 

increasing calving intervals (Ensley, 2000). By increasing 
the number of nitrate-metabolizing rumen microbes, rumi
nants can adapt to diets high in N0

3
- (Allison and Reddy, 

1984; Lin et al., 2013). 
As in the last publication, nitrate nitrogen (N03-N) in 

water is recommended not to exceed 10 mg/L, which is 
equivalent to 44 mg/L nitrate (N03). Cattle are usually more 
at risk of No

2
- poisoning because of high levels of nitrate in 

feeds, but the concentration in water likely has an additive 
effect on the animal (ANZECC, 2000). Water testing results, 
which include N03- and No2- in mg/L, can be converted to 
N values by dividing these values by 4.43 and 3.29, respec
tively (NRC, 2005). Table 9-5 lists guidelines for N03- in 
drinking water of cattle. 

Minerals and Potentially Toxic Substances in Water 

The tolerable and toxic concentrations of minerals in 
domestic animals have been reviewed (NRC, 2005). The 
publication lists guidelines for drinking water for both 
humans and livestock. The guidelines for humans are listed 
in Table 9-2. Upper concentration guidelines for cattle are 
based on those of NRC (2001, 2005), Beede (2012), and 
Socha e t al. (2003) but overall are unique to this publica
tion. The values included in the table were not developed 
and reported in attempt to define toxic concentrations or even 
recommended ranges, but they are intended to be used as a 
reference when evaluating water samples. The publication 
notes that although conservative, the EPA enforceable and sec
ondary water quality guidelines can act as safe guidelines for 
livestock. Enforceable standards are defined as concentrations 
that cannot be exceeded and set a mark for beyond which action 
to achieve lower levels must be taken. Secondary standards are 
concentrations that beyond which cosmetic or aesthetic effects 
may occur. 
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Additional points made by the NRC (2005) report that are 
relevant to feeding dairy cattle include a listing of minerals 
that fall into five categories. These include minerals that 

I. Can be found naturally and at toxic levels in water or 
may contribute to the overall toxicity of the mineral: 
most commonly arsenic, barium, Fe, Mn, sodium 
chloride, sulfur, and nitrate fall into this category. 

2. Can be found naturally and presence is rare but signifi
cant risks of toxicities: namely lithium, strontium, and 
uranium. 

3. Usually are found at low levels with toxicity occurring 
due to the contamination from other sources: alumi
num, bismuth, boron, bromine, cadmium, chromium, 
Co, Cu, lead, mercury, molybdenum, nickel, silicon, 
tin, and other rare earth elements. 

4. Are macroelements unlikely to be found at toxic levels 
in water but may result in aesthetic secondary effects: 
Ca, Mg, phosphorus (P), and K. 

5. Are trace minerals that may be found in water and may 
contribute to both a toxic concentration and second
ary aesthetic effects: Co, Cu, Fe, Mn, and Se along 
with water containing a high concentration of sodium 
chloride. 

Microbiological Considerations of Water 

Determination ofmicroorganisms in water is difficult, but 
drinking water is the largest and most direct source of mi
crobial contaminants and potential pathogens (LeJeune and 
Gay, 2002). Water may be contaminated by runoff or may 
be a result of the water distribution and delivery systems. 
These may enhance bacterial conditions through coatings of 
biofilms that act as microbial habitats (Van Eenige, 2013). 
Surfaces of water troughs may also be contaminated by bac
teria from cud, fecal matter, dus t, feed, or bedding (LeJeune 
et al., 2001 a,b). Water is commonly evaluated for total coli
form bacteria and total fecal coliforms. Total coliforms are 
a generic group of Gram-negative bacteria. Fecal coliforms 
are not defined taxonomically and are, as the name suggests, 
often present in the water because of fecal contamination but 
may originate from other sources. Fecal coliforms are also 
known as thermotolerant coliforms (Alonso et al., 1999). 
Common bacteria found in contaminated water include 
enteric bacteria Escherichia coli and Salmonella but may 
also include other microorganisms such as Campylobacter 
jejuni, Campylobacter coli, Yersinia enterocolitica, Yersinia 
pseudotuberculosis, Leptospira, Burkholderia pseudomallei, 
Clostridium botulinum, Mycobacteria (pulmonary disease), 
Pseudomonas cyanobacteria, C1yptosporidum, and Giardia 
(ANZECC, 2000). As in the last edition of this report, no 
quality standards are set for water contaminated with mi
croorganisms, as evidence to support them is lacking (Van 
Eenige, 2013). Water is frequently tested for the presence of 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

thermotolerant (fecal) coliforms, but this test provides no in
dication of the presence of microbial pathogens (ANZECC, 
2000). Jn addition, in a s tudy involving feedlot cattle, Sand
erson et al. (2005) observed no relationship between water 
coliform count and fecal prevalence of E. coli 0157, but 
suggested that water coliform count is a measure of£. coli 
0157 exposure. Despite these limitations, a median threshold 
for thermotolerant (fecal) coliforms for livestock has been 
recommended to be I ,OOO thermotolerant (fecal) coliforms/L 
(ANZECC, 2000). 

Cows or young stock on pasture may be provided surface 
water to drink. In these cases, animals may be a t risk from 
toxic cyanobacteria (or blue-green algae). The poisoning 
of livestock by toxic cyanobacteria was first scientifically 
reported in the late 1800s when animals consumed water 
from a freshwater lake at the mouth of the Murray River in 
South Australia (Francis, 1878). Such mortalities have also 
been reported in grazing adult dairy cows (Galey et al., 1987; 
Kerret al., 1987) and in grazing dairy heifers (Fitzgerald and 
Poppenga, 1993). It is estimated that 40 of the 2,000 species 
of cyanobacteria that have been identified are capable of 
being toxigenic (Briand et al., 2003) and may produce hepa
totoxins, netll"Otoxins, dermatotoxins/irritant toxins, cytotox
ins, and toxins that may cause gastrointestinal disturbance 
(Olkowski, 2009). Colonizing both terrestrial and aquatic 
biotopes and in both marine and freshwater ecosystems, 
cyanobacteria are photosynthetic prokaryotes, with growth 
commonly occurring in late summer to autumn (Briand 
et al., 2003). Risk factors include shallow waters that are 
neutral to alkaline (Carvalho et al., 2011) and contain high 
concentrations of N and P. In many livestock operations, the 
concentrations of N and Pare commonly increased in bodies 
of water when evaporative losses occur along with manure 
or fertilizer contaminations (Radostits and Done, 2007). The 
presence of cyanobacteria is typically determined through 
microscopic examination. If drinking water is suspected 
to contain cyanobacteria, an alternative source of drinking 
water should be made available to cattle until it is treated or 
determined to be safe (Olkowski, 2009). 
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Nutrient Requirements of the Young Calf 

INTRODUCTION 
From birth until weaning to solid feed, calves undergo 

tremendous physiologic and metabolic changes (Toullec and 
Guilloteau, 1989; Meale et al., 2017). During the prerumi
nant stage, digest ion and metabolism are similar to those of 
nonruminant animals, and dietary requirements must be met 
with high-quality liquid diets containing sotu·ces of carbo
hydrates, proteins, and fats that are digested efficiently. The 
most cri tical period is the first 2 to 3 weeks of life when the 
calf's digestive system is immature but developing rapidly 
with regard to digestive secretions and enzymatic activity 
(Toullec and Guilloteau, 1989; Davis and Drackley, 1998). 

Except for calves raised for veal production, calves should 
be encouraged to consume solid feed at an early age to 
stimulate development of a functional rumen. Development 
of the ruminal epithelial tissue that is responsible for absorp
tion of volatile fatty acids (VFAs) is stimulated by the VFAs, 
particu larly butyrate, produced by ruminal microbes (Sander 
et a l. , 1959). A starter concentrate high in readily fermentable 
carbohydrates supports development of the microbiota and 
its fermentation necessary for proper ruminal tissue growth 
(Brownlee, 1956;Flattetal., 1958;WilliamsandFrost, 1992; 
Greenwood et a l. , 1997). The functioning rumen epithelium 
can absorb and metabolize the VFAs, which aids in raising 
niminal pH to levels suitable for fiber fermentation. 

The rumen and its microbial population are immature 
at this stage (Anderson et a l., 1987a,b), and ru minal cel
lulose digestibility is limited (Williams and Frost, 1992). 
Consequently, forages other than fresh grass that is high in 
sugars (Ohtani et a l., 1976) are not effective in developing a 
f\lnctional rumen and may limit metabolizable energy (ME) 
intake in young calves (Stobo et al., 1966). Calves have limited 
ability to use forages until well after weaning (Quig ley, 1996a; 
Davis and Drackley, 1998). Nevertheless, adequate particle size 
of starter feed- whether pelleted, ground, or texturized- is 
important to prevent abnormal development and keratiniza
tion of ruminal papillae and to prevent impaction of fine 
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partic les between papillae (McGavin and Morrill, 1976; 
Greenwood et al., 1997; Beharka et al., 1998). 

With respect to the nutrient requirements of the calf, three 
phases for development of digestive function are recognized 
(Davis and Clark, 1981 ): 

• Liquid-feeding phase. Essentially a ll of the nutrient 
requirements are met by milk or milk replacer (MR). 
The functional reticular (esophageal) groove shunts 
liquid feeds directly to the omasum to avoid microbial 
breakdown in the reticulorumen (Orskov, 1972). 

• Transition phase. Liquid feed and starter contribute 
to meeting the nutrient requirements. Starter enables 
development of the reticulorumen. 

• Ruminant phase. The calf derives its nutrients from 
solid feeds, primarily through microbial fermenta
tion in the reticulorumen. Ruminal fermentation and 
microbial protein synthesis are not yet mature during 
the early stages of this phase. 

Similar to the previous edition (NRC, 2001), this chapter 
discusses the nutrient requirements of calves in each of these 
phases, but in this edition, the committee made the follow
ing changes: (1) empty body weight (EBW) was used for all 
calculations; (2) an equation to estimate starter intake was 
added; (3) energy requirements were updated and include 
different maintenance requirements for different classes of 
animals, breeds, and environmental conditions, and estimating 
composition of body gain was included and efficiency of ME 
use for gain was updated; (4) calculation of feed ME values 
was revised; (5) a new metabolizable protein system (MP) was 
used; and (6) mineral requirement system was changed and 
some vitamin recommendations were revised. For purposes 
of estimating nutrient requirements, it is assumed that cattle 
less than 18 percent of mature body weight (BW; 125 kg for 
Holsteins with mature weight of 700 kg) are calves and those 
that are > 18 percent are heifers. Growth requirements for the 
lal!er are discussed in Chapter l l. 
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BODY WEIGHT CONVERSIONS 

Al l calculations in this edition were made on an EBW 
basis unless otherwise noted. Factors for converting BW into 
EBW for va1ious calves and diets are in Table I 0- [ and range 
from 0.85 to 0.96 (Diaz et a l., 200 I; Tikofsky et al., 2001; 
Blome et al., 2003; Meyer, 2005; Bartlett et al., 2006; Hill 
et al., 2008a; Mills et al., 2010; Stamey Lanier et al., 2021). 
Mathematically, ifEBW as a proportion ofBW is unchanged, 
then EBW gain (EBG) should be the same proportion to BW 
gain as the ratio ofEBW/BW. However, because the ratio of 
EBW to BW decreases as the rumen develops, the ratio of 
EBG to average dai ly gain (ADG) will be less than the ratio 
of EBW to BW. Factors for converting ADG into EBG are in 
Table 10-1 (Meyer, 2005; Hill et al., 2008a; Stamey Lanier, 
2021). For heavy veal calves (>125 kg), EBW was calculated 
as 0.93 BW based on data from Gerrits et al. ( 1996). The 
decrease in proportion ofBW as EBW likely occurs because 
of the rapid change in solid feed intake and ex.pansion of 
rumen and gut size. At any point during this changeover to 
solid feed, the change in EBW is less than the change in BW. 
Consequently, during weaning u·ansilion 10 solid food only, 
EBW/BW will be somewhere between 0.93 and 0.85, and as 
a result, EBG will be in the range of0.5 10 0.6 ADG. The lime 
course and implications in these changes in body composition 
during the weaning transition deserve further research. 

DRY MATTER INTAKE 

Historically, most dairy calves have not been fed milk or 
MR for ad libitum intake. Maximal dry matter intake (DMI) 
from milk or MR is about 2.25 percent of BW, with calves 
achieving DMI of 2 percent of BW during the first week of 
life (Jasper and Weary, 2002). Near ad libitum intake of MR 
dry matter (DM) increased to approximately 2.5 percent of 
BW for calves >65 kg (Diaz et al., 200 l ). For veal calves, 
voluntary intake of MR DM declines to less than 2 percent 
of BW by 120 kg BW (Gerrits et al., 1996). 

For most herd replacements, calves are offered a fixed and 
limited quantity of milk or MR DM daily with ad libitum 
access to starter and, perhaps, limited amounts of forage. 
Total DMI during this period will increase as starter intake 
increases. In an analysis of 219 treatment means from 64 
published studies (see later section on model evaluation), 
mean DMT for calves (<8 weeks old, BW = 54.5±8.8 kg, 
mean± SD) was l .93 ± 0.33 percent of BW, with a range of 
1.17 to 3.06 percentofBW. During the weaning process, DMI 
increases rapid I y. From the same data summary (79 treat men I 
means from 27 studies), intake of DM from solid feeds for 
weaned calves (>8 weeks old, BW =95.6± 19.0 kg, mean± 
SD) averaged 3.06 ± 0.31 percent of BW, with a range of 2.16 
to 4.45 percent of BW. 

Many factors affect starter intake in young calves, the most 
important of which are milk or MR DMT and age (!Kertz et a l., 
1979). Other factors include initial BW, water availability, 
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starter quality and physical form, and quality of MR (sum
marized by Davis and Drackley, 1998). Starter intake is highly 
variable, with coefficients of variation among published stud
ies of 90 percent and 19 to 38 percent among similar studies 
conducted al the same location (Kertz et al., 1979). Much 
o f this variability may be from individual calf differences in 
how quickly rumen pH is stabil ized as solid feed begins to be 
consumed (Williams and Frost, 1992). 

The committee developed models to predict starter intake 
(SI) for use with this edition. BW, daily ME intake from the 
liquid diet (MEiLD), ADG, and time relative to first otTer 
o f starter (FPstarter) were used as independent variables. 
For calves in temperate climates, a model was developed 
using individual animal data (n = 26,952 observations from 
1,356 calves) from 28 studies carried out in 4 U.S. states 
and the Netherlands (Georgia, n = 168; Ill inois, n = 1,925; 
Minnesota, n = 6,052; Ohio, n = 16,457; and the Nether
lands, n = 2,350). An external data set (n = 8,891 individual 
observations, nine studies) was developed to evaluate the 
models using data from four U.S. states (Iowa, n = 6,332; 
New Hampshire, n = 1,519; New York, n = 892; Virginia, 
n= 148). IntakeofmilkorMR rangedfrom0.11 to 1.99 kg/d 
and starter intake from 0.00 to 2.85 kg/d. For calves in sub
tropical environments, equations to predict star ter intake 
were developed using individual animal data (n = 3,491 
observations from 853 calves) from 15 studies carried out 
in the United States and Brazil (Florida, n = 1,127; Georgia, 
n = 179; Brazil, n = 2,185). An independent data set (n = 479 
individual observations, five studies) was used to evaluate 
the models using data from the United States and Brazil 
(Georgia, n = 96; Brazil, n = 383). Thus, 25 percent of stud
ies (5 of 20 studies) were used for model evaluation. Intake 
of milk or MR DM ranged from 0.21 to 2.07 kg/d and starter 
intake from 0.00 to 1.93 kg/d. 

For each environmenta l condition, two model-fitting ap
proaches were used. First, a set of linear mixed models was 
developed using an automated model selection approach 
("MuMln" and "lme4" packages) and parallel computation 
in R (version 4.0.1). The linear mixed models included the 
random effect of study. Interactions and squared terms were 
tested. Then, the linear mixed models with the lowest Akaike 
information criterion (AIC) values were selected and evalu
ated. Second, for non linear models (exponential and logistic), 
the initial parameters were fitted using the "nls" function 
(nonlinear least squares) and plots from the "easynls" pack
age. Then, the init ial parameters were used to fit nonlinear 
mixed-effects regression using the "nlme" package in R. 
The random effect of study was added to the A coefficient. 
Nonlinear models with or without the random effect of 
study were evaluated, and adjustments with different fixed 
effects were tested. Finally, the best models from the ex
ternal validation were selected based on small ATC values 
from derivation, high concordance correlation coefficient 
(CCC), minimal s lope and mean biases, and low root mean 
squared prediction error (RMSE). The best models from 
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the external evaluation were reevaluated using a repeated 
K-fold cross-validation (n = 500, k = 10) using both develop
ment and external databases to have more information about 
model performance. 

The equation selected for calves in temperate conditions 
is as follows: 

StarterDMI (g/d)=-652.525 + (BW x 14.734) 
+ (MeiLD x 18.896) + (Fpstarter x 73.303) 

+ (FPstarter2 x 13.496)- (29.614 x Fpstarter x MEiLD) 
(Equation 10-1) 

where BW is in kg, MEiLD is in Mcal/d, and FPstarter is in 
weeks. In the model, age is used as a proxy for week when 
s tarter is fi rst offered, assuming starter was ofTe red during 
first week of life. This model had an RMSE of262 g/d, with a 
CCC of 0. 71. The average R2 using the development database 
in repeated K-fold cross-validation was 0.66 ± 0.01 and from 
the evaluation database was 0.67 ± 0 .02. 

The equation for calves in semitropical conditions is as 
follows: 

Starter DMI (g/d) = 600.053 x (I + 14863.651 
x (exp(- 1 .553 x FPstarter)))-1 + (9.95 I x BW) 

-( 130.434 x MEiLD) (Equation I 0-2) 

This model had an RMSE o f 222 g/d and a CCC of 0.78. 
When users enter an environmental temperature >35°C, 
Equation I 0-2 is used. Otherwise Equation 10- I is used. 

ENERGY REQUIREMENTS OF CALVES 

Energy Units and Classes of Calves 

The current revision expresses energy require ments and 
dietary energy supply for calves in terms of ME, although 
derivation of these requirements is based in part on determina
tion of net energy (NE) values. Data on energy requirements 
were derived for classes o f calves fed only milk or MR, calves 
fed milk or MR plus starter feed (without or with forage), and 
weaned calves to 125 kg ofBW fed starter or grower diets and 
limited forage. Requirements for veal calves fed only milk or 
MR also were evaluated. 

Description of the Database 

The previous edition (NRC, 200 I) adopted the sum
mary equation o f Toullec ( I 989), which was derived from 
a number of studies with veal calves, for prediction of M E 
requirements of all classes of calves. Because this equation 
was derived from older studies with heavier calves of greater 
relat ive maturity and with the goal of fattening, the previous 
committee recognized the need for data on the composition 
of live weight gain for dairy calves of cu1Tent genetics. Since 
that publication, a number of studies have provided data on 

203 

body composition and composition ofEBG ofHo lstein (Diaz 
et al., 2001; Tikofsky e t al., 2001; Blome et al. , 2003; Brown 
et al., 2005 b; Meyer, 2005; Bartle tt et al. , 2006; Hill et al., 
2008a; Mills et a l., 20 10;Stamey Lanier et a l. , 202 1), Jersey 
(Bascom et al., 2007), and Holstein x Gyr crossbred (Silva 
et al., 2017) calves. The present committee de1ived equations 
for energy and protein requirements from a subset o f these 
body composition studies (Diaz e t al., 200 I; Tikofsky et al., 
200 1; Meyer, 2005; Bartlett et al., 2006; Bascom et al., 2007; 
Mills e t al., 2010; Stamey Lanier e t al., 2021). 

Individual data were available for 255 calves from seven 
comparative slaughter s tudies with appropriate baseline 
groups to measure changes in body composi tion as calves 
grew. Six o f the studies used Holstein calves (Diaz et al., 
200 I; Tikofsky e t a l., 200 I ; Meyer, 2005; Bartle tt et al., 2006; 
Mills e t al., 201 O; Stamey Lanier et al., 2021) and o ne used 
Jersey calves (Bascom et al. , 2007). In two o f the studies, 
calves were fed both MR and solid feeds (Meyer, 2005; 
Stamey Lanier e t al., 202 1), while calves in the remaining 
studies were fed only milk or MR. Data were combined into 
a common database for analysis. 

Maintenance Energy Requirement 

Conceptually, maintenance is a simp le idea, but its de
termination is fraught with difficul ties, including whether to 
define it as the point of zero weight change or zero change 
in body energy. Methodological considerations also compli
cate measurement of maintenance, whether by calorimetric 
or comparative s laughter procedures. In p revious NRC sys
tems, net energy for maintenance (NEm) was defined as heat 
productio n (HP) a t zero ME intake (MEI), by extrapola tio n 
of the regression of HP on MEI to they-intercept, plus an 
activity allowance. Labussiere et al. (2009, 201 1) proposed 
a method to calculate maintenance that considered increases 
in apparent maintenance HP with increasing MEI prior to de
termination of fasting heat production. Others (ARC, 1980; 
Moe, 1981) have argued agains t the use of measured fasting 
HP as a baseline fo r maintenance. Regardless of methodol
ogy, re liable estimates o f maintenance are necessary for 
defining energy use by growing calves. 

The second component of maintenance has been an al
lowance for activity, typically 10 percent of NEm. Thus, 
the NEm value adopted by NRC (2001) was 0.086 Meal/ 
kg BWo 75

, which was similar to calorimeu·ic data from the 
USDA Beltsville statio n, where activity was embedded in 
the total estimate of NEm. Others have argued that the ac
tivity allowance is too high fo r growing cattle, which would 
infla te estimates of maintenance (Ainslie e t al., 1992; Van 
Amburgh e t al., 1998). Labussiere et a l. (2008b, 2009, 20 11 ) 
meastu·ed the energy cost of standing activity in veal calves 
by calo rimetry and found that it accounted for about 3.5 to 
8 percent of MEI, supporting the idea that a mainte nance 
activity a llowance of 10 percent is too large. The NEm value 
determined by extrapolation of regression equations to zero 
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MEI in comparative s laughter experiments would include 
the components of basal metabolism and activity and thus 
may be more reliable. 

Maintenance energy requirements historically have been 
expressed relative to BW0·75, but this relationship has not 
been evaluated experimentally in dairy calves until recently 
(Labussiere et al. , 2008b). Those researchers foltnd that ex
pressing BW raised to a power of 0.85 best fit the data and 
minimized variation for fasting heat production measured 
by calorimetry in Holstein veal calves over a range of BW 
from 73 to 221 kg. Furthermore, use of the coefficient 0.75 
resulted in significantly different estimates compared with 
the exponents 0.80, 0.85, or 0.90. However, use of 0.85 as the 
exponent to calc ulate metabolic BW in the current database 
increased variation in estimates of energy relationships, and 
thus the exponent 0.75 continues to be used in this revis ion. 

Heat production was calculated as the difference between 
MEI and retained energy (RE), where RE was calculated from 
the increase in body energy content between baseline calves 
slaughtered at the start of the feeding period and calves at the 
end of the feeding period (Lofgreen and Garrett, 1968). The 
NEm was calculated as the intercept (a) of the equation of 
exponential regression (NEm = a xe"x MEI) when MEI= O, as 
described by Ferrell and Jenkins (1998a,b) . In this equation, 
N Em =heat production in units of Mcal/EBWo·75 per day, 
MEI = metabolizable energy intake (Mcal/EBWo·75 per day), 
and a and b are equation parameters. Regressions explored 
data from all calves, Holstein calves fed milk or MR on ly, 
Holstein calves fed milk or MR plus solid feed, and Jersey 
calves fed MR or milk only. Study was included as a random 
effect in a nonl inear mixed model using R software. Treat
ments that were known to be protein deficient in B art lett et al. 
(2006) were removed as were data for two extreme outliers, 
leaving 235 observations for the analysis. From multiple 
regression analyses, the committee concluded that separate 
values for maintenance could not be j ustified among those 
groups. Therefore, for small or large breed calves fed milk or 
MR without or with starter, the final non linear equation was 
as follows (see Figure 10-1 a): 

HP, Mcal/EBW0.75 = 0.077 x e<3.3426 x MEI. McalJEBW"") 

(RMSE = 0.0 l 1, CCC= 0.950) 
(Equation I 0-3) 

Analysis of regressions and residuals indicated no mean 
or slope bias (see Figure 10-1 b).The NEm derived from the 
intercept (0.077 Mcal/EBWo75) is considerably lower than the 
value established by previous NRC committees (0.086 Meal/ 
BW0·75; NRC 1989, 2001) but is in the range of estimates by 
others (ARC, 1980; NRC, 1978; Silva et al. , 2017) and the 
value used by the beef NASEM (2016). 

By the iterative method, the ME requirement for main
tenance (MEm, Mcal/EBWo·75 per day) was determined as 
the point where MEI and heat production are equal (i.e ., 
the point at which there is no energy retention in the body) 
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(Lofgreen and Garrett, 1968). Maintenance ME was de
termined to be 0.107 Meal/kg EBW0·75, or 0. 101 Meal/kg 
BWo·75, which is similar to the value used by NRC (2001 ) 
as well others (ARC, 1980; Labussiere et al., 2007). The 
efficiency of use of ME for maintenance (km) was calcu
lated as the ratio between the NE and ME requirements 
for maintenance. The resulting value (0.719) a lso is lower 
than the value (0.86) used previously by NRC (200 I) but 
nearly identical with the efficiency (0.726) used by INRA 
(2019) and that reported by Silva et al. (2017) using similar 
methodology (0.706). 

Based on the studies in the database with calves fed both 
starter and liquid feed (Meyer, 2005; Stamey Lanier et al., 
2021), their maintenance energy requirements were about 
2 percent higher than calves fed milk on ly, but these were not 
statistically different. Greater requirements as calves consume 
solid feeds might be predicted, as the size of metabolically 
active organs, such as the gastrointestinal tract and liver, 
increases along with rumen development. 

The NEm for weaned heifers up to 125 kg BW was se t 
to 0.097 Meal/kg EBW075 (0.0825 Meal/kg BW0.75), based 
on estimates from Stamey Lanier (202 1) and Meyer (2005). 
This value is intermediate between the preweaned and grow
ing heifer values (see Chapter 11). The corresponding MEm 
values are0.138 Meal ME/kg EBWo·75 orO. l I 7 Meal ME/kg 
BW0·75. These values are higher than NRC (2001 ) but lower 
than those in other systems (ARC, 1980; INRA, 2019). The 
National Academies Beef Model (NASEM, 2016) set mainte
nance NEm for growing dairy breed calves to 0.095 Meal/kg 
BW0·75, or 0.112 Meal/kg EBW075. Assuming an efficiency 
of ME use for maintenance of about 0. 70 implicit in the beef 
guide lines (NASEM, 2016), these equate to 0.137 Meal ME/ 
kg BWo·75 and 0.160 Meal ME/kg EBWo·75. Because of the 
paucity of body composition studies with weaned calves in 
this weight range, additional data are needed to more accu
rately model requirements for maintenance. 

Based on the very limited data available for estimation 
of energy requirements for milk-fed Jersey calves (Bas
com e t al. , 2007), the determined coefficient for NEm was 
about 6.6 percent greater and the coefficient for MEm about 
15.1 percent greater than that for Holstein calves fed milk (not 
statistically significant). The comparative slaughter data from 
Bascom et al. (2007) are directionally consistent with obser
vations by others that maintenance for Jersey calves may be 
up to 20 percent greater than Holsteins (Ballou and DePeters, 
2008; Ballou, 2012; Van Amburgh et al., 2019), even when 
corrected by use of metabolic BW. The discrepancy may be 
attributable to the ratios of surface area to body mass. Brody 
(1945) found that surface area in Holstein caule from 41 to 
617 kg BW was described by the equation 0.14x BW057. 
Conseq uenlly, Slu-face area to mass ratios are greater in calves 
that are smaller than the average Holstein calf, so rate of heat 
loss would increase more than predicted by BW0·75 alone. In 
tum, the metabolic rate and hence maintenance HP would be 
greater in smaller Jersey calves. However, in the absence of 
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TABLE I 0-1 Ratios of Empty Body Weight (EBW) Lo Body Weight (BW) and Req uirements for Net Energy 
of Mainte nance (NEm) and M elabolizable Energy for Maintenance (MEm)" 

Milk or Milk Replacer 
Mi lk or M ilk Replacer Only Plus Solid f'ced Weaned. Solid Feeds Only 

Holstein/ Jersey/ Ho lstein/ 
Item Lirge Breed Small Breed Large Breed 

EBW/BW 0.94 0.94 0.93 
EBG/ADO 0.94 0.94 0.9 1 
NEm. kca Vkg EBW075 76.9 76.9 76.9 
NEm. kca l/kg awo.75 72.3 72.3 72.3 
MEm. kcal/kg EBW0 ·75 107.0 107.0 113.8 
MEm, kcal/kg BW0.7-' 100.0 100.0 105.8 
Efficiency of ME use for NEm. km 0.72 0.72 0.69 

" Expressed as a function of metabolic EBW or live BW and efficiency of ME use for NEm (km). 
• Determined as efficiency of solid feed use (as detennined from ME density by Equation 104). 

Jersey/ Holstein/ 
Small Breed Large Breed 

0.93 0.85 
0.9 1 0.85 

76.9 97.0 
72.3 82.5 

113.8 Var• 
105.8 Var• 

0.69 Var• 
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sufficient data, the committee left the values the same as for 
large-breed calves. Additional research is needed to better 
define the requirements of small-breed calves. 

The efficiency of use of ME from solid feeds is calculated 
from the ratio ofNEm Lo ME using the equation from Galy
ean et al. (2016), as follows: 

NEm, Meal/kg DM =(l.l 104 x ME)-(0.0946xME2) 

+ (0.0065 x ME3) - 0.7783 
(Equation I 0-4) 

where ME is expressed in terms of Meal/kg DM. Over 
the range of ME values encountered for starters (i.e., 2 .5 to 
3.5 Meal/kg DM), efficiencies would vary only from 0.60 to 
0.64. The overall dietary efficiency of ME use is. calculated 
as the weighted mean of ME provided by liquid and solids 
feeds as in the previous edition (NRC, 2001). 

Effects of Environment on Maintenance Requirements 

Calves are born with limited body energy reserves and only 
modest insulation afforded by hair coat and body fat. Without 
feed, a newborn calf probably has enough body energy stores 
in the form of fat and glycogen to last no more than about 
I day in temperatures below its lower critical temperature 
(Alexander et al., 1975; Okamoto et al., 1986; Rowan, 1992). 

Energy s tandards are based on the premise thal the animal 
is in a thermoneutral environment. In such an environment, 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

the animal is not required to elicit specific heat-conserving or 
heat-dissipating mechanisms to maintain core body tempera
ture (NRC, 1981). The thermoneutral zone shifts depending 
on many factors, the more important being age, amount of 
feed intake, amount of subcutaneous fat, and length and 
thickness of hair coat. The thermoneutral zone in very young 
calves ranges from 15°C to 25°C (NRC, 2001). Thus, when 
the environmental temperature drops below I 5°C, which is 
referred to as the lowe r critical temperature, the calf must 
expend energy to maintain body temperature. ln practical 
terms, the maintenance energy requirement is increased. 
For o lder calves and calves at greater feed intakes, cold 
tolerance is greater and the lower critical temperature may 
be as low as - 5°C to - l0°C (Webster e t al., 1978). Data in 
Table 10-2 illustrate the effects of a decrease in environmental 
temperature above 1he upper critical 1emperall1re or below 
the lower critical temperature on energy requirements for 
mainlenance. For cold slress, the values were calculaled from 
research data of Schrama et al. (1992a). In the example given 
in Table 10-2, if the lower critical temperature is I 5°C and 
the effective ambient temperature is 0°C, the maintenance 
energy requirement for calves <3 weeks old is increased by 
38 percent. Scibilia e t al. (1987) reported that maintenance 
ME requirement was increased by 32 percent for calves 
housed at -4°C compared with calves housed at 10°C. 
Table 10-2 suggests that calves at this temperature (-5°C) 
would have a 30 percent greater maintenance requirement. 
These estimates agree at least qualitatively with other reports 

TABLE 10-2 Effect of Environmental Temperature on Energy Requirement o f Young Calves" 

Environmental Increase in Maintenance Energy Maintenance Energy Requirement Increase in ME Required for 
Temperature Requiremem (kcal of NEm/d) (kcal of ME/d) Maimenance (%) 

Birth 10 3 Weeks >3 Weeks Binh 10 3 Weeks >3 Weeks Birth 10 3 Weeks >3 Weeks 
OF oc of Age• of Age' of Age• of Age' of Age• of Age' 

113 45 698 698 2.557 2.675 38 40 
104 40 524 524 2.383 2.50 1 28 30 
95 35 349 349 2.208 2.326 19 20 
86 30 175 175 2,034 2, 152 9 10 
77 25 0 0 1.859 1.977 0 0 
68 20 0 0 1.859 1.977 0 0 
59 15 175 0 2.034 1.977 9 0 
50 10 349 0 2,208 1.977 19 0 
4 1 5 524 175 2.383 2, 152 28 9 
32 0 698 349 2.557 2.326 38 18 
23 - 5 873 524 2.732 2.501 47 26 
14 - 10 1.048 698 2.907 2.675 56 35 
5 -15 1,222 873 3.081 2,850 66 44 

-4 -20 1,397 1.048 3.256 3.025 75 53 
- 13 -25 1.572 1.222 3.43 1 3.199 85 62 
-22 -30 1.746 1.397 3.605 3.374 94 7 1 

"Calculated for a calf with EBW of 45 kg. Extra heat product ion=2.0I kcalikg0
·
75 per day for each degree decrease in environmental temperature (°C) 

below lower critical temperature (Schrama el al.. 1992a) or for each degree increase above upper critical temperature. Heat production is in terms of net energy 
(NE). but metabolizable energy (ME) is assumed to be used with I 00 percent efficiency for HP. 

• Maintenance energy requirement I 07 kcal!kg0·7·1 EBW per day. Calves from binh to 3 weeks of age have lower crit ical temper'd!ure in the range of J 5°C 
to 25°C. Data above were calculated on the basis of a lower critical temperature of 15°C and an upper critical temperature of 25°C. 

<Maintenance energy requirement I 13.8 kcal/kg0·75 EBW per day. Data for calves older than 3 weeks of age were calculated on the ba~is of a lower critical 
temperature of s•c and an upper critical temperature of 25•c. 
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(Soberon and Van Amburgh, 2012). Effects of cold stress in 
increasing maintenance requirements have been incorporated 
into the model provided with this publication as 2.01 kcal/ 
kg0·75 per day for each degree decrease in environmental 
temperature (°C) below the lower critical temperature (Sch
rama et al., 1992a). 

Calves, especially very young calves, must be fed extra 
energy during cold weather to satisfy the increase in main
tenance energy requirements. That can be accomplished by 
increasing the amount of liquid diet being fed, by adding an 
additional feeding daily, by adding additional milk solids to 
the liquid diet (Schingoethe et al. , 1986), by incoiporating 
additional fat into the liquid diet (Scibilia et al., 1987; Jaster 
et al., 1990), or by addition of fat to calf starter(Johnson etal., 
1956; Araujo et al., 2014; Hill et al., 2015; Ghasemi et al., 
2017; Berends et al., 2018; Doolatabad et al., 2020; Ghor
bani et al., 2020). Additional fat in MR or starter decreased 
starter intake in one study (Kuehn et al., 1994), which negated 
at least a portion of the increased energy densi ty from fat 
supplementation. However, in more recent studies in which 
milk or MR was fed in larger amounts, fat in starter did not 
decrease starter intake so that energy intake was increased 
(Araujo et al., 2014; Hill et al., 2015; Berends et al., 2018; 
Doolatabad et al., 2020; Ghorbani et al., 2020). TI' additional 
solids are fed, theDM concentration of MR should not exceed 
20 percent to avoid problems with excessive mineral intake 
(Jenny et al., 1978; Ternouth et al., 1985) that can lead to os
motic imbalances in the gut, and supplemental water should 
always be provided. The availability of free water is critically 
important to starter intake (Kertz et al., 1984); provision of 
warm water two to three times daily during cold weather 
may help to stimulate starter feed intake, which would help 
to counteract cold stress. 

Heat stress also increases maintenance energy require
ments for panting and heat dissipation. Unlike cold stress, 
however, heat stress decreases DMl in cattle (West, 2003). 
Little research has been conducted to quantify the increased 
requirements resulting from heat stress in calves (Roland 
et al., 2016). Spain and Spiers (1996) found that calves began 
to pant at 26°C, which is similar to older cattle (Spain and Spi
ers, 1996). The committee adopted this temperature (26°C) 
as the upper critical temperature for calves. At environmental 
temperatures above this, increasing amounts of ME are used 
to cool the calf, thereby increasing maintenance ME require
ments. In the absence of data, the model assumes that the 
increase of maintenance requirement per degree of tempera
ture above the upper critical temperature occurs in the same 
proportion as the response to cold temperatures. Empirically, 
linearizing the qualitative recommendations for heat stress in 
older heifers in the previous version (NRC, 2001) approxi
mates the approach adopted. Conditions such as proper heat 
abatement and nighttime cooling would reduce the elTect of 
heat stress on maintenance requirement. Calves will not eat 
more to meet the greater maintenance requirement for heat 
dissipation; rather, the calf will decrease voluntary intake, 
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particularly for starter, in response to heat stress (Roland 
et al., 2016). The result is that growth may decrease during 
periods of heat stress. In addition, heat stress is detrimental to 
the immune system, thereby increasing potential for morbid
ity, which further increases maintenance requirements due to 
activity of the immune system and decreases growth (Bagath 
et al., 2019). 

Energy Requirements for Growth 

Retained Energy and Empty Body Weight Gain 

The current system for calf growth is based on ME-allowable 
growth and MP-allowable growth. Establishment of the en
ergy requirements for growth relies on accurate estimation of 
the amount of RE per unit of growing tissue, as determined 
by relative amounts of fat and protein deposited. The amount 
of protein deposited per unit of BW gain generally is quite 
invariable if MP is sufficient, whereas tissue fat deposition is 
variable depending on total ME intake or limitation of growth 
by MP supply (Van Amburgh et al., 2019). 

The database of individual calves from comparative 
slaughter studies described above was used to derive equa
tions to predict RE from EBW and EBG. Three equation 
forms were evaluated using R software to relate RE to 
EBW and EBG. Each equation included the random effect 
of study. The first form was that used by NRC (2001): RE 
(Mcal/d)=a x (EBGh, kg/d) x(EBW<, kg), where a, b, and c 
are equation parameters. The second form was the same but 
EBW0-75 was used rather than a model-derived exponent. Fi
nally, the committee used the previous NRC equation form 
but without the a coefficient. 

The first form had an unacceptably high (>964) variance 
inflation function as a resu It of the substantial correlations be
tween the a and c parameters, which made this model highly 
unstable to changes in inputs, and it was removed from further 
consideration. Of the other two forms, the form without the a 
coefficient had a lower RMSE and less mean bias and slope 
bias and was selected to estimate RE: 

RE= (EBG1100, kg/d) x (EBW, kgo20s) 
(Equation I 0-5) 

Mean bias (0.004) and slope bias (-0.012) were not sig
nificantly different from zero (RMSE = 0.186, CCC=0.966). 
Validation of the model against literature values is presented 
in a later section. 

Use of Metabolizable Energy for Retained Energy 

To predict RE and growth from a quantity of ME avail
able to the animal, the efficiency of ME use for RE must be 
known. The reported efficiency of ME use for RE varies from 
approximately 0.40 to more than 0.70, largely due to the age 
of the calf and whether it is accreting protein rapidly with 
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minimal fat deposition or is actively fattening, as well as the 
dietary fat content relative Lo total ME and protein. Protein 
deposition is energetically expensive because of the adenos
ine triphosphate (ATP) costs for peptide bond formation but 
also because of concurrent prote in turnover. In contrast, fat 
deposition is energetically much more efficien l. Van den 
Borne et al. (2007) demonstrated that body fat deposition 
does not originate from dietary carbohydrate in milk-fed 
calves but rather from dietary fat. This finding in prerumi
nant calves means that they are similar to adult cattle since 
ruminants use little glucose carbon to form the carbon chains 
of fatty acids (FAs). Instead, glucose arising from lactose 
digestion is largely used to fuel prote in synthesis (Roy et al., 
1970; Donnelly, 1983; Tikofsky et al. 2001). The committee 
concluded that insufficient data were available to model the 
effects of the interrelationships of dietary fat content, total 
ME intake, and dietary MP intake on the efficiency of ME 
use for RE because the resulting partitioning of RE into fat 
or lean tissue growth was not always predictable. 

Because HP was modeled with a curvilinear relationship to 
ME intake, by default, the relationship between RE and ME 
must also be curvilinear. However, the difference in RE/ME 
across the range of MEI encountered in practice is small, and 
this relationship is usually approximated as linear. Therefore, 
the use of ME for RE was calculated by regressing RE on MEI 
usingProc Mixed in SAS (v 9.4): RE=a+ bx MEI, where RE 
and MEI are in Mcal/EBWo·75 per day, and a and bare equa
tion parameters. Study was included as a random effect. The 
efficiency of use of the ME for weight gain (kg) was assumed 
to be the slope coefficient (b) of the regression of the RE as 
a function of MEI, according to Ferrell and Jenkins (1998b). 
The resulting efficiency for use of milk or MR ME was 0.46, 
which is much lower than the NRC (2001) value (0.69) and 
on the low end of previous literature estimates, most from 
heavier calves in veal-type settings. The equation from Toul
lec (1989) used by NRC (2001) was derived from veal calves 
at heavier BW where fat deposition would be greater, in con
trast 10 the young and rapidly growing, leaner calves making 
up the current database. Labussiere et al. (2007) calculated 
an average efficiency of 0.64 from 12 previous s tudies that 
measured RE by comparative slaughter or calorimetry. Jn an 
extensive analysis of growth data, INRA (20 19) determined 
that the efficiency of use of ME for RE was 0.55. Van Am
burgh et al. (2019) adopted the value of0.55 in an analysis 
of growth data. The current committee adopted the value of 
0.55 for kg, which is also the average of the current database 
value and the summary of previous literature estimates (La
bussiere et al., 2007). 

The efficiency of ME use from starter is less than for 
milk components. Multiple regression analysis indicated 
that although a common intercept could be used for calves 
fed milk only or milk plus starter, the interaction of diet type 
and MEI was significant, indicating that efficiency of ME 
use for RE was different between milk only and milk plus 
s tarter. The committee adopted the modified equations from 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

Galyean e t al. (2016) to calculate RF/ME as the ratio of NE 
(i.e., RE) to dietary ME. The NEg was calculated as follows: 

NEg, Meal/kg DM = ( 1.1 376 x ME) - (0. 1198 x ME2) 

+ (0.0076 x ME3) - 1.2979 
(Equation 10-6) 

where ME is in Meal/kg DM. Over the range of starter ME con
centrations encountered in practice (i.e., 2.5 to 3.5 Meal/kg), 
RE/ME varies from 0.378 lo 0.441. These efficiencies also are 
lower than the 0.69 used by NRC (200 I) but are consistent 
with calves depositing a greater proportion of RE as protein 
at this growth stage (INRA, 2019). Silva et al. (2017) reported 
results of a comparative s laughter study with Holstein or 
Holstein x Gyr crossbred calves in Brazil that were fed whole 
milk without or with starter. They found that the apparent RE/ 
ME was 0.574 for calves fed whole milk and 0.516 for calves 
fed whole milk plus starter. Silva el al. (2017) calculated that 
the kg for starter alone would be 0.393, which is in the range 
of efficiencies predicted by the present model. 

Equations to predict proportions of fat and protein in EBW 
gain were derived from the six Holstein studies in the data 
set according NASEM (2016) methodology with s tudy as a 
random effect: 

Proportion of fat in EBG =0.0786+0.0370xRE, Mcal/d 
(Equation I 0-7) 

Proportion of protein in EBG =0.1910-0.0071 xRE, Mcal/d 
(Equation I 0-8) 

At the mean RE for the data set ( 1.456 Mcal/d), predicted 
proportions of fat and protein in EBG are 0.132 and 0.181. 

EFFECTS OF SOURCES OF ENERGY 
Energy requirements are calculated as ME regardless of 

whether the sow-ce of ME is fat, carbohydrate, or protein. Nev
ertheless, source of energy may alter partitioning of nutrients, 
growth, and health. 

Fats and Fatty Acids 

Compared 10 adult dairy cows, sw-prisingly little published 
research has addressed digestibil ity of different FA sources in 
MR, despite fat supplying 20 to >40 percent of total energy 
in MR. Typically, milk fat has been replaced with tallow, 
lard, and coconut oil , but restrictions on animal fat usage in 
animal feeds in many countries have shifted use to various 
blends of palm oil, rapeseed oil, and other hydrogenated veg
etable o ils. Huuskonen et al. (2005) replaced lard in MR with 
blends of75 percent palm, 20 percent coconut, and 5 percent 
rapeseed oils or 75 percent palm and 25 percent coconut oils. 
Fat digestibility and calf gains were similar among all three 
diets. Overall, the paucity of data on intestinal digestibility 
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of different FAs in young calves precludes efforts to model 
it. Given the importance ofFAs to the ME of calf diets, con
tinued research into FA digestibility and effects of dietary FA 
profile is warranted. 

More studies have determined production and immune 
responses to altered dietary FA profiles in MR or starter. 
Bowen Yoho et al. (20 13) compared pasteurized Jersey milk 
and MR containing fat that was 100:0, 80:20, or 60:40 lard/ 
coconut oil fed to Jersey calves, and the MR with 20 percent 
coconut oil increased measures of stature but ADG did not 
difTer. MR fortified with increased concentrations of butyrate 
(C4:0), medium-chain FAs (C8:0, CIO:O, C l2:0, C14:0), and 
essential polyunsaturated FAs (Cl 8:3) increased ADG and im
proved gain/feed in calves less than 2 months of age (Hill et al., 
2007a, 2009a). Subsequent studies confirmed these eITects and 
showed that the FA blend enhanced some aspects of immune 
response when added to MR (Hill et al., 201 lc; Esselbu.rn 
et al. , 2013). Given the complexity of the blend that was added, 
the specific FA or acids responsible for the enhanced growth 
and immune responses could not be determined. Ballou et al. 
(2008) and Ballou and DePeters (2008) fed Jersey calves MR 
in which 5 or 10 percent of the lipid was replaced with fish 
oil. Fish oil attenuated the acute phase response and modified 
several other indicators of immune function in a linear response 
to dose but did not affect growth or health of calves. Karcher 
et al. (2014) fed MR with 17 percent fat from lard, 15 percent 
lard plus 2 percent llax oil, or 15 percent lard plus 2 percent 
fish oil. The flax oil- supplemented MR resulted in greater 
ADG and feed efficiency, whereas fish oil had no eITect. The 
flax oil diet also modulated some aspects of immune fu nction 
in a beneficial direction. 

Fat is often included in starters, usually in amounts less 
than 5 percent of DM. Several studies evaluated addition of 
fats to calf starters (discussed in Ghasemi et al., 2017) with 
variable results. Hill et al. (2007c) found that the same mix
ture of butyrate, medium-chain FAs, and CI8:3 as used in 
MR (Hill et al., 2007a) improved growth and efficiency when 
added to the starter. Hill et al. (2009a) fed starter with calcium 
(Ca) salts of either flax oil (rich in Cl 8:3) or fish oil (rich in 
long-chain n-3 FAs), and the Ca salts of llax oil, but not fish 
oil, increased ADG and feed efficiency in a dose-dependent 
manner in pre weaned calves; the Ca salts of llax oil increased 
ADG and feed efficiency in post weaned calves. 

Dairy cattle have tissue requirements for dietary essential 
(those that cannot be synthesized de novo) polyunsaturated 
FAs or PUFAs, which are linoleic (C l 8:2) and linoleic 
(Cl8:3) acids. Despite extensive biohydrogenation in the 
rumen, enough of these FAs escape from the rumen so 
that dairy cows are not overtly deficient (Palmquist, 2009). 
Nevertheless, there is interest in optimizing supply of es
sential PUFAs and the ratio of the omega-6 (C 18:2 and its 
elongation-desaturation products) to omega-3 (Ca 8:3 and its 
elongation-desaturation products). While no requirements 
for C 18:2andC18:3 have been established for young calves, 
comparing MR with typical milk fat can be a starting point 

209 

for adequacy. Standard milk fat contains I to 3percentC18:2 
and 0.5 to 2 percent Cl8:3 (Jensen et al., 1991), yielding 
typical Cl 8:2 to Cl8:3 ratios of 4: I to 6: I. Assuming a milk 
fat content of 3.8 percent and contents in fat of 2 percent 
Cl 8:2 and 0.6 percent Cl 8:3, a calf consuming I kg of milk 
solids daily takes in 5.1 g/d of C 18:2 and 1.5 g/d of 18:3. MR 
containing 20 percent fat based on lard (-8.5 percent Cl8:2, 
I. I percent Cl8:3) or tallow (-4.5 percent CI8:2, 0.8 percent 
Cl 8:3) would supply similar amounts of these PUFAs. Based 
on the results summarized above, supplementation of sources 
of Cl8:3 to MR may have merit by narrowing the ratio of 
Cl 8:2 to C l8:3 as well as ensuring adequate daily intakes 
of these FAs. 

Carbohydrates 

The young calf lacks the digestive enzymes necessary to 
digest starch but has a high capacity to diges t lactose. Al
though the capacity for lactose digestion has long been the 
subject of controversy (e.g., Roy, 1969), Gilbert et al. (2015) 
demonstrated that more than 97 percent of lactose disappears 
by the end of the ileum. Some of this could be attributable to 
fermentation (Tanan, 2005), but under most circumstances, 
enzymatic capacity does not limit lactose utilization in calves 
(Gilbert et al., 2015). 

A substantial body of research has examined the ability 
of starch to replace some lactose in calf MR Gilbert et al. 
(2015) substituted gelatinized starch, maltodextrins, branched 
maltodextrins, or maltose for lactose in increasing amounts. 
Apparent ilea! disappearance was 61.6 percent and total 
tract disappearance over 99 percent. However, fermentation 
accounted for an amount equivalent to 89 percent of starch 
intake, with half of that fermentation occurring before the ter
minal ileum regardless of the starch product. Maltase activity 
may be limiting in vivo starch digestion (Gilbert et al., 2015). 
Thus, while small amounts of starch can replace lactose, 
much of its disappearance will be attributable to fermentation 
rather than enzymatic digestion (Tanan, 2005). 

Other alternatives to lactose have been explored in young 
calves, including glucose, galactose, fructose, glycerol, 
and dextrins. Gilbert et al. (2016) replaced one-third of the 
lactose content of MR fed to male Holstein veal calves av
eraging 114 kg BW with glucose, fructose, or glycerol. The 
control MR contained 46 percent lactose. Energy and nitro
gen (N) retention did not differ among treatments, although 
greater fecal losses were measured for fructose, and fructose 
was oxidized more slowly than glucose or glycerol. 

Carbohydrates Versus Fats as Energy Source 

The goal of early nutrition and growth may be diITerent 
depending on the class of calf under consideration. For herd 
replacements, lean growth of frame (bone and muscle) is the 
primary concern, whereas for veal calves, early fattening 
is key. For male calves destined for feedlots, frame growth 
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also is important in the calf stage. High rates of lean growth 
depend on nonlimiting quantities of protein as a source of es
sential amino acids (AAs) and sufficient available energy to 
d1ive protein synthesis. Gain of BW is alfected most markedly 
by deposition of protein, which brings with it water in a 4: I 
ratio. Roy ( 1980) described the relationship between BW gain 
and protein and fat deposition in equation form as follows: 

BW gain, kg/d=0.175+3.92xprotein gain, kg/d 
+0.618xfat gain, kg/d (Equation 10-9) 

In turn, body protein deposition responds in a l inear fash
ion to increasing dietary protein over the range of practical 
feed intakes in calves (Gerrits et a l., 1996; B artlett et al., 
2006). Gerrits et al. ( 1996) detected a plateau illJ body pro
tein deposition with increasing dietary crude protein (CP) 
only in heavy veal calves ( 160-240 kg BW) at a digestible 
CP intake of 498 g/d when body protein deposition reached 
244 g/d. 

The optimal fuel to drive high rates of protein deposition 
has been the subject of debate. Tikofsky et al. (200 l) found 
that increasing dietary fat intake in isonitrogenous and isoca
loric diets increased fat deposition but did not change EBW 
gain or EB protein gain. Similar results were obtained by 
Roy et al. ( 1970) when fat was increased from 20 percent to 
30 percent of the diet. Body fat does not originate from dietary 
carbohydrate in milk-fed calves (van den Borne et al., 2007), 
so if dietary protein is not limiting, exu·a energy from lactose 
will fuel more body protein deposition. In contrast, extra 
energy as fat may increase body fat deposition. Measurement 
of BW gain does not necessarily reflect all aspects of energy 
utilization. If the calf partitions dietary energy preferentially 
to body fat storage, an increase in RE might not appear as a 
corresponding increase in EBW gain. Overall, it is clear that 
carbohydrate oxidation rather than FA oxidation drives the 
majority of protein synthesis in young calves. 

PROTEIN REQUIREMENTS 

Similar to the previous edition, the model is driven on 
the basis of ME-allowable gain, with protein requirements 
calculated for maintenance and the predicted growth rate. In 
this edition, the committee adopted use of MP instead of ap
parently digestible protein (ADP) used in the previous edition 
(NRC, 2001). 

Maintenance 

Maintenance uses of MP constitute those losses that do 
not contribute to structural growth. Calculation of mainte
nance requirements was modified s lightly from the previous 
version. An allowance for scurf (hair, skin, secretions) was 
added, calculated as follows: 

Scurf CP, g/d = 0.22 x Bwooo (Equation 10-10) 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

where BW is in kg (Swanson, 1977). The calculation of en
dogenous urinary CP loss (EUCP) was adjusted slightly from 
the previous edition because of incongruities associated with 
use ofBwo.75 according to Swanson (1977): 

EUCP, g/d = 2.75 xBwo.so (Equation 10- 11) 

Calculation of metabolic fecal CP (MFP) remained the 
same as the previous edition: 

MFP, g/d = ( I I. 9 x LFDMI, kg/d) 
+ (20.6 x SFDMI, kg/d) 

(Equation 10-12) 

where LFDMI is liquid feed DMI, and SFDMI is solid feed 
DMI. 

Total maintenance net protein (NP) is the sum of EUCP, 
MFP, and scurf CP. To convert NP to MP, an assumed ef
ficiency of 0.68 was adopted for scurf and MFP and 1.0 for 
EUCP, consistent with calcu lations for other classes of cattle 
(see Chapter 6). 

MPmaintenance, g/d = EUCP, g/d +((Scurf CP, g/d 
+ MFP, g/d) I 0.68) (Equation 10-13) 

Growth 

NP for growth (NPg, g/d) as in the previous edition was 
calculated as the CP retained in the EBG but now is calculated 
as a function of the rate of gain and energy content of the gain 
as in the beef report (NASEM, 2016). The equation derived 
from the database of 255 individual calves from seven studies 
(Diaz et al., 2001; Tikofsky etal., 2001; Meyer, 2005;Bartlett 
et a l. , 2006; Bascom et al., 2007; Mills et al., 2010; Stamey 
Lanier et a l., 2021) described earlier is the following: 

NPg= ( l66.2xEBW gain, kg/d)+ (6.l276 
x (RE, Mcal/d I EBW gain, kg/d)) 

(Equation 10-14) 

In NRC (2001), the amount ofN in gain (G) was constant 
at 30 g N/kg BW gain, which was roughly the average of a 
range of values (Blaxter and Wood, 1951; Roy, 1970; Donnelly 
and Hutton, I 976b; NRC, 1978; Davis and Drackley, I 998). 
However, this value is not constant but should be calculated 
based on the rate and composition of BW gain. 

Efficiency of converting MPg to NPg decreases with age 
of calves (Labussiere et al., 2007). Rather than use a fixed 
correction, the committee adopted an empirical equation that 
decreased the efficiency of use from 0.70 at birth (6 percent of 
mature BW) to 0.55 at 200 kg BW (28 percent of mature BW): 

Efficiency of MP for gain = 0. 70-0.532 
x proportion of mature BW 

(Equation I 0-1 5) 
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This approach is based on literature estimates (summarized 
by Labussiere et al., 2007) showing that in young calves, the 
efficiency ofMP or ADP use for BW gain was approximately 
0.70, and data from heavy veal calves (Gerrits et al., 1996; 
Labussiere et al., 2008a) showed the efficiency was lower. Bas
ing the adjustment on a proportion of mature BW allows use 
for both large-breed and small-breed calves. The equation is 
not intended to be used for animals greater than 200 kg and is 
not applied to ruminant heifers> 125 kg BW (see Chapter 11 ). 

In NRC (2001 ), efficiency of protein use was based on the 
biological value (BV) concept as used in the original calcula
tions of ADP by Mitchell (1943). The BV of milk proteins, 
equated to the efficiency of N use for growth above mainte
nance, was assigned a value of 0.80 (Donnelly and Hulton, 
I 976a). The same factor was assumed to apply for efficiency 
of use of dietary protein for maintenance functions. This 
value was determined at limiting protein intakes and assumes 
that the diet being fed is properly balanced for all essential 
nutrients and that energy intake is sufficient to support pro
tein synthesis. Protein intake must not be in excess of that 
required for the targeted gain allowed by energy intake. The 
BV decreased as protein intake was increased in the studies 
of Donnelly and Hulton (1976a). A value of 0.77 was used 
by NRC ( 1978). Studies by Terosky et al. ( 1997) found that 
apparent BV for MR containing 21 percent CP from skim 
milk protein, whey protein concentrate, or mixtures of the 
two ranged from 0.692 Lo 0. 765. Estimates of true biological 
value (corrected for endogenous N loss and metabolic fecal N) 
from that study are in excess of 0.80. 

However, BV is meant to describe the relative protein 
quality of dilTerenl sources when the protein is fed al limit
ing concentrations (Blaxter and Mitchell, 1948). Use of the 
efficiency values in the present edition more accurately re
nects the utilization of AAs for growth at production intakes 
where energy and protein are designed Lo be approximately 
in balance. 

Metabolizable Protein 

Conversion of CP to MP uses a factor of 0.95 for milk or 
milk-derived ingredients, 0.75 for dietary proteins digested 
postruminally in the young calf fed both milk and starter, and 
a value of 0.70 for conversion of CP to MP for calves with a 
functioning rumen. For calves fed a combination of both milk 
or MR and starter, the conversion ofCP to MP is an average 
of the efficiencies for the liquid diet (0.95) and for liquid plus 
starter (0.75) weighted by the amounts of protein provided 
from each source. The conversion of CP Lo MP at 0.95 for 
milk proteins agrees with literature data and other require
ment systems (ARC, 1980) but is slightly higher than the 
value for conversion of dietary CP to absorbable AAs (0.91) 
used by NRC (1978). The value of0.95 represents true digest
ibility of milk proteins in young calves. Because digestion of 
even high-quality milk proteins is immature during the first 
2 to 3 weeks of age (Arieli et al., 1995; Terosky et al., 1997), 
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the value of milk proteins may be overestimated during the 
early liquid-feeding period and may be underestimated for 
older calves. The commiltee concluded that information was 
insufficient to model age-related CP digestibility in the young 
calf. The value of 0.75 for calves fed milk or MR plus starter 
is retained from NRC (2001). 

Requirements for MP and CP have been established on the 
basis of diets containing milk proteins with high digestibility 
and high BV; calves might not use alternative, nonmilk pro
teins in MR at these high efficiencies. When using nonmilk 
protein sources, lheAA profile should be considered, and the 
AA most likely to be limiting (Lys, Met, Thr; Williams and 
Hewitt, 1979) should be supplemented to the levels found 
in milk proteins (Hill et al., 2008c). In addition, vegetable 
proteins may increase endogenous CP flows in the intestine 
that would decrease apparent fecal or intestinal digestibili
ties of CP (Lalles, 1993). Montagne et al. (2001) measured 
endogenous flows of CP at the ileum and found that nonmilk 
proteins increased ilea! CP flow with resulting decreases 
in apparent digestibility relative to a skim milk- based diet. 
Apparent digestibil ities of CP at the ileum were 0.85 with 
soy protein concentrate, 0.73 with soy protein isolate, and 
0.81 with potato concentrate compared with 0.91 with skim 
milk powder. After adjustment for the increased endogenous 
losses, real digestibilities (i.e., after correction for both spe
cific and nonspecific endogenous losses) of the proteins were 
0.96, 0.95, 0.94, and 0.99, respectively. Such endogenous 
losses necessitate recalculation of the endogenous N loss to 
4 to 7 g N per kilogram of DMI from MR to provide a more 
correct estimate of true protein digestibility. Greater meta
bolic fecal N (MFN) loss places an additional maintenance 
cost on energy as well, although the value for this additional 
energetic cost is not easily estimated. In the model, users have 
the option to specify that an MR contains vegetable proteins, 
which changes the calculation of MFP (but not energy) to 
34.4 g/kg of DML 

Rumen Microbial Protein 

Developing rumen function has profound elTects on the 
supply of nutrients to the calf. Resident bacteria ferment 
ingested starter and forage and produce VFAs and microbial 
crude protein (MCP), which becomes a source of A As for the 
calf. Increasing fermentation occurs with increasing intake 
of fermentable carbohydrate, so that the flow of microbial 
N becomes a greater proportion of the total N reaching the 
intestine (Leibholz, 1975, 1978; Quigley et al., 1985; Lalles 
and Poncel, 1990; Obitsu et a l. , 1995). Quigley and Schwab 
(1988) reported a high correlation (r= 0.92) between calf 
starter intake and percentage of N as microbial N in aboma
sal contents of calves from 2 to I I weeks of age, suggesting 
that the key driver to changing the nature of abomasal N was 
intake of dry feed. 

A meta-analysis was conducted using studies that reported 
the ratio of microbial N to total N in abomasal or duodenal 
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TABLE I 0-3 Studies Comprising the Data Used to Relate DMT to Microbial N Flow 

Reference N Forage(%) Age (Weeks) OMI (kg/d) MN" (%) 

Lalle; and Poncet. 1990 6 20 9-20 0.8-2.4 60--08 
Leibholz, 1975 8 15 6-13 0.6-2.5 32-74 
Leibholz. 1978 5 15 6- 10 0.8- 1.8 28-70 
Obitsu et al.. 1995 8 3(}...40 10- 15 1.5- 2.4 48--04 
Quigley et al.. 1985 39 O/ad libitum• 2- 11 0.1- 3.1 6- 83 

0 Microbial N flow as percemage of total N flow at the abomasum or duodenum. 
• Half of calve.s had ad libitum access to long gm'>-~ hay. 
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FIGURE I 0-2 Broken-l ine regression (A) and residuals (B) of contribution of microbial N to total N to dry feed DMT in calves from 0 to 20 
weeks of age. Data derived from meta-analysis of four published studies. The breakpoint occurred at 1.32 kg/d (SE= 0.118), resulting in 60.6 
(SE= 1.43) percent of total N flow as microbial N. Adjusted R1 =0.70 calculated according to Robbins et al. (2006). 

content or calves from 2 to 20 weeks or age (see Table 10-3). 
A total or 66 observations were used in the analysis using the 
techn iques out I ined by St. Pierre (200 I). A subsequent broken
line regression analysis was conducted using methods by Rob
bins et al. (2006) to determine the DMI at which no forther 
increase in microbial conttibution as a proportion or total N 
occurred. Microbial N as a proportion or total N increased with 
increasing DMI to 1.3 kg/d; therearter, microbial N contribu
tion was constant, as defined by the broken-l ine regression 
(see Figure 10-2). Thus, once starter intake reaches 1.3 kg/d, 
the proportion or total CP reaching the intestine for digestion 
that is or microbial origin wi ll be maximized. 

Based on these data, conversion erficiency or CP to MP 
for ruminating calves consuming starter is set at 0 .70 (NRC, 
1978). lnsurficient data were available to allow calculations 
or the amounts or rumen-degradabl e protein or rumen
undegradable protein (RUP) supplied with any degree or 
confidence. However, assuming that N flow to the abomasum 
approximates N intake, that microbial CP is 80 percent u·ue 
protein that is 80 percent digestible (see Chapter 6), and that 
undegraded reed proteins are 0.80 digestible (NRC, 1989) 
leads to a conversion or CP to MP or about 0.71 . Our value or 

0.70 is slightly lower than the value of 0.75 from ARC ( 1980) 

used in the last version or this publication (NRC, 2001 ). Useor 
the lower value provides more consistent predictions or litera
ture values. ConversionsorCP to TvIP for calves red starter and 
milk or starter and MR are assumed to be additive based on the 
relative amounts or CP supplied by starter and milk (or MR). 

CALCULATION OF METABOLIZABLE ENERGY 
VALUES OF FEEDS 

Milk, MR, and ingredients used i n MR use di fTerent coer
ficients for digestibility and a difTerent method for calculating 
ME than solid reeds. When users select "catr' as the target 
animal, ingredients listed under "cal r reeds" must be used for 
the liquid reeds in the diet. Starter reeds and ingredients used 
to make starter feeds follow the protocols set out for reeds 
for other c lasses or cattle as described in Chapters 3 and 19. 
Composition data are shown for the most common ingredients 
used in manufacture or MR in Table I 0-4. 

The ME values or liquid reeds are calculated similarly 
to the previous edition with modifications. First, the gross 
energy (GE) or the feed is calculated by mul tiplying the per
centage composition on a DM basis by the respective heats 

of combustion, according to the fol lowing formula: 
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TABLE 10-4 Composition of Some Common Ingredients Used in the Manufacture of Milk Replacers 

DE ME Ash CP Crude fat Lactose 
Feed or lngred ient OM(%) (Meal/kg OM) (Meal/kg DM) (% ofDM) (% ofDM) (% ofDM) (% ofDM) 

Whole milk 12.5 5.59 
Skim mil k. fresh 10 4. 19 
Skim milk. powder 94 4.25 
Whey. dried 93 3.80 
Whey protein concentrate 93 4.35 
Whey. fresh 7 3.78 
Whey. delactosed 93 3.54 
Whey permeate 98 3.55 
Casein 91 5.29 
Caseinate. sodium 96 
Soy protein concentrate % 
Soy protein isolate 95 
Soy flour 96 
Modified wheat protein 96 
Porcine pla~ma protein 97 
Bovine plasma protein 97 

GE, Meal/kg DM =((FA x9.4) +(Protein x5.7) 
+(JOO - Protein - FA - Ash x4)) /JOO 

5.37 
4.02 
4.08 
3.65 
4.17 
3.62 
3.40 
3.4 I 
5.08 

(Equation 10-16) 

where values are on a DM basis. FA concentration is better 
than crude fat for nutritional characterization (see Chap
ter 4) of feeds, and it is used in Equation I 0- I 6; however, 
many feed labels such as those on MR are based on crude 
fat. Crude fat from ingredients commonly used in MRs can 
be converted to FA by multiplying crude fat by 0.945 (Paul 
and Southgate, 1978). Feeds can contain other organic com
pounds such as partially hydrolyzed starch, dextrins, glucose, 
or glycero l that may be incorporated in small amounts (usu
ally less than 10 percent of DM in aggregate) into MR. This 
fraction is assumed to have the same heat of combustion as 
lactose (4 Meal/kg). Values for whole milk are determined 
s imilarly after converting the composition to a DM basis. 

Ash content normally is not listed on feed tags but gener
ally will be 6 to 12 percent of total MR DM. B ecause ash 
has no energy, it alTects the ME value and should always be 
determined analytically. Users are cautioned that feed tag 
values for MR components are given on an "as fed!" or air-dry 
basis, which for MR is usually 95 to 97 percent DM. Failure 
to account for this residual moisture will introduce error into 
the calculation of ME. 

The ME values for MR then are derived by mult iplying the 
gross energy content by 0.9 I, which is the product of the aver
age digestibility (0.95) and metabolizability of the digestible 
energy (DE) (0.96) for MR (Gerri ts et al., 1996; D iaz e t al., 
200 I ; Blome et al., 2003; Labussiere et al., 2007, 2008a). 
For whole milk, the GE is multiplied by 0.93 because of the 
slightly higher digestibility for milk (0.97; NRC, 2001 ). 

The DE values for solid feeds are calculated as in Chap
ter 3 with the exception that the digestibility coefficient for 
fat is assumed to be 0.81 rather than 0.74 as for older cattle. 

6.3 25.4 30.8 39.2 
6.9 35.5 0.3 56 
6.9 37.4 1.0 54 
8. 1 13.5 1.0 76 
6.0 37. 1 2.2 54 
8.7 14.2 0.7 76 

16.5 23.0 1.5 55 
9.0 3.7 0 87 
4.0 92.7 0.7 
2.5 85 0.5 
7.0 67 0.3 
4.5 86 0.5 
6.3 53 0.2 
3.0 82 2.0 

67 0.5 
68 0.5 

TABLE I 0-5 Summary of Studies in Which Crude 
Fat Digestibility Was Measured in Weaned Calves 
(Seven Studies, 37 Treatment Means)" 

Mean Range 

BW. kg 98.7 63-135 
Age. days 76 51- 112 
DMl. kg/d 2.5 1.3-4.3 
Dietary fat, % of OM 4.0 2.2-5.1 
Fat digestibility 0.81 0.70--0.91 

SD 

24.6 
24.8 

0.76 
0.69 
0.05 

•Sources of data: Chapman et al. (20 16); Dennis et al. (2018); Hill et al. 
(2010, 2016b, 2016c); Hu et al. (2019); Stewart and Schingoethe (1984) . 

The coefficient of 0.81 for fat d igestibility represents the 
average o f studies that measured digestibilities for crude fat 
in weaned calves (see Table 10-5). The DE was calculated 
without discounting for intake or starch concentration (i.e., 
intake was set at 3.5 percent of BW and dietary starch was 
assumed to be 25 percent in equations). The effi ciency of 
converting DE to ME by young calves fed MR and various 
starters (Pattanaik et al., 2003) varied from 0.91 to 0.95; 
therefore, the ME of dry feeds was set at DE x 0.93. To derive 
accurate estimates, starter should be analyzed as described 
in Chapter 3. 

For calves to achieve the calculated ME values, the rumen 
must be sufficiently developed to support near-mature rumen 
fermentation, both in terms of microbiota and rumen epithelial 
(papillae) development. In calves in which the development 
is not complete, digestibilities will be lower, pru1icularly for 
neutral detergent fiber (NDF) (Terre et al., 2007; Hill et al., 
2010; Chapman et al., 2016). This situation may be a problem 
when calves are fed large amounts of milk or MR early in life, 
which limits the intake of calf starter. If such calves are weaned 
too early, rumen development may be incomplete so that the 
ME obtained by the calf is less than estimated. While rumen 
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development depends on roughly 3 weeks of starter consump
tion, Quigley et al. (20 I 9b) found that the cumulative intake of 
nonstnictural carbohydrates was most highly related to diges
tion and achievement of predicted ME values. Because this 
variable will be difficult to determine on farm, the committee 
has incorporated a somewhat arbitrary discount of 10 percent 
of calculated ME of starter for preweaned calves consuming 
~1.5 percent of BW as milk or MR solids . The option to use 
this adjustment can be turned on or off by the user within the 
computer software. 

VALIDATION OF MODEL WITH EXPERIMENTAL DATA 
To evaluate the ability of the model to predict values from 

the literature, the committee assembled a database of 416 
treatment means from 94 published studies that provided 
enough information to estimate ME intakes, BW, and BW 
gains (see Table I 0-6). Studies included some that were con
duc ted before the previous NRC (2001) document as well as 
those conducted s ince and represented a range of milk or 
MR intakes and ADG. 

Studies included calves fed milk o r MR only (21 studies), 
calves fed milk or MR plus starter without or with forage 
(64 studies), and weaned calves (23 studies). The ME densi
ties of liquid and solid feeds were calculated according to 
the methods described in this chapter, including discounted 
ME for starte r when early milk intakes were greater than 
1.5 percent of BW. Mean BW was calculated as the average 
of BW at the beginning of the growth period and BW at the 
end of the period, and ADG was calculated for that period. 
Maintenance ME was calculated, including any requiremenL5 
for thermoregulation, which was subtracted from total ME 
intake to yield ME for gain. The MEg was multiplied by 
the efficiency of ME use for gain, resulting in NE (i.e ., RE). 
Rearrangement of Equation 10-6 as shown in Equation 10-17 
allowed calculation of both ME-allowable and MP-allowable 
EBW gain and then ADG: 

EBW gain (kg/d) = RE, McaVd I (EBW0·205, kg)1111 

(Equation 10-17) 

The more limit ing of ME-allowable or MP-allowableADG 
was compared with the actual ADG reported in the studies. 
The regression of observed study ADG on model predicted 
ADG (pADG), with study as a random efTect, resulted in the 
following equation: 

ADG, kg/d = 0.073 + 0.867 x pADG, kg/d 
(Equation I0- 18) 

This model resulted in a mean predicted value or 0.695 kg/d 
compared with an observed mean of 0.687 kg/d, with an 
RMSE of 0.102 kg/d (14.8 percent of the mean). The plots of 
observed versus predicted values and residuals are shown in 
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TABLE I 0-6 Studies Used to Validate Prediction 
Models 

Milk or Milk Rep lacer Only 

Blome e1 a l.. 2003 

Chagas et al.. 20 I 8 
Donnelly, 1983 

Donnelly and Huuon, 1976a,b 

Drackley e1 al.. 2006 

Gerrits et al.. 1996 
Jenkins and Emmons. 1983 
Johnson and Elliou, 1972a,b 

Khouri and Pickering, 1968 

Labussierre et a l.. 2008a 

Lammers et al.. 1998 

Marshall and Smith. 1970 
Morrison et al.. 2017 

Quigley, 2002 

Quigley et al .. I 997a 

Quigley et al .. 2002 
Roy et a l. . 1970 
Silva et al., 2017 

Van den Borne et al.. 2006 

Vasquez et a I.. 2017 

Milk or Milk Replacer Plus Slarter (without or with forage) 

Abdelgadir et al., I 996a 
Amado et al.. 2019 

Bach el al.. 2013 
Brown et al.. 2005b 

Byrne et al., 2017 

Castro e1 a l.. 20 16a.b,c 

Chapman e1 al.. 2016 
Chapman el al.. 20 I 7 
Coverdale e1 al., 2004 

Cowles e1 al.. 2006 

Cru ywagen et a I.. 1996 

Curtis et al .. 2018 
Davis-Rincker e1 al.. 2011 
Dennis e1 al., 20 18 

Ecken e1 al.. 20 15 

Frielen el al.. 20 17 
Geiger et al.. 2014 

Geiger e1 al., 20 16 

Guindon e1 al., 2015 
Hepola el al .. 2008 

Hill et a l.. 2006a 
Hill e1 al .. 2006b 

Hill e1 al., 2007a 

Hill e1 al.. 2007b 

Hill el a l.. 2007d 
Hill et a l .. 2007e 

Hill e1 a l., 2008b 

Hill e1 al.. 2010 

Hill e1al.. 2013 
Hill el a l .. 2016c 

Hu e t al., 20 19 
Hubere1al. ,1984 

Weaned 

Abdelgadir e1 al.. I 996a 

Brown e1 al.. 2005b 

Chesler-Jones et al.. 1991 
Dennis el al.. 2018 
Hill et a l .. 2007e 

Hill e1 a l., 2012 

Hill e1 al.. 2013 

Hill e1al .. 2016a 
Hill el a l .. 2016b 
Hu ct al.. 20 19 

Klo12 and Hei1mann. 2006 

Korst et al.. 20 17 

Jas1er e1 al.. 1990 
Jas1er e1 al.. 1992 
Kiezebrink el a l .. 2015 

Kmic ikewycz et al., 20 13 

Korsl et al., 2017 

Lammers e1 al.. 1998 

Lee et a l.. 2009 
Lesmeister and He inrichs. 2004 
Lesmeis1er and He inrichs, 2005 

Mac Pherson e1 a l.. 2016 

Meale el a l.. 2015 

Mo a II em et al.. 20 I 0 
Morrison e1 al., 2009 
Osorio e1 a l., 20 12 

Por1er e1 al.. 2007 

Q uigley. 19%b 
Quigley. 2002 

Quigley and Wolfe, 2003 

Quigley e1 al .. 1995 
Quigley el al .. 2006 

Quigley el al .. 2018 
Raetl1-Knigh1 el al., 2009 

Richard e1 al., 1988 

Rosenberger et al.. 2017 

Schaffel al.. 20 16 
Silva e1 al .. 2017 

Stamey et al., 2012 

Su~rez e1 a l.. 2006 

Terre et al.. 2009 

Terre e t al.. 2015 
Terui e t al., 1996 
Yunia e1 al .. 2015 

Lee Cl al., 2009 

Meyer, 2005 

Neatheryel al.. 1991 
Osorio et a l.. 20 12 
Rosenberger et al.. 20 17 

S1ewan and Schingoetl1e, 1984 

S1obo e1 al.. 1966 

S1obo e1 al.. 1967 

Terre e t al.. 2009 
Terre e t al.. 2013 

Terui et al., 1996 
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FIGURE 10-3 Observed minus predicted values for ADG from 397 literature treatment means, with residuals plotted. The ADGs were 
predicted wi th Equation 10-18, and the studies used (see Table I 0-6) represented a wide range of years published, amounts of milk or MR 
fed, ADG, studies with or without starter, and weaned calves. 

Figure 10-3. The model RMSEP was 0.0696 (10.1 percent of 
mean), wi th significant slope (--0.103, P<0.001) and small 
mean bias (--0.008, P= 0.10). The CCC was 0.95. The model, 
therefore, was robust in predicting calf growth. 

A comparison of ADG predicted by Equation 10-18 with 
ADG predicted by the equation from the previous edition 
(NRC, 200 I) was made for a randomly chosen subset of 11 1 
means from the studies listed in Table 10-6. Predictions of ob
served ADG by the ctment model and by the model from NRC 
(200 I) are shown in Figure I 0-4. For this subset of studies, the 
regression of observed versus predicted values using Equation 
10-18 was 0.87x+0.06, with an RMSE of 0.12, an ATC of 
-171.0, and a CCC of 0.93. For the NRC (200 I) prediction, the 
equation was 1.03x+O.IO, with an RMSE of0. 16, an ATC of 
-120, and a CCC of0.85. TheNRC (2001) model showed sig
nificant mean bias (21.6 percent ofMSE). Therefore, the model 
fit and predictions in the current edition are an improvement 
over the previous model (NRC, 200 I ), particular! y for calves at 
low ADG and for those receiving both milk or MR and stru1er. 

ENERGY AND PROTEIN REQUIREMENTS 
FOR CALVES 

Examples of requirements for M E and MP for various 
classes of calves are in Tables I 0-7 through I 0- I I . The DMT 
listed in the tables has been computed as the amount of DM 
necessary to meet the ME requirement. Consequently, these 
should not be construed as predictions of voluntary feed 
intake, which was discussed in a previous section. 
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FIGURE I 0-4 Comparison of actual mean ADG from I 11 treat
ment means from the l iterature with values predicted by the current 
model or the previous (NRC, 2001 ) model. 
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216 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 10-7 Daily Energy and Protein Requirements of Young Replacement Calves Fed Only Milk or Milk Replacer 

BW (kg) Breed" ADG (g/d) DMI.(kg/d) ME (Mcal/d) NEm(McaVd) MP (g/d) CP' (g/d) CP(%ofDMI) 

25 SB 200 0.36 1.69 0.82 83 87 24.2 
400 0.49 2.33 0.82 132 139 28.2 

30 SB 200 0.40 1.88 0.94 86 9 1 22.7 
400 0.54 2.54 0.94 136 143 26.6 

600 0.69 3.23 0.94 186 1% 28.5 

35 SB 200 0.44 2 .06 1.06 89 94 2 1.4 
400 0.58 2 .74 1.06 140 147 25.2 
600 0.73 3.45 1.06 190 200 27.2 

800 0.89 4 .19 1.06 240 253 28.3 

40 LB 200 0.48 2.23 I.17 9 1 % 19.8 
400 0.64 2 .93 1.17 142 149 23.4 
600 0.80 3.66 1.1 7 192 202 25.4 
800 0.% 4.42 1. 17 242 254 26.5 

45 LB 200 0.52 2.40 1.28 94 99 19.0 
400 0.68 3 .1 1 1.28 145 152 22.5 
600 0.84 3.86 1.28 195 205 24.5 
800 1.0 1 4.64 1.28 245 258 25.6 

50 LB 200 0.56 2 .56 1.38 97 102 18.3 
400 0.71 3.29 1.38 148 155 2 1.8 
600 0.88 4 .05 1.38 198 209 23.7 
800 I.OS 4 .85 l.38 249 262 24.9 

I.OOO 1.23 5.66 I.38 299 315 25.6 

0 SB= small breed (based on Jersey. mature BW = 530 kg) and LB= large breed (based on Ho lstein. mature BW =700 kg). 
•ory matter intake necessary to meet requirement for ME when fed milk replacer containing 4.7 Meal ME/kg of OM (SB calves) or 4.6 ME/kg of OM 

(LB calves). 
<Assumes all milk protein with MP/CP of 0.95. 

Young Replacement Calves Fed Milk or Milk 
Replacer Only 

The energy requirements of young large-breed and small
breed calves fed only milk or MR and weighing 25 to 50 kg 
are given in Table 10-7. Users who desire requirements for 
higher rates of gain should refer to Table I 0-1 I. The energy 
content ofBW gain predicted by Equation I 0-6 is 1.62 Meal/ 
kg for a 40-kg calf gaining 0.20 kg/d and 2. 11 Meal/kg for a 
75-kg calf gaining 0 .80 kg/d. Values p redicted by this equa
tion are similar to those predicted by NRC (2001 ) for the 
smaller calf ( l.56 Meal/kg) but are 18 percent lower for the 
larger calf gaining more rapidly (2.57 Meal/kg BW gain). 
The ME requirements for the 40-kg calf gaining 0.20 kg/d 
(2.20 Mcal/d) and the 75-kg calf gaining 0.80 kg/d (5.66 
Mcal/d) p redicted by the current equations compare with 
2.04 Mcal/d and 5.52 Mcal/d, respectively, predicted by NRC 
(2001 ). The current edition predicts lower ADG for a given 
intake than the previous edition. ln the database o f literature 
s tudies used to validate the current models, there were 80 
treatment means from 2 1 studies. The regression (St-Pierre, 
200 I) of observed values on predicted values (kg/d) for ADG 
was as follows: Observed ADG= 0.095+0.847xPredicted 
ADG. 

Users should be aware that ME requirements for main
tenance may be underestimated for calves during the first 

week of life because of the high and variable basal metabolic 
rate observed during this time (Roy et al. , I 957; Gonzalez
Jimenez and Blaxter, 1962; Vermorel et al., 1983; Okamoto 
et a l., 1986; Schrama et al., I 992b; Ortigues et al., 1994; 
Arie Ii et al. , I 995). Furthermore, because the digestive tract 
is immature and developing rapidly, the digestibility of diets 
may be lower during this time (Schrama et al., I 992b; Ari
eli et al., I 995; Liang et al. , 2016), thereby overestimating 
dietary energy supply. The net result o f these effects is that 
ADG of calves during the fi rst week of life may be consider
ably less than the predicted energy-allowable gains shown 
in Table 10-7. 

Young Calves Fed Milk and Starter Feed 
or Milk Rep lacer and Starter Feed 

Under good management, calves should be consuming 
appreciable nutrients from starter feed by the second week 
of life . To encourage early consumption o f calf starter, calves 
should be given free access to water and a nutritious, highly 
palatable starter from the fi rst week of life unti l they are 
weaned. Consumption of starter is critical to development 
of an active, functio ning rumen. Fermentation products, 
principally butyrate, from fermentation of solid feeds in the 
developing rumen are responsible for development of func
tional ruminal epithelial tissue (Sander et al., 1959). 
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NUTRIENT REQUIREMENTS OF THE YOUNG CALF 217 

TABLE 10-8 Daily Energy and Protein Requirements of Small-Breed Calves Fed Milk or Milk Replacer and Starter 
a t Two Different Ratios" 

BW (kg) ADG (g/d) Diet DMl6 (kg/d) ME(Mcal/d) NEm (Mcal/d ) MP (g/d) CP' (g/d) CP (% of DMI) 

30 200 80:20" 0.43 1.96 0.93 86 94 2 1.8 
200 40:60' 0.53 2.02 0.93 9 1 109 20.6 
400 80:20 0.58 2.62 0.93 135 148 25.6 
400 40:60 0.72 2.75 0.93 142 170 23.6 
600 80:20 0.73 3.32 0.93 184 202 27.6 
600 40:60 0.93 3.52 0.93 192 232 25.0 

40 200 80:20 0.51 2.33 1.1 6 92 10 1 19.7 
200 40:60 0.63 2.39 1.1 6 98 118 18.7 
400 80:20 0.67 3.03 1.16 142 156 23.4 
400 40:60 0.83 3.16 1.16 150 180 2 1.7 
600 80:20 0.83 3.77 1.16 192 2 11 25.4 
600 40:60 1.05 3.98 1.1 6 202 243 23.2 
800 80:20 1.00 4.54 1.1 6 24 1 265 26.5 
800 40:60 1.27 4.82 1.16 253 305 24.0 

50 400 80:20 0.75 3.41 1.37 149 163 2 1.8 
400 40:60 0.93 3.54 1.37 157 189 20.3 
600 80:20 0.92 4.18 1.37 199 2 19 23.8 
600 40:60 1.16 4.40 1.37 2 10 253 21.9 
800 80:20 1.10 4.98 1.37 250 274 25.0 
800 40:60 J.39 5.28 1.37 263 3 17 22.8 

I.OOO 80:20 1.28 5.80 1.37 300 330 25.8 
I.OOO 40:60 1.63 6.19 1.37 316 380 23.4 

60 400 80:20 0.83 3.75 1.57 155 170 20.6 
400 40:60 1.03 3.90 1.57 164 198 19.3 
600 80:20 1.00 4.56 1.57 206 227 22.6 
600 40:60 1.26 4.79 1.57 2 18 263 20.9 
800 80:20 1. 19 5.39 1.57 258 283 23.8 
800 40:60 I.SO 5.70 1.57 272 328 21.8 

I.OOO 80:20 1.38 6 .25 1.57 309 340 24.7 
I.OOO 40:60 1.75 6.64 1.57 326 392 22.4 

0 Expressed as proportion of OM from milk replacer to proportion of OM from starter. 
• Total OM! with mean ME density needed to meet ME requirements. 
• Total d ietary CP needed. assuming all -milk protein milk replacer. 
'As.~umes milk replacer contains 4 .9 Meal ME/kg OM and starter contains 3. I Meal ME/kg OM. 
' Assumes milk replacer contains 4.7 Meal ME/kg OM and starter contains 3.2 Mea l ME/kg OM. 

E ffic iencies of utilization of ME for maintenance a nd 
gain will be somewhat lower for starter feeds than for milk 
or MR (NRC, 1978). Jn the current edition, the committee 
has re turned to the use of the equations o f Garrell ( 1980), as 
updated by Galyean e t al. (20 16), to derive the e fficiencies of 
utilization of ME from s tarter for maintenance (km ) and gain 
(kg). The efficiency of use of ME from the total diet is the 
average of individual e ffic iencies for milk or MR and starter, 
weighted according to their contribution to the to tal ME in 
the die t (see Tables I 0-8 and 10-9). The computer model 
included with this edition calculates these values for varied 
proportions of DMJ from milk and s tarter or MR and starter. 

The ME requirement (Mcal/d) of a 50-kg large-breed calf 
gaining 0.60 kg/d when fed only milk or MR (see Table 10-7) 
is 3.89 compared to 4.1 8 and 4 .40 for the same calf obtaining 
80 and 40 percent of her DM from MR (see Table I 0-8). The 
ME requirements for calves consuming both starler and MR 

are higher than those in the 2001 edition (NRC, 2001), but 
the relationship between the current model predictions and 
literature data is robust. From the literature database, with 
156 treatment means from 64 studies, the equation was as 
fo llows: ObservedADG = 0.123 + 0.754xPredicted ADG. In 
most cases, ME, and not MP, limited growth. 

Calves from Weaning to Body Weight of 125 kg 

Since the publication of NRC (200 1), a few studies have 
provided information about body composition of weaned 
calves (Brown et al., 2005b; M eyer, 2005; Stamey Lanier 
et a l. , 2021), and many more have provided data on intake 
and growth ra tes. Requirements have been derived using 
the same methodology as described for younger calves (see 
Table 10-10). Comparison of literature data for ADG (72 
treatment means from 23 p ublished studies) with model 
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218 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 10-9 Daily Energy and Protein Requirements of Large-Breed Calves Fed M ilk or Milk Replacer and Starter 
a t Two Different Ratios" 

BW (kg) ADG (g/d) Diet DM!• (kg/d) ME(Mcalld) NEm (Mcal/d) MP (g/d) Cl" (g/d) CP(% ofDMl) 

50 400 80:20" 0.79 3.40 1.37 147 162 20.6 
400 40:60' 0.93 3.54 1.37 155 187 20.0 
600 80:20 0.97 4.18 1.37 197 217 22.4 

600 40:60 1.16 4.40 1.37 207 250 2 1.6 

800 80:20 1. 15 4.98 1.37 247 271 23.6 
800 40:60 1.39 5.28 1.37 259 312 22.5 

60 400 80:20 0.87 3.75 1.57 153 168 19.4 

400 40:60 1.03 3.90 1.57 162 195 19.0 
600 80:20 1.05 4.55 1.57 204 224 2 1.2 
600 40:60 1.26 4.79 1.57 214 258 20.5 

800 80:20 1.25 5.38 1.57 254 279 22.4 

800 40:60 1.50 5.70 1.57 267 322 2 1.4 
I.OOO 80:20 1.44 6.24 1.57 305 335 23.2 
1,000 40:60 1.75 6 .64 1.57 320 386 22.0 

70 400 80:20 0.94 4.08 J.76 159 174 18.4 
400 40:60 I. I I 4.24 1.76 168 202 18.1 

600 80:20 1.14 4.91 1.76 210 231 20.3 
600 40:60 1.35 5.15 1.76 221 267 19.7 
800 80:20 1.33 5.77 1.76 261 287 2 1.5 
800 40:60 1.60 6. 10 1.76 275 332 20.6 

1,000 80:20 1.54 6.65 1.76 312 343 22.3 
I .OOO 40:60 1.86 7.07 1.76 328 396 21.3 

80 600 80:20 1.21 5.25 1.90 216 237 19.5 

600 40:60 1.45 5.50 1.90 228 275 19.0 
800 80:20 1.42 6.13 1.90 268 294 20.7 
800 40:60 1.70 6 .47 J.90 282 340 20.0 

I.OOO 80:20 1.63 7.03 1.90 320 351 2 1.6 
I.OOO 40:60 1.% 7.47 1.90 337 406 20.6 

" Expressed as proportion of DM from milk rep lacer to proportion of DM from staner. 
• Total DMI with mean ME dens icy needed to meet ME requirements. 
' Total dietary CP needed. assuming all -milk protein mi lk replaeer. 
' Assumes milk replacer contains 4.6 Meal ME/kg DM and starter contains 3.2 Meal ME/kg DM. 
' Assumes milk replacer contains 4.7 Meal ME/kg DM and Staner contains 3.2 Meal ME/kg DM. 

predictions yielded the following relationship: Observed 
ADG=0.426+0.561 xPredicted ADG. The large inlercept 
of the equation indicates that the model underpred icts growth 
at low growth rates and overpredicts growth at high growth 
rates. In the absence of more comparative slaughter studies 
with calves of this weight range, however, the committee was 
not able to derive an equation with less slope bias. 

Veal Calves 

The calculations used to derive the ME requirements 
for veal calves (see Table 10-11) are the same as those for 
milk-fed replacement calves (see Table I 0-7) with the excep
tion that EBW/ ADG gain is set at 0.9 I , as described in an 
earlier section. Predicted requirements agree closely with 
experimental data for veal calf growth, even at BW greater 
than those in the database. Veal calves are fed at rates ap
proaching ad libitum intake, so rates o f gain will be higher 
than those of limit-fed replacement calves. The ME, MP, and 

DM requirements given here agree closely with data in the 
literature (Gerrits et al., 1996; van den Borne et al., 2006; 
Labussiere et a l. , 201 1). Current systems of veal production 
in many areas provide small amounts of solid feed in addi
tion to high intakes of milk (Suarez et al., 2006; Labussiere 
et al., 2009). Requirements for these calves can be estimated 
by using the principles established for calves fed both milk 
and solid feeds. 

MINERAL AND VITAMIN REQUIREMENTS OF CALVES 

Minerals 

Detailed information on the roles of minerals is given in 
Chapter 7. Mineral absorption and factors affecting mineral 
absorption are also d iscussed in Chapter 7; however, that 
discussion emphasizes absorption by functioning ruminants. 
Clear differences in mineral absorption between preruminant 
calves and older cattle have been shown for many minerals 
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TABLE I 0- 10 Daily Energy and Protein Requirements of Weaned Large- or Small-Breed Calves Fed Only Solid Feeds 

BW (kg) ADO (g!d) DMJ• (kg/d) ME(Mcal/d) 

55 400 1.3 1 3.94 
600 1.59 4.77 
800 1.87 5.62 

65 400 1.44 4.32 

600 1.72 5. 18 
800 2.02 6.06 

75 400 1.56 4.68 
600 1.85 5.56 

800 2.16 6.48 

85 600 1.98 5.93 
800 2.29 6.87 

I.OOO 2.61 7.83 

95 600 2.10 6.29 
800 2.41 7.25 

I.OOO 2.74 8.23 

105 600 2.21 6.63 
800 2.54 7.6 1 

I .OOO 2 .87 8 .6 1 
1.200 3.21 9.64 

115 600 2.32 6.96 
800 2.65 7.96 

I.OOO 2.99 8.98 
1.200 3.34 IO.o3 

125 600 2.43 7.28 
800 2.77 8.30 

I.OOO 3.11 9.34 

1.200 3.47 10.40 
1.400 3.83 I L48 

• Assumes srarte r conrains 3.0 Meal ME/kg OM. 

like ly because o f both die t and physiology. In the previous 
edition (NRC, 2001 ), mineral recommendations were pre
sented on a die tary concentration basis, and those recom
mendations were largely unchanged from NRC (1989). 

The committee took a more quantitative approach to 
establishing minerals recommendations than in the past; 
however, these recommendations should be considered as 
Adequate lntakes (Als) rather than requirements. Als for 
calcium (Ca), phosphorus (P), and magnesium (Mg) in g/d of 
to tal die t were calcula ted using equations from C astro e t al. 
(201 9). T he ir equations were derived from data from mul
tiple studies with preweaned calves (Ho lstein and Holstein 
x Gyr cross) that used the comparative slaughter technique. 
Calves in four of those studies were fed milk and starter, and 
in one study, calves were fed only MR. Breed generally did 
not affect results. In the equations below, the value in the 
denominator is the experimentally derived retention coeffi
cient that converts retained mineral to die tary mineral. Those 
coefficients likely will be influe nced by source of mineral, 
but the committee assumed that those coeffic ients will be 
reasonably accurate for mixed diets of liquid and solid feed 
for preweaned calves. Absorption coefficients are not used 
for macrominerals for young calves. 

NEm (Mcal/d) MP (g/d) CP (g/d) CP(%of DMI) 

1.73 168 224 17. 1 
1.73 221 295 18.6 
1.73 274 366 19.5 

1.97 177 235 16.4 
1.97 23 1 307 17.8 
1.97 285 379 18.8 

2.19 184 246 15.8 
2.19 239 3 19 17.2 

2 .19 294 393 18.2 

2.40 243 324 16.4 
2.40 297 3% 17.3 
2.40 352 469 18.0 

2.61 250 334 15.9 
2.61 306 408 16.9 
2.61 36 1 482 17.6 

2.82 258 344 15.6 
2.82 3 14 4 19 16.5 
2.82 370 494 17.2 
2.82 426 569 17.7 

3.01 365 354 15.2 
3.01 322 429 16.2 
3.01 379 505 16.9 
3.01 436 58 1 17.4 

3.2 1 272 363 15.0 
3.2 1 330 440 15.9 
3.2 1 388 5 17 16.6 
3.2 1 446 594 17. 1 
3.2 1 504 67 1 17.5 

Dietary Als are calculated as follows: 

Ca, g/d= [0.0127x EBW +(14.4 x EBW-<>·139 x EBG)] I 0.73 
(Equation 10- 19) 

P, g/d=[0.0118xEBW+ (5.85 x EBW--0.o.nx EBG)] /0.65 
(Equation 10-20) 

M g, g/d = [0.0035xEBW + (0.60 xEBW-<> 036x EBG)] I 0.30 
(Equation 10-21) 

K, g/d = (0.0203 x EBW + ( 1.1 4 x EBW 0·048 x EBG)] / 0. 13 
(Equation 10-22) 

Na, g/d = [0.00637xEBW + ( l.508x EBW 0-<»5xEBG)] / 0.24 
(Equation 10-23) 

For these equations, empty BW (EBW) and daily empty 
body gain (EBG) equal 0 .94x BW and 0.9 1 xADG in 
kilograms. 

Essentially no information is available on the chloride 
(CJ-) requirement of young calves; therefore, the committee 
decided to use the ratio o f Cl to sodium (Na) requirement 
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TABLE 10- 11 Daily Energy and Protein Requirements of Large-Breed Veal Calves Fed Only Milk or Milk Replacer 

BW (kg) ADO (g/d) OM!" (kg/d) ME (Mcal/d) NEm (Mcal/d) MP (g/d) CP•(gtd) CP(%of OM!) 

40 300 0.55 2.54 1.17 114 120 2 1.8 
600 0.78 3.59 1. 17 187 197 25.2 

50 300 0.63 2.88 1.38 120 126 20.I 
600 0.86 3.98 1.38 193 204 23.6 
900 1.12 5.1 3 1.38 267 281 25.2 

75 300 0.79 3.65 1.87 132 139 17.6 
600 1.05 4.84 1.87 208 219 20.8 
900 1.32 6.10 1.87 284 299 22.6 

1,200 1.6 1 7.40 1.87 360 379 23.6 
100 600 1.22 5.60 2.32 222 234 19.2 

900 1.5 1 6.93 2.32 300 316 21.0 
1.200 1.8 1 8.3 1 2.32 379 399 22.0 
1.500 2. 11 9.73 2.32 457 480 22.8 

125 600 1.37 6.30 2.75 235 247 18.1 
900 1.67 7.70 2.75 316 333 19.9 

1.200 1.99 9. 14 2.75 397 418 21.0 
1.500 2.31 10.62 2.75 478 503 2 1.8 

150 600 1.5 1 6.95 3. 15 248 26 1 17 .2 
900 1.83 8.40 3. 15 33 1 349 19.1 

1,200 2.15 9.90 3. 15 415 437 20.3 
1.500 2.49 11.40 3. 15 498 525 2 1.1 

175 600 1.65 7.57 3.54 260 274 16.6 
900 1.97 9.07 3.54 349 365 18.5 

1,200 2.31 10.62 3.54 433 456 19 .8 
1.500 2.65 12.20 3.54 519 547 20.6 

200 600 1.77 8. 17 3.91 273 287 16.2 
900 2 . 11 9 .70 3.9 1 362 38 1 18.1 

1,200 2.45 11.29 3.9 1 452 475 19.4 
1.500 2.81 12.92 3.91 541 569 20.3 

225 600 1.90 8.73 4.27 286 301 15.8 
900 2.24 10.3 1 4.27 378 398 17.8 

1,200 2.59 11.94 4.27 471 496 19.1 
1,500 2.96 13.6 1 4.27 563 593 20.0 

" Dry mauer intake necessary to meet requirement for ME when fed milk replacer containing 4.6 ME/kg of OM. 
• Assumets MP/CP of 0.95. 

calculated for lactating cows (i.e., 0.8) and multiply that by 
lhe Na requirement as calcula ted using Equation 10-23. 

For lhe trace minerals, copper (Cu), iron (Fe), manganese 
(Mn), and zinc (Zn), equa tions developed for o lder cattle 
were applied to calves, but different absorption coeffic ients 
(ACs) were used. No AI is given for cobalt (Co) in MR 
because young calves lack a functioning mmen and cannot 
convert Co into vitamin B 12• The Ais for trace minerals are 
calculated as follows: 

Cu, mg/d = (0.0145 x BW + 2.5 x ADG) I 0.5 
(Equation 10-24) 

Fe, mg/d =(34xADG) / 0.25 
(Equa tion 10-25) 

Mn, mg/d = ((0.0026 xBW + 0 .7 x ADG)] I 0.0l 
(Equation I0-26) 

Zn, mg/d =(2x DMI+ 24 x ADG) / 0.25 
(Equation 10-27) 

For Cu, 2.5 mg/kg ADG was used for young calves, rather 
lhan 2.0 used for growing heifers, which reflects greater concen
trations of Cu in organs lhan in muscle (see Chapter 7). For Zn, 
24 mg/kg ADG was used for young calves, which increased to 
30 mg/kg ADG for growing heifers, reflecting lhe greater con
centration of Zn in muscle lhan in organs (Watson et al., 2018). 
The denominators in the above equations are calf-specific AC 
(see Table I0-1 2). Inadequate data are available to generate 
feed-specific AC for calves; therefore, all diets fed to young 
calves have the same AC. The calf ACs were derived from 
experiments conducted on young calves, and when data on ab
sorption of minerals by preruminant calves could not be found, 
nonmminant data (e.g., human, swine, rodents) were used (see 
Chapter 7). When multiple ACs were available, lhe committee 
used the lower value to reduce lhe risk of deficiencies. 

In lhe model, when users select calf a~ animal type and lhe 
die t does not include any liquid feed (i.e., a weaned calf), re
quirement equations used for older animals (see Chapter 7) are 
used for all minerals along with lhe ACs in Table 10- 12 under 
lhe weaned calf column. A single AC for each mineral is used for 
lhe total diet; individual feed ACs are not used if calf is selected. 
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TABLE I 0-12 Absorption Coefficients (ACs) for 
Minerals Used for Young Calves 

Mineral Milk Replacer and Starter" Weaned Diet• 

Ca NA' 0.60 
p NA 0.75 
Mg NA 0.26 
K NA I.0 
Na NA 1.0 
Cu 0.5 0.10 
Fe 0.25 0.10 
Mn 0.01 0.005 

Zn 0.20 0.20 

• ACs in this column are appropriate for preweaned calves (i.e .. no nma
ture rumen). 

• ACs in this column are used for postweaned calves. The ACs for mac
rominerals and most trace minerals are typical for diets fed to adult caule. 
The AC for Cu is derived from newly weaned lambs (Sunle. 1975) and 
will continue to decrease to the value used for older can le (0.05) as dietary 
forage increases. 

' For preweaned calves. retention coefficients (Castro e t al.. 2019) rather 
than AC are used for macrominerals. 

TABLE I 0- 13 Recommended Concentrations of 
Minerals in Milk Replacer and Starter (DM Basis) to Provide 
Adequate Intakes for Calves Between 35 and 125 kg of 
Body Weight and Growing Between 0.5 and I .2 kg/d 

Mineral M ilk Replacer Staner Grower 

Ca,% 0.80 0.75 0.65 
P.% 0.60 0.37 0.33 
Mg.% 0.15 0.15 0.16 
K. % 1.10 0.60 0.60 
Na. % 0.40 0.22 0.20 
Cl,% 0.32 0.17 0. 15 
Co. mg/kg NA 0.2 0.2 
Cu. mg/kg 5 12 12 
I. mg/kg 0.8 0.8 0.5 
Fe, mg/kg 85 60 55 
Mn. mg/kg 60 40 60 
Se. mg/kg 0.3 0.3 0.3 
Zn. mg/kg 65 55 50 

To derive recommended concentrations of m inerals in 
MR, daily dietary requirements were calculated fordi!Terent
sized calves (35 10 85 kg) with different rates of gain (0.5 
10 I .0 kg/d), and appropriate DMI values based on different 
amounts of MR and starter were assigned so that total dietary 
concentrations could be calcu lated. This was done for 20 
di!Terent situations. The concentrations of mineral needed 
to meet AI were averaged across the different situations to 
obtain recommended dietary concentrations of minerals. 
Because calves consume liquid feed as their sole d iet for at 
least several days, recommended concentrations in MR (see 
Table 10-13) were the same concentrations as recommended 
for total diet. This approach resulted in macromineral con
centrations that were quite similar to that of m ilk on a DM 

basis (see Table 10- 14). 

TABLE 10-14 Concentrations of Minerals and 
Fat-Soluble Vitamins in Whole Milk (per L iter)" 

Mineral Range 

Calcium. g 0.93-1.47 
Phosphorus. g 0.8-1.0 
Magnesium, g 0.10--0.13 
Potassium, g 1.27-1.7 1 
Sodium. g 0.33-0.48 
Chloride. g 0.85-1.09 
Sul fur. g 0.18-0.31 
Copper, mg 0.03-0.06' 

Iodine. mg 0. l--0.4d 

Iron. mg 0. 1--0.4 
Manganese. mg 0.012--0.05 
Selenium, mg 0.018-0.04' 
Z inc, mg 3--0 

Vitamin.sf Range 

Vitamin A, IU 30(}-1.300 
Vitamin D, IU 1 ~0 

Vitamin E. ru 0.7-1.8 

•Sources or data can be found in Chapter 7. 
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Mean• 

1.0 
0.9 
0.1 1 
1.49 
0.4 1 
0.97 
0.25 
0.04 

0.2 
0.2 
O.D3 
0.02 
4.0 

Mean• 

1,000 
27 

1.2 

•Mean val ue.~ are for Holste in cows; however. breed can affect concentra
tions or some minerals. Limited data are available for other breeds (Cerbulis 
and Farrell. 1976; Carroll et a l.. 2006: Stocco et a l.. 2019). 

' Concentrations can be greater if cows are fed very high amounts of 
copper. 

JConcentrations in milk have a posit.ive linear relationship to iodine 
intake. These ranges reflect feeding at approximate iodine requirements. 

' Lower concentrations reflect milk from cows fed inorganic selen ium 
at approximate requirement~. 111e higher concentrations reflect milk from 
cows fed selenium yeast at approximate requ irements. 

! Concentrations or vitamins A, D. and E have a positive relation
ship to intake or the vitamin by the cow and with the fat concentraiion 
or the milk. 

Starter was assumed 10 be the primary nutrient source for 
calves immediately postweaning. Recommended concentra
lions of minerals in starter were determined by calculat ing 
mineral requirements us ing the equations above for calves 
weighing I 10 and 60 kg (representing Holsteins and Jerseys) 
gaining between 0.5 and 1.2 kg/d with appropriate intakes 
(only fed dry feeds). Nutrient concentrations 10 meet the 
requirements were calculated and averaged. However, Equa
lions 10-25 10 l 0-28 were developed with data from young 
calves with limited rumen function, but after weaning, calves 
are becoming functional ruminants. Therefore, requirements 
and dietary concentrations were a lso calculated using min
eral equations and AC deve loped for functioning ruminants 
(see Chapter 7), except for Cu. The recommended Cu concen
u·ations for starter calculated using calf and functioning rumi
nant equations differed markedly (sometimes by more than a 
factor of2). These animals are transitioning into functioning 
mminants, and no data are available on mineral absorption 
by this type of animal; therefore, the recommended Cu con
centrations in starter and g rower (see Table l 0- l 4) reflect Cu 
absorption measured in newly weaned lambs (Suule, 1975). 
The recommended d ietary concentrations of other minerals 

in the grower were calculated using the same method as used 
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for starter except the committee used calves that weighed 
between 80 and 125 kg to calculate Als. 

For iodine (I), the AI for nonruminating calves was set 
based on the Al established for human infants (0.8 mg I/kg 
DMI; see Chapter 7), and no AC is used. The AI for supple
mental selenium (Se) is set at 0.3 mg Se/kg DMI, which is 
the same as that used for o lder cattle and NRC (200 I). No 
AC is used. Based on a ll available data, Se supplementation at 
that rate should prevent white muscle disease. In most cases, 
whole milk will not provide adequate Se and will need to be 
supplemented. 

Compared to recommended concentrations in the previ
ous edition (NRC, 2001), recommended Ca concentrations 
are lower for MR but similar for starter and grower. Recom
mended concentrations of Pare about 15 percent lower for 
MR, starter and grower. Recommended K concentration in 
MR is about 70 percent higher but similar for starter and 
grower, and recommended Na concentrations are similar to 
the previous edition. Recommended concentrations of Cu 
are about half the previous value, and Fe is about 15 percent 
lower for MR but similar for starter and grower. Recom
mended concentration of Mn is higher for MR btLt similar to 
the previous edition for starter and grower. Zn concentrations 
are about 40 percent greater than those in the previous edition. 

In the computer model, when growing heifer is selected, 
the ACs change to those described in Chapter 7. Therefore, 
the growing calf submodel should be used until calves are 
greater than 125 kg ofBW. 

Vitamins 

Detailed information on the roles of vitamins is given in 
Chapters. No new information is available on the responses by 
calves to supplemental water-soluble vitamins; therefore, the 
previous recommendations were retained (see Table I 0-15). 
The B-vitamins (including vitamin B 12) and choline should 
be added to MR, but once calves are weaned and consum
ing dry feed , the basal diet and ruminal synthesis appear 
adequate to meet the needs for water-soluble vitamins by 
the growing calf. New data are also not available regarding 
vitamin K supplementation to calves. Based on limited data 
(Nestor and Conrad, 1990), supplemental vitamin K is not 
needed by young calves if not fed moldy sweet clover. 

Vitamin A 

Because of limited placental transfer, calves are born with 
very low stores of retinol and ~-carotene and are dependent 
on an adequate and timely intake of colostrum that contains 
adequate concentrations of retinal. A calf fed 3 L of first 
milking colostrum could ingest more than 30,000 lU of 
retinal (ea. 0.9 mg of retinol), which will elevate hepatic con
centrations of retinal into the acceptable range (ea. >20 mg/ 
kg of liver wet weight). However, vitamin A nutrition of the 
dam during the prepartum period and time after birth when 
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the calf is fed (Zanker et al., 2000; Puvogel et al., 2008) af
fect vitamin A status of the very young calf, which likely 
will afTect the calf's response to vitamin A supplementation 
during the first several weeks of life. Holste in calves that 
received adequate retinol via colostrum and were fed about 
5,400 IU of vitamin Nd maintained hepatic concentration 
of retinal at approximately 20 mg/kg wet weight during the 
first 4 weeks of life (Swanson et al., 2000). However, hepatic 
retinal decreased when calves were fed 3,800 IU of vitamin 
Nd (indicative of inadequate consumption). Liver concentra
tions increased over time to about 40 mg/kg wet weight when 
calves consumed 10,600 IU/d and to about 100 mg/kg wet 
weight when fed 26,600 IU/d (indicative of excess consump
tion). Based on this study, Holstein calves fed MR need to 
consumeabout5,400 IU/d of vitamin A. That is contingent on 
calves receiving adequate colostral retinol to e levate hepatic 
retinal to about 20 mg/kg wet weight. The Al of vitamin A 
for older cattle was set at 110 IU/kg BW; if that value was 
applied to y0tmg Holstein calves, the AI would be approxi
mately 6,600 IU/d. Because of the uncertainty associated 
with colostral retinal , the Al of vitamin A was set at 110 IU/ 
kg BW for young calves, which is approximately equivalent 
to 11,000 IU/kg of MR solids when fed at 0.6 kg/d. At high 
rates of MR intake, that concentration may lead to excessive 
intake of vitamin A. Higher rates of MR intake lead to greate r 
growth rates, but increasing growth rates (0 to 1.2 kg/d) in 
young calves did not afTect serum concentrations of retinal, 
although all calves were fed excess vitamin A (Nonnecke 
et al., 2010). Vitamin A intakes of approximately 17,000 
to 39,000 IU/d reduce plasma <X-tocopherol concentrations 
substantially in young ea! ves (Franklin et al., 1998; Ametaj 
et al., 2000). This suggests that at high rates of MR intake 
(e.g., >I kg of solid/d), the concentration of vitamin A in the 
MR should be less than 9,900 IU/kg of MR solids. No avai l
able data show any benefit of feeding more than the current 
recommended AI (i.e., ea. 7 ,OOO IU/d) of vitamin A, whereas 
data are available showing negative efTects of higher intakes 
of vitamin A on vitamin E status. 

Vitamin D 

Although vitamin D is receiving renewed research for 
adult cows, new data are still very limited for young calves. 
Vitamin D status (as measured by plasma concentrations of 
25-0H vitamin D) was depressed when young calves were 
infected with bovine diarrhea virus (Nonnecke et al., 2014). 
Young calves fed 5,000 IU/d of vitamin D

3 
tended to have 

fewer health issues than calves fed no supplemental vitamin 
D (Krueger et al., 2016). Calves fed no supplemental vitamin 
D had plasma 25-0H vitamin D concentrations <20 ng/mL 
by 14 days of age, and intake of supplemental vitamin D by 
calves is linearly related to plasma or serum concentrations 
of 25-0H vitamin D. To obtain a serum concentration of 
30 ng/mL, calves need to consume approximately 2, I 00 IU 
of vitamin D /d (Nelson et al., 2016). Concentrations of 
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serum 25-0H vitamin D <30 ng/mL are associated with 
increased health problems in humans (Norman, 2008). The 
optimal serum concentration or 25-0H vitamin D for dairy 
calves is not known. The committee set the AI or vitamin 0 3 
al 32 IU/kg BW (i.e., 2,100 IU/d for a 65-kg calf) based on 
maintaining serum 25-0H vitamin D at 30 ng/mL , which is 
close to the recommended AI for older cattle. At an intake of 
0.6 kg/d, MR would need to contain 3,500 IU or vitamin D/kg 
solids to meet the AT or vitamin D (see Table 10-15). This 
represents a substantial increase from NRC (2001 ). 

Vitamin E 

The recommended intake or vitamin E was increased to 
50 IU/kg or MR solids (approximately 30 IU/d) for young 
calves in 2001 (NRC, 2001). Although one study (Reddy 
et al., 1987) reported improved growth rates when calves 
were red 125 or 250 IU or vitamin E/d compared to those 
red no supplemental vitamin E, the NRC (2001) committee 
concluded that inadequate data were available to increase 
the recommendation rurther. The ADG in Reddy et al. 
(1987) was low (<150 g/d), and growth rate appears to ar
rect vitamin E status or young calves. Serum a -tocopherol 
concentrations were lower in calves gaining 1.2 kg/d com
pared to calves gaining 0.55 kg/d, even though vitamin E 
intakes (approximately 300 IU/d) were similar (Nonnecke 
et al., 2010). Supplemental vitamin E (500 IU/d) increased 
growth in calves red adequate energy and protein to grow at 
0.5 kg/d but did not arrect growth in calves red to grow at 
0.25 kg/d (Krueger et al., 2014). Conversely, Sehested et al. 
(2004) reported no difference in growth rate (approximately 
0.8 kg/d) between young Holstein calves red 0 or SOO IU or 
supplemental vitamin E. In nonruminants (and preruminant 
calves), the vitamin E requirement is a runction or intake 
or PUFA, and based on typical intakes or PUFA by young 
calves, vitamin E intake needs to be about 30 fU/d just to 

TABLE I 0-15 Recommended Adequate lnLakes for 
Fat-Soluble Vitaminsa 

IU/kgDM 

IU/kg BW Milk Replacer• Smrter' Grower• 

Vitamin A II 0 II.OOO 3.700 3.700 
Vitamin D 32 3200 1, 100 1,100 
Vitamin E 2.0 200 67 67 

"Water-soluble vitamins are needed in milk replacer. Recommended con
centrations (per kilogram of DM) are 6.5 mg of DM for thiamin. riboflavin, 
and pyridoxine; 13 mg pantothenicacid; 10 mg niacin;O. l mg biotin; 0.5 mg 
folic acid: 0.07 8 12; and I.OOO mg choline (NRC. 200 I) . Microbial synthe
sis of vitamin K within the intestines appears adequate. and supplemental 
vitamin K is usually not needed (Nestor and Conrad. 1990). 

• These values a~sume a 60-kg calf that is consuming 0.6 kg of milk 
replacer sol ids. Concentrations should be reduced if calve.~ are fed 
subsiantially greater amounts of mi lk rep lacer (e.g., ;,I kg/d of solids). 

' These va lues assume an 80-kg calf consuming 2.4 kg of starter DM. 
•These values assume a 110-kg calf consuming 3.3 kg of grower DM. 
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prevent oxidative stress caused by PUFA. Inrections can 
significantly deplete plasma stores or vitamin E (Nonnecke 
et al., 2014), and many studies have shown enhanced immune 
runction when vitamin E is supplemented at rates greater 
than 30 fU/d to young calves (Reddy et al., 1986; Eicher
Pruiett et al. , 1992; Eicher et al., 1994; Samanta et al., 2006; 
Pekmezci and Cakiroglu, 2009). These data in total strongly 
suggest that intake or vitamin E should be greater than 
30 IU/d. In lieu or perrect data and based on the definition 
or AI, the committee chose the lowest supplementation rate 
that has been shown to be beneficial (i.e., 125 IU/d or about 
2 IU/kg BW; see Table 10-15) as the AI for vitamin E. The 
commiuee acknowledges that this may not be adequate for 
rapidly growing calves. 

PRACTICAL FEEDING CONSIDERATIONS 

Rates of Milk or Milk Rep lacer Feeding 

The optimal amount of milk or MR to provide remains 
controversial. The primary point or contention is that reed
ing larger amounts or liquid delays increases in starter 
intake, which, in turn, stimulate development or ruminal 
rermentation and the absorptive epithelium. A large body or 
research evidence since NRC (2001) highlights the greater 
early growth obtained by reeding milk at higher rates ( 12 
to 20 percent or BW) than the "traditional" 8 to 10 percent 
of BW (Drackley, 2008; Khan et al., 201 la). Like other 
mammalian neonates, calves given free access to milk will 
drink large amounts in prererence to dry reed. Calves with 
ad libitum access lo milk will consume about 20 percent 
of their BW daily, which for 50- to 60-kg Holstein calves 
would be 10 lo 12 Lor whole milk daily (Jasper and Weary, 
2002; Khan et al., 2007; Sweeney et al., 2010). Assuming 
12.5 percent solids, this amount equates to 1.3 to 1.6 kg/d or 
milk solids or about 2.5 percent or BW. Likewise, Holstein 
calves with ad libitum access to MR will consume 1.2 to 
1.4 kg or DM dai ly (Scharr et al., 2016; Frieten et al., 2017; 
Korst et al., 2017; Curtis et al., 2018). Because calves re
spond to greater amounts or milk or MR with greater growth 
(Khouri and Pickering, 1968; Hodgson, 1971; Huber et al., 
1984; Yunta et a l. , 2015; Rosenberger et al., 2017), defining 
a requirement for a level or reeding is not possible except 
10 establish the relationship between rates or growth and the 
amounls or nutrienls needed to rue! that growth. Recommen
dations about how much milk or MR calves should be red 
must be made with the understanding that calves willingly 
drink much more milk or MR than the limited amounts or
rered in standard practice ror decades. 

It is useful to establish a standardized rramework for 
reeding rates for the discussion that follows. Consumption 
or <400 g of milk or MR solids daily for large-breed calves 
(300 g/d for small-breed calves) will be rererred to as "severely 
restricted" because this amount may not cover maintenance 
requirements, especially if an immune challenge is present or 
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in adverse environmental conditions. Feeding rates of 400 to 
600 g/d for large-breed calves (300 to 450 g/d for small breeds) 
will be referred to as "low" rates of milk or MR feeding. Rates 
between 600 and 900 g/d ( 451 to 700 g/d for small breeds) are 
referred to as "moderate" feeding rates, and anything >900 g/d 
(700 g/d) and less than ad libitum is referred to as "high" rates 
of feeding. The median (50th percentile) milk or MR intake for 
preweaned Holstein heifers in the United States was 5.5 Ud 
(Urie et al., 2018), which at 12.5 percent solids and density of 
1.03 g/mL would equate to about 708 g/d of milk solids, or a 
"moderate" rate of feeding. Put another way, about 50 percent 
of dairy producers fed Holstein calves only 4 to 5 L of milk or 
MR daily (515 to 644 g/d of milk solids; USDA, 2016). 

The rationale for severely restricted or low rates of feeding 
for neonatal calves includes seeking to stimulate early intake 
of starter, which is less expensive per unit of feed (although 
not necessarily less expensive per unit of BW gain); to en
courage early weaning; and to decrease the incidence of di
gestive disorders such as dianhea (Khan et al., 2011 a). During 
the first 2 weeks of life, the limited amount of mi]k provides 
calves with only enough nutrients in excess of maintenance to 
grow 0.2 to 0.3 kg/d under thermoneutral and non-immune
challenged conditions. With low rates of milk intake, calves 
will rapidly increase their intake of starter beginning at around 
2 weeks of age (Williams and Frost, 1992). Greater intakes of 
the fermentable carbohydrates in starter stimulate microbial 
growth and ruminal fermentation, resulting a sharp increase 
in growth rate (Kertz et al., 1979). 

Development of early starter intake is inversely propor
tional to the amount of liquid feed offered (Hodgson, 1971; 
Jasper and Weary, 2002; Stamey et al., 2012), which should 
not be surprising since calves have a maximum total DMJ or 
energy intake like other animals. Rumen development takes 
about 3 weeks of intake of a typical starter (Williams and 
Frost, 1992), although recent studies have shown that it is the 
cumulative consumption of nonfiber carbohydrates (starch 
and sugars) rather than just total starter intake that is more 
highly related to rumen development (Quigley et al., 20 l 9a). 
When weaning occurs before the calf has consumed suffi
cient fermentable carbohydrates, the rumen may not be able 
to efficiently convert feeds to metabolizable nutrients, and 
growth rates suffer. Nutrient digestibility, particularly NDF, 
was decreased after weaning for calves fed larger amounts 
of MR before weaning (Terre et al., 2007; Hill et al., 2010), 
which likely was due to inadequate development of the rumen 
function. No studies have reported effects of different milk 
feeding levels on digestibility, where the time of measurement 
relative to achieving a certain sta11er intake was controlled; 
thus, at the same age, calves fed less milk will by default have 
consumed more starter and have more well-developed rumen 
function than calves fed larger volumes of liquid feed. 

Under good management, limited liquid feeding programs 
have been successful. However, when calves are challenged 
by infectious or environmental stressors, severely restricted 
or low nutrient intakes may limit elTective immune responses 
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or not allow sufficient heat production for thermoregulation 
(Godden et al. , 2005; Olivellet al., 2012; Ballou et al., 2015). 
Considerable evidence indicates that feeding rates that do 
not achieve maintenance are inadequate to support optimal 
health and function of the immune system, especially under 
adverse environmental conditions (Williams et al., 1981; 
Griebel et al., 1987; Pollock et al., 1993, 1994; Godden et al., 
2005; Olliveu et al., 2012; Ballou et al., 2013, 2015). The 
advantages to calf health of greater amounts of liquid feed 
likely relate to providing more nutrients to support an im
mune response (Nonnecke et al., 2003; Foote et al., 2005a,b, 
2007; Ballou, 2012; Obeidat et al., 2013). Some aspects of 
the immune system in isolated immune cells appear to be 
downregulated by high rates of milk feeding (Nonnecke 
et a l. , 2003; Foote et al., 2005a,b, 2007), although the sig
nificance of these changes in vivo has not been delineated. 

Greater preweaning growth rates from feeding more milk 
or increased starter intake are associated with greater milk 
yields in first lactation (see studies summarized in Bach et al., 
2012; Soberon et al., 2012; Gelsinger et al., 2016). Heifers 
that grow more rapidly in early life are not heavier at first 
parturition but may calve earlier (Van Amburgh et al., 2019). 
The mechanism(s) responsible for such an effect of early 
growth remain unclear, although several lines of evidence have 
emerged from studies where early growth was stimulated by 
greater amounts of MR. Greater rates of MR feeding increased 
mammary parenchymal mass and parenchymal DNA and 
RNA without fat deposition (Brown et al., 2005a). Greater MR 
intake was associated with greater mass and increased prolif
eration of mammary epithelial cells in heifers killed at 100 kg 
BW (Meyer et al., 2006a,b). An enhanced plane of nutrition 
(I. I kg versus 0.44 kg of MR) resulted in greater mammary 
parenchymal tissue growth in response to estrogen stimulation 
(Geiger et al., 2016), although starter intake was restricted in 
the low-feeding group. Finally, changes in the mammary gland 
transcriptome when calves are fed different rates of MR were 
consistent with greater mammary development in heifers fed 
greater amounts of MR (Piantoni et a l. , 2008, 2010, 2012; 
Vailati-Riboni et al., 2018). Studies on the mechanisms of the 
effect of greater early ADG achieved by greater starter intake 
are not available but could be reasoned to occur by similar 
mechanisms. More research is needed in this area. 

Since publication ofNRC (2001 ) guidelines, a large body 
of behavioral studies has been published. These studies es
tablished that calves fed low amounts of milk demonstrate 
behavioral signs of hunger, including increased vocalization 
and decreased resting time compared with calves fed at least 
8 Lid (Thomas et al., 2001; de Paula Vieira et al., 2008). In 
a titration study in which calves were fed 6, 8, I 0, or I 2 lld 
of whole milk, calves actually consumed 5.7, 7.2, 8.3, and 
9.4 kg/d (Rosenberger et al., 2017). Calves made I I. I, 3.6, 
1.7, and 0.4 unrewarded visits to the automated feeder, in
dicating that calves offered less than 8 Lid displayed clear 
signs of hunger. The amount of solids consumed by calves 
consuming 7.2 kg/d was 890 g/d. 
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Hill and colleagues (H ill et al., 2006b, 2007d,e, 2009b,c) 
established that feeding Holstein calves 0.68 kg/d of MR 
solids containing 26 percent CP and 17 percent fat increases 
ADG relative to lower feeding rates but does not si gnificantly 
decrease starter intake. A limitation of this body of work is 
that the calves were males transported to the research faci lity 
within I to 2 days of birth, and replication by other research 
groups has been limited. Based on the preponderance of 
evidence. the committee recommends that the minimum 
amount of milk or MR sol ids to be fed under them1oneutral 

conditions should be 1.5 percent o f birth BW. similar 10 lhe 
body of work by Hill and colleagues. The welfare argument 
for feeding calves more than this (8 Ud or ea. I ,OOO g/d of 
milk solids) to avoid hunger is compelling. The committee 
encourages adoption of programs that provide greater rates 
of liquid feeding than this minimum of 1.5 percent of BW as 
milk solids, based on consideratio ns for calf well-being and 
enhanced nutrient supply for early growth. 

L imited ev idence suggests that increased feeding rates 
can start almost immediately after birth. Knauer et al. (201 7) 
compared a gradual increase o f milk offered ( from 5-6 Ud to 
6- 8 U d over a 7- to 14-day period) with a fixed amount of 6 
to 8 Lid from day I of life. Offer ing a fixed milk allowance 
from day I improved calf growth during the fi rst 3 weeks 
compared with the gradual increase in milk allowance with 
no detrimental effect on calf health. ' 

Typical MR contains I 0 to 20 percent less energy than 
comparable volumes of whole milk because of lower fat 
content (i.e., 15 to 20 percent i n MRs compared with 25 to 
30 percent in milk). A 45-kg calf fed 0.51 kg o f MR solids 
(9 percent ofBW at 12.5 percent solids) that contains ME 
at 4.7 M eal/kg of DM would consume enough energy for 
maintenance and a body weight gain of 0.19 kg/d under 
thermoneutral condi tions. According to the model presented 
in this edition, feeding the same volume of whole milk would 
support a gain of 0.29 kg/d. If the same calf is housed at 
- 5°C, 0.5 1 g/d of M R pow der is insufficient even for main
tenance and weight loss would ensue. 
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Starter 

Concentrates are more effective than forages in stimulat 
ing development of the rumen (Hibbs et al., 1956; Warner 
et al., 1956). The VFAs produced fro m carbohydrate fer
mentation are at least partly responsible for development 
of ruminal papillae and the corresponding epithel ium, with 
limited studies suggesting that butyrate is the most effec
tive, followed by propi onate, and acetate least effective 

(Flatt et al., 1958; Sander et al., 1959; Tamate et al., 1962). 
The actual cellular mechanisms responsible for stimu lation 
of rumen epithelial development by fermentable substrates 
remain unresol ved (Baldwin and Connor, 201 7). Small 

arnou nts of chopped or ground forage can help prevent acido
sis and parakeratosis i f the concentrate particles are too small 
(Brownlee, 1956). Forage also stimu lates muscle growth and 
rumen volume (Flatt et al., 1958). Calves raised in pasture 
systems likel y rely on sugars and fructosans in fresh grass 
as the initial fermentative substrates. 

Ca Ives raised as herd replacements sho uld be encouraged 
to eat starter from the fi rst week of life. Starter should be kept 
clean and fresh and physically separated from water to avoid 
cross-contamination. B ecause starter provides the ferment
ablesubstrate for the developing ruminal micro biota, the most 
important factors are palatability and content of fermentable 
carbohydrates. Starter formulations have ranged between 
<20 percent and >40 percent starch. suppl ied mainly from 
cereal grains. Corn generally has promoted the greatest intake 
and resulted in the greatest ADG, with oats, barley, wheat, 
rice, and sorghum grains also used (Khan et al., 20 16). Oats 
were an acceptable substitute for corn, but molasses and soy 
hulls resulted in decreased ADG (Hill et al., 2008d). Com
pared with oats or barley, corn and wheat resulted in greater 
DMI, higher rumen pH, increased papillae length, and heavier 
rumens (Khan et al., 2008). Under most situations, starter 
formulations w ill contain between 22 percent and 38 percent 
starch (see Table I 0-16). Studies have examined the effective
ness of grain-processing methods, including steam-naking, 

TABL E 10-16 Example Nutrient Speci fications for Typical Starter Vary ing in Crude Protein (CP) and Starch Content 

16%CP. 18% CP. t8%CP. 18%CP. 22%CP. 22%CP. Variable; Unit~ Low Siarch Low Starch High Siarch High Srarch Moderate Srnrch High S1arch 
DM %As fed 87.7 87.5 88.7 86.3 87.8 89.0 Siarch %DM 15.1 20.7 36.9 39.0 25.5 32.9 CP %DM t8.8 20.0 t8.7 20.2 24.7 25.0 ADF %DM 10.t 14.2 7.9 7.6 9.4 7.0 NDF % DM 24.8 29.5 18.9 15.9 NDF™8 %NDF 

t6.3 13.7 
49.t 60.0 53. 1 55.4 

Lignin 65.3 59.6 
%DM 2.91 2. t9 2.09 1.83 1.61 1.61 Ash %DM 8.0 9.1 8.3 7.9 7.0 8.8 Siarch % DM 15.I 20.7 36.9 39.0 25.5 32.9 Wa1er-solublc carbohydrates %DM 4.2 3.5 8.2 7.2 12.0 9.2 Crude fat %DM 6.9 5. 1 3.9 3.6 3.3 3.2 DE. ba.~e Meal/kg 2.67 3.21 3.22 3. t9 3.62 3.38 ME Meal/kg 2.48 2.99 2.99 2.97 3.37 3.14 
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grinding, cracking, and rolling, but with variable elTects on 
calf performance (Abdelgadir et al., 1996b; Lesmeister and 
Henrichs, 2004). 

The concept of palatability can be extended to address "ap
petence" or the actual preference to consume a given ingredi
ent or mixed feed. While molasses is generally considered to 
be a palatable feed ingredient that may promote intake, ex
cessive molasses ( 12 percent of DM) decreased starter intake 
compared with a formula containing 5 percent molasses (Les
meister and Heinrichs, 2005). Miller-Cushon et al. (20l4a,b) 
conducted extensive pairwise preference tests of energy and 
high-protein ingredients. They found that wheat meal was 
the highest-ranked feed type for preference to be consumed, 
followed by sorghum meal. Barley meal and corn meal were 
equally ranked, falling below wheat meal and sorghum meal 
but above all other feed types. Corn gluten feed and rice meal 
were ranked lowest. According to this method of comparison, 
soybean meal was the highest-ranked high-prote in ingredient, 
followed by dried distillers grains. Com gluten meal was the 
lowest ranked, followed by rapeseed meal. The preference for 
ingredient mixtures followed the rankings of individual ingre
dients (Miller-Cushon et al., 2014a,b). Montoro et al. (2012) 
determined that calves consumed similar total DM but dilTer
ent ratios of ingredients when they were offered separately 
compared with when they were provided as a mixed starter 
feed. Providing chopped grass hay promoted greater feed 
intake and digestibilities compared with providing the same 
amount of the hay in ground form (Montoro and Bach, 2012). 

Digestion ofNDF is negligible in very young calves. Dur
ing the first week of life, before initiation of starter intake, 
ruminal pH ranges between 6.0 and 6.3 but then rapidly falls 
as starter intake increases (Anderson et al., J 987a). Although 
high-starch starter formulas (>32 percent) provide the most 
digestible energy, the resulting rumen pH is often very low 
(<5.5 ; Anderson et al., I 987a; Williams and Frost, 1992), in 
ranges that would be considered detrimental for mattll"e rumi
nants. The low rumen pH results from the rapid fermentation 
of starch, the s lower VFA absorption rates by the immature 
epithelium, and the low rate of saliva production in prerumi
nants (Williams and Frost, 1992). Starter fonnulas with less 
starch or more slowly fermented starch and more digestible 
fiber can help to prevent the drastic drop in ruminal pH and 
help maintain pH greater than 6.0, allowing fibrolytic bacteria 
to become established and functional and help maintain ru
men health. Good sources of readily fermentable fi ber include 
beet pulp, brewers grains, soy hulls, and citrus p ulp (Suarez 
et al., 2006; Po11er et a l. , 2007; Hill et a l., 2016a; Oltramari 
et al., 2018). Small amounts (<15 percent) of forage fiber, 
such as a lfalfa meal, ground grass, or chopped grass hays, can 
be included to help buffer the rumen and to provide abrasive 
elTects to help keep the keratin layer of epithelium thin so that 
absorption is maximized (Greenwood et al., 1997). 

Starter DE and ME are calculated as described earlier 
using NDFD48, which as a concept has not been applied 
previously to calves. The NDFD48 values may not be accu-
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rate for calves, but they serve to provide a relative measure 
of the fermentation characteristics of various NDF sources. 
The committee chose a convenience sample of 17 studies that 
measured NDF digestibility in calves (Spanski et al., 1997; 
Khuntia and Chaudary, 2002; Terre et al., 2006; Porter et al., 
2007; Castells et a l., 20 l2, 2015; Ghassemi Nejad et al., 
2012; Montoro et al. , 2013; Chapman et al., 2016, 2017; Hill 
et a l. , 2016a,b; Ghasemi et a l. , 2017; Dennis et al., 2018; 
Mojahedi et al., 2018; Quigley e t al., 2018; Hu et al., 2019). 
Digestibility was determined when calves were consuming 
both milk or MR and starter before weaning (n=23 treatment 
means), immediately after weaning (n = 39 treatment means), 
or in calves at least 3 weeks post weaning (n = 26 treatment 
means). Digestibility of NDF averaged 32.0 percent (range, 
4.8 to 69.3 percent; CV = 81.2 percent) in preweaned calves, 
42.6 percent (range, 4.6 to 71.2 percent; CV= 34.2 percent) 
in recently weaned calves, and 57 .6 percent (range, 42.3 to 
70.7 percent; CV= 15.4 percent) in weaned calves. Thus, 
NDF digestibility increased with age and time after weaning, 
but the variability of results demonstrates that many factors 
must affect digestibility in addition to the nature of the NDF 
source. These may include starte r intake, milk or MR intake, 
environment, and individual animal variability. Quigley et al. 
(2018) demonstrated that cumulative intake of NDF was 
a major predictor of NDF digestibility, w ith digestibility 
increasing sharply until approximately 2 kg of cumulative 
NDF intake and then beginning to plateau with additional 
intake. As described earlier, users can select to discount the 
ME value of starter for cases where NDF digestibility is ex
pected to be depressed, such as when calves have been fed 
high amounts of milk or MR. 

While a common recommendation is that NDF content of 
the starter should be > 13 percent of DM, physical form of the 
starter and its relationships with bedding material and forage 
provision are also important (Khan et al., 2016). Terre et al. 
(2013) reported that calves bedded on sawdust and fed a pel
leted starter with 18 percent NDF had greater ADG than a 
pelleted starter with 27 percent NDF, regardless of whether 
calves were offered chopped forage. The physical character
istics of the starter mix are important to prevent anatomic or 
physiological abnormalities in the developing rumen. A mini
mum particle size is necessary to prevent parakeratosis of the 
rumen epithelium and impaction of fine particles among pa
pillae (McGavin and Morrill, 1976; Greenwood et al., 1997). 
Studies suggest (Warner, 1991; Hill et al., 2008c; Porter et al., 
2007) that at least 80 percent of the particles in a complete 
starter should be greater than I, 190 µm, and the starter should 
have a weighted mean particle size of approximately 2,000 
µm or greater to prevent parakeratosis and bloat. The guide
lines hold true regardless of the physical presentation of the 
starter (ground, mash, pellet, multiparticle, or texturized) 
since pellets would dissociate once hydrated in the rumen, 
depending on pellet hardness. Particle size determined by 
wet sieving techniques probably represents the true particle 
size availability in the rumen after consumption by the calf. 
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The optimal physical form is widely debated in the 
field, but research studies show few repeatable effects when 
confounding factors are controlled (Bateman et al., 2009). 
Porter et al. (2007) reported greater ADG, starter intake, 
and earlier rumination in calves fed a coarse mash (meal) 
starter compared with the same ingredients in pelleted form 
after being ground to fine particle size. Franklin et al. (2003) 
reported less starter intake and decreased ADG in calves fed 
a pelleted starter compared with those fed a textured starter, 
with calves fed the textured starter having greater intakes 
and ADG than either pelleted or meal forms; unfortunately, 
the ingredient composition was not identical among starter 
physical forms. Other studies also reported lower intakes and 
ADG when starters were fed as finely ground meals rather 
than as pelleted meals or coarse particles as a mash or textured 
(Lassiter et al., 1955; Gardner, 1967; Kertz et al. , 1979), but 
experimental details were limited. Beharka et al. (1998) fed 
a diet of 25 percent alfalfa and 75 percent concentrate, either 
as coarse particles or finely ground. Ruminal pH was greater 
and papillae in the dorsal area of the rumen were longer for 
calves fed the coarse diet Coverdale et al. (2004) restricted 
starter intake and reported that ADG was greater for calves 
fed a textured starter compared with a finely ground starter, 
but no difference was detected when calves had ad libitum 
access 10 the starters. Bach el al. (2007) fed diets of the same 
composition either as a pellet or a coarse mash and starter 
intake was lower for the pelleted diet, although this resulted 
in increased gain lo feed ratio. Kertz (2007) questioned this 
study because no mention of the impact of bedding consump
tion was provided for calves fed the pelleted diet, which could 
confound the conclusions about effects of physical form and 
particle size. In a follow-up study, growth and intake were 
not different between pelleted and textured starters of the 
same ingredient composition when fed with forage to ensure 
a favorable rumen environment in calves bedded on sawdust 
(Terre et al., 2015). Hill e t al. (2012) concluded that high
starch, low-fiber textured starters provided the greatest DMI 
and ADG for weaned calves between 2 and 4 months of age. 

This body of research has tended to encourage the con
clusion that calves should not be fed finely ground starters 
or pelleted starters without some forage when calves are not 
bedded with straw. However, Castells et al. (2015) reported 
high intakes of ground starter when provided with free access 
lo chopped hay in calves bedded on wood shavings. Pazoki 
et al. (2017) found that calves bedded on sand and fed a fine 
meal with the addition of I 0 percent chopped alfalfa outper
formed calves fed the same starter as a pellet or as a textured 
mixture but without forage. Bateman el al. (2009) found that 
calves fed a pelleted starter with half of the DM provided as 
a fine meal had decreased intakes and ADG compared with 
calves fed only the pelleted form. Thus, the inconsistency of 
the physical form (e.g., pellets with abundant fines or coarse 
and fine particles together) may be what inhibits intake and 
performance, as long as sufficient particle size is provided 
by forage or bedding. 
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A variety of protein sources are used in starters, including 
soybean meal, canola meal, couonseed meal, sunflower seed 
meal, linseed meal, corn gluten meal, and distillers dried 
grains (Khan et al., 2016). Soybean meal is the most widely 
used among any of the common proteins (Drackley, 2008). 
Attempts to increase MP by supplementing protein sources 
high in RUP generally have been ineffective in increasing 
ADG of calves (Drackley, 2008). In contrast, increasing soy
bean meal increased both MP supply and calf growth around 
weaning (Stamey et al., 2012). 

The required protein content of the starter often has been 
taken out of context from the calf's growth rate and the 
amount of milk being fed before weaning. A CP content of 
18 percent (DM basis) may be adequate for systems where 
0.45 to 0.55 kg/cl of milk or MR DM is fed (Akayezu et al., 
1994; NRC, 2001), but when feeding 0.9 kg/d or more of 
milk or MR DM, starter CP content of 22 lo 25 percent of 
DM may result in increased growth (Stamey el al., 2012; 
Stamey Lanier et al., 2021). Starter CP content should be 
consistent with requirements calculated elsewhere in this 
chapter. For example, small-breed calves growing rapidly 
may need to be fed a starter containing >22 percent CP 
depending on the protein content and amount of the MR 
fed (see Table 10-8). 

Supplemental fat has been added to starter in an attempt 
to increase energy density and improve calf growth. Supple
menting specific functional FAs was discussed in an earlier 
section. Fat addition lo starter has generally shown few or 
inconsistent effects, either before or after weaning (Khan 
et al., 2016;). Johnson et al. (1956) fed up to 10 percent tallow 
in calf starter and reported that DMI and ADG were not af
fected. Miller (1962) compared starters with I 0 percent added 
fat from tallow, lard, buller, and hydrogenated couonseed oil. 
Intake of starter and ADG did not differ among treatments. In 
contrast, Millerel al. (1959) showed that feeding 10 percent 
brown grease or hydrogenated couonseed oil significantly 
decreased starter intake. Araujo et al. (2014) fed full-fat soy
beans to supply 11 percent fat in the starter DM and observed 
no effects on DMI, in contrast to an earlier study (Kuehn 
et al., 1994) that reported negative effects of starter contain
ing 7 percent added fat from soybeans. Hill et al. (2015) 
determined that supplementation of starters with 2 percent 
tallow or soybean oil decreased ADG. Berends et al. (2015) 
fed an extruded pellet that contained hydrogenated palm FAs 
and increased starter fat content to 7 percent. They reported 
increased starter intake and ADG with the higher-fat starter. 
Ghasemi etal. (2017) supplemented 3 percent fat from tallow, 
soybean oil, palm fat, or a mixture of palm, soybean oil, and 
fish oil. Inclusion of soybean oil increased calf performance, 
but palm fat and tallow did not. Doolatabad et al. (2020) fed 
a starter containing 7.5 percent fat from full-fat soybeans and 
prilled palm fat and noted no improvements in calf growth. 
Ghorbani et al. (2020) provided 2 percent fat from soybean 
oil or extruded or heated soybeans. Growth rate of calves 
was not affected. Overall, the variability in responses among 
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studies indicates that more research is needed on factors af
fecting responses to fat. 

In summary, starter composition and physical form are 
areas that still need more careful research attention, particu
larly for calves at higher milk feeding rates. Researchers must 
control and report factors such as whether the c alves were 
housed on straw or other organic bedding, the particle size 
disu·ibution of the starter or of the ingredients before pellet
ing, whether calves received any forage, and the particle size 
distribution of that forage. 

Forage Provision 

For many years, feeding forage prior to weaning was not 
recommended, and only very limited amounts were recom
mended after weaning. This recommendation was based on 
studies showing that ad libitum forage availability decreased 
concentrate consumption, which was key to rumen develop
ment (Tamale et al., 1962). ln calves fed a limited amount 
of concentrate, greater forage intakes decreased EBW gain 
(Stobo et al., 1966). Forage is not well used by the young calf 
because of the limited rumen functionality to allow for forage 
fermentation (Anderson et al., 1987a; Khan et al., 20 II b). 
However, recent research has challenged these assertions and 
indicates that the blanket recommendation to not feed forage 
is too simplistic. 

When assessing the value of forage, several confounding 
factors must be considered, including particle size and physi
cal form of the starter, type and amount of forage, whether the 
forage is offered separately or as a part of a TMR, and whether 
the calf is bedded on straw or other organic beddling (Kertz, 
2007). A meta-analysis (lmani et al., 2017) that did not con
sider bedding type found that improvement in overall starter 
intake was greater for calves offered alfalfa hay compared 
with those ofTered other types of forages (ryegrass hay, oat 
hay, barley straw, triticale silage, or corn silage). This analysis 
also found thatADG was greater for calves fed >10 percent of 
DM as forage compared with those fed '.5:10 percent ofDM as 
forage. However, the authors stated that the advantages in BW 
gain at the higher amount of forage provision could be due to 
increased gut fi ll. Increases of ADG were less for calves fed 
forages with textured starter compared with those fed forage 
with ground starters (Imani et al., 2017). 

Calves bedded on straw and fed a textured starter with an 
adequate particle size had decreased starter intake and ADG 
when fed grass hay or cottonseed hulls (Hill et al., 2008b). 
In calves bedded on sawdust and fed large amounts of milk 
(8 kg/d) and a textured starter of undescribed particle size, 
providing ad libitum access to grass hay increased rumen 
pH and empty rumen weight without significant effects on 
EBW or stature measurements (Khan et al., 201 Lb). In con
trast, for calves bedded on sawdust and fed a pelleted starter, 
ad libitum access to different forages (except alfalfa hay) 
increased starter intake and ADG (Castells et a l. , 2012). In 
that study, alfalfa hay was consumed in the largest amount 
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(14 percent of total DMI) and reduced starter intake. Oat hay 
was consumed at 8 percent of total DMI but stimulated starter 
intake. The other forages, including barley s traw, ryegrass 
straw, triticale silage, and corn silage, were consumed only 
in limited amounts (4 to 5 percent ofDM) but also stimulated 
starter intake. For calves bedded on sawdust and fed pelleted 
starters with either 18 or 27 percent NDF, providing access 
to chopped oat hay did not affect intake or ADG before 
weaning but increased both post weaning (Terre et al., 2013). 
Terre et al. (20 !Sa) demonstrated the interactions between 
starter physical form and access to chopped oat hay in calves 
bedded on sawdust. 

One reason for not recommending feeding forage was that 
the low digestibility would increase gut fill, which would be 
measured as ADG (Stobo et al., 1966). Calves consuming 
large volumes of milk and offered long grass hay for ad libi
tum intake showed an increase in gut contents (Khan et al., 
2011 b).In contrast, calves with ad libitum access to chopped 
oat hay consumed 4 percent of their total DMJ as forage and 
did not have any change in gut contents, compared with calves 
in the same study that had ad libitum access to alfalfa hay and 
consumed 14 percent of their total DMI as forage (Castells 
et al., 2013). In calves in whom chopped alfalfa hay was 
provided in the starter mix, no difference in gut contents was 
observed (Pazoki et al., 2017). Overall , increases in gut fill 
are more likely when feeding large amounts of forage (about 
>15 percent of total intake) or when alfalfa is fed rather than 
grasses. 

In summary, current evidence indicates that calves fed tex
tured starters of adequate particle size and bedded on chopped 
straw likely will obtain little benefit from forage provision, and 
ADG may be decreased. However, calves fed pelleted starters 
and not bedded with straw (or bedded with long straw) should 
be fed some chopped forage to maintain rumen environment 
and promote starter intake. Alfalfa hay should be limited to 
no more than 10 percent of total DMI. Other chopped forages 
should either be provided in small amounts for ad libitum 
intake or included in the starter or TMR at no more than 
5 percent of total DM. 

Weaning Management 

Recommended weaning time is often based on a set amount 
of starter consumption on a consistent basis (e.g., large-breed 
calves can be weaned when consuming at least 0.9 kg of 
DM from a good-quality starter daily for 3 consecutive days) 
(Drackley, 2008). These recommendations assume that intake 
of starter will increase rapidly once milk feeding is reduced or 
eliminated (Stamey et al., 2012) so that slumps in growth rate 
are minimal and short-lived. However, the nutritional adapta
tion that must take place for the calf to wean successfully with 
minimal challenge to health and well-being is substantial. 
Table 10- 17 shows EBW gains predicted by the equations in 
this chapter for calves before and after weaning for different 
amounts of starter intake. The drastic differences between 
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TABLE I 0-17 Predicted Empty Body Weight (EBW) Gains for Calves (Small-Breed and Large-Breed Calves 
Are Similar) of Equal EBW Before and After Weaning" 

Prewea ned Ca If Weaned Calf 

Milk Replacer Stare er EBW S1ar1er EBW 
BW.kg EBW. kg DMI. kg/d DMt.• kg/d Gain. kg/d BW. kg EBW. kg DMJ.• kg/d Gain. kg/d 

60 55.8 0.25 0.75' 0.20 65.6 55.8 0.75 -0.16 
60 55.8 0.25 1.25' 0.52 65.6 55.8 1.25 0.14 

60 55.8 0.25 1.75" 0.83 65.6 55.8 1.75 0.45 
60 55.8 0.25 2.25' 1.14 65.6 55.8 2.25 0.76 
80 74.4 0.25 1.0 0.24 87 74.4 1.0 -0.15 

80 74.4 0.25 1.5 0.54 87 74.4 1.5 0.14 
80 74.4 0.25 2.0 0.84 87 74.4 2.0 0.51 
80 74.4 0.25 2.5 1.13 87 74.4 2.5 0.724 

• No1e 1ha1 because of gui fill, EBW makes up a smaller proportion of BW af1er weaning tlian before weaning. 
•s1ar1er ME assumed to be 3. I Meal/kg. 

preweaned and weaned calves arise from the difTerences in 
calculation of maintenance. These dilTerences would likely 
be less in practice because the adjustments in gut size will 
be gradual. Nevertheless, the calculations make clear that 
for a period of a few days, weaned calves will struggle to 
gain BW at anywhere near the rate before weaning. Conse
quently, health and well-being will be put at risk (Williams 
et al., 1981;Griebeletal., 1987;Pollocketal., 1993, 1994). 
Based on these reasons, the committee recommends that 
small-breed calves be consuming at least l.25 kg/d (assumed 
90 percent DM) of starter and large-breed calves a t least 
I .5 kg/d before complete weaning. These higher thresholds 
of starter intake for weaning should help ease the weaning 
transition for calves fed larger amounts of milk and growing 
faster before weaning. 

With restricted milk or MR feeding under good manage
ment, successful weaning has been reported as early as 4 
weeks of age (Hodgson, 1965; Kertz et al., 1979, 1984). Early 
weaning (24 days) suppressed some aspects of the innate im
mune system relative to weaning at 45 days (Hulbert et al., 
20 I I). More aggressive milk-feeding programs will delay de
velopment of starter intake and weaning age (Hodgson, 1971; 
Huber et al., 1984), and weaning at an older age will help ease 
the transition (Hodgson, 1965; de Pasille et al., 201 1; Eckert 
et al., 2015; de Pasille and Rushen, 2016). Gradual weaning 
over a period of 4 to 10 days is recommended rather than 
abrupt weaning (Sweeney et al., 2010). 

Feeding Frequency 

Williams et al. (1986) compared feeding frequencies of 
one, two, fom, or six times daily for calves fed either 0.55 
or 0.86 kg of DM daily of MR containing skim milk. Heat 
production, energy retention, respiratory quotient, and ADG 
were similar among feeding frequencies. Research con
ducted during the 1960s and 1970s (Appleman and Owen, 
I 975; Otterby and Linn, I 981) demonstrated that once-daily 
feeding resulted in mainly similar performance relative 

to twice or more daily feedings. More recent studies have 
confirmed those findings (Kehoe et al., 2007). A concern 
with once-daily feeding is that observation of calves may 
be less frequent and early signs of disease might be missed 
if management is not optimal (Davis and Drackley, I 998). 

For calves fed larger amounts of liquid feed, increasing 
feeding frequency may improve efficiency of nutrient use. 
Strzetelski et al. (200 I) tested feeding frequencies of one, 
two, and three times daily at either limited feed ing or feed
ing to appetite of an MR containing dried skim milk, whey, 
buttermilk, and processed soy proteins. Calves fed limited 
MR two and three times daily and calves fed to appetite 
three times daily had greater weight gains and lower starter 
consumption than calves fed once daily. M ore frequent 
feedings may prevent abomasal ulcers (Ahmed et al., 2002). 
Efficiency of both protein and energy use was improved by 
increasing feeding frequency of an MR containing only whey 
proteins from two to four times daily, particularly when fed at 
2.5 times maintenance compared with 1.5 times maintenance 
(van den Borne et al., 2006). In contrast, Kmicikewycz et al. 
(20 I 3) found no benefit to increasing to four feedings daily 
compared with two feedings daily. 

In summary, in calves fed low or moderate amounL5 of 
liquid feed, feeding more than twice daily had no repeatable 
elTect on ADG or health. At higher feeding rates (~2.5 times 
maintenance), increasing the number of feedings daily may 
improve efficiency of nutrient use, especially for calves 
fed nonclotting MR. More frequent feedings also may help 
abomasal health. Calves may benefit from an extra feeding 
(i.e., greater total daily intake) when housed outside during 
cold weather (Schingoethe et al., I 986). 

Group Housing and Automated Calf Feeders 

For many years, individual housing in hutches or stalls has 
been the gold standard in the dairy industry (Callan and Garry, 
2002), but interest in group housing and automated feeders 
has increased in recent years (USDA, 2016). Resistance to 
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group housing arises from concerns about calr health and 
veterinary recommendations to prevent calf-to-calf contact 
(Callan and Garry, 2002). Early studies found that calves 
housed individually had lower morbidity and mortality rates 
(Waltner-Toews et al., 1986a,b). However, later larger-scale, 
observational studies round no differences in health between 
individually housed calves and calves housed in small groups 
of six to eight (Losinger and Heinrichs, 1997; Svensson et al., 
2006). Individual housing is criticized for restricting physi
cal movement and social interaction among calves and faces 
increasing public opposition (Rushen et a l. , 2008). 

Group housing offers several potential advantages for calf 
growth and welfare (Costa et al., 2016). Housing calves in 
groups allows social interaction and more normal behaviors 
than individual housing (Chua et al., 2002). Group housing 
can fac ilitate transition to solid feed, leading to better post
weaning weight gains (de Paula Vieira et al., 2010; Costa 
et a l. , 2015; Miller-Cushon and De Vries, 2016). Group hous
ing also decreases labor for feeding and management (Nord
lund, 2008). Concern remains, however, that group housing 
can result in more disease spread among calves, particularly 
if ventilation is poor (Lago et al., 2006; Nordlund, 2008). 
Larger group size (>8 calves per pen) may increase risk for 
mortality and respiratory disease (Losinger and Heinrichs, 
1997; Svensson and Liberg, 2006; Svensson et al., 2006). 
A II-in, all-out systems have lower risk for mortality and mor
bidity than continuous-flow systems (Pedersen et al., 2009). 

Automated reeders are becoming widely used because of 
inherent advantages in tabor allocation and the ability to feed 
more milk or MR to calves in several meals per day. While 
direct comparisons or the systems are limited, the auto feeder 
system has resulted in similar perfo1mance and was cost
effecti ve (Kung et al., 1997; Kack and Ziemerink, 2010). 
The computer control systems can simplify daily changes 
in milk feeding amounts, leading to peak milk consumption 
and weaning. In addition, the computer collects information 
about feed ing behavior, which can be used to alert the pro
ducer to changes than may signal onset of disease (Svensson 
and Jensen, 2007; Knauer et al. , 2017). The systems can 
reduce mortality to below-national averages (Jorgensen et al., 
2017b), but as with any technology, management affects suc
cess. This includes fundamental management practices such 
as care or the newborn calr, excellent colostrum management, 
and limiting exposure to pathogens, particularly those in the 
liquid diet (Jorgensen et al., 2017b). Other key issues relate 
to the facility, because many autofeeders are installed in ret
rofitted existing structures. Adequate ventilation is critical to 
success and must be addressed when retrofitt ing (Nordlund, 
2008; Jorgensen et al., 20 l 7c ). Air should not be shared with 
older cattle, which is associated with increased incidence of 
diarrhea and respiratory disease (Medrano-Galarza et al., 
2018b). Bedding must be kept clean and dry, as wet bedding 
packs were associated with increased incidence of respiratory 
disease (Medrano-Galarza et al., 2018b), and the areas around 
the feeders should be cleaned daily (Jorgensen et al., 201 ?c). 
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Of particular importance is proper cleaning and sanitation 
of the feeder, including the mixing chamber, milk lines, and 
nipples (Jorgensen et al., 2017a,b,c; Medrano-Galarza et al., 
2018b). 

Milk, pasteurized waste milk, or MR can be fed success
fully through autofeeders. The feeding program and feeding 
management are critical. Early introduction (within 24 hours 
after birth) to the feeder compared with the more common 
practice of introducing calves at 5 to 14 days after birth re
sults in both better outcomes for the calf and less total labor 
per calf (Medrano-Galarza et al., 2018a). Feeding larger vol
umes of milk per calf (>6 Lid) decreases feeder occupancy 
and thereby decreases competition in the pen (Jensen, 2006; 
Borderas et a l. , 2009). Shortening the time to peak milk 
intake by the calf has positive effects on growth and health 
(Jorgensen et al. , 2017a; Medrano-Galarza et al., 2018a). 
Consumption of solid feeds from computer-controlled feed
ers can be used (de Passille and Rushen, 201 6) to monitor dry 
feed intake and adjust milk allowance downward for easier 
weaning (de Passille and Rushen, 2012). 

OTHER ASPECTS OF CALF NUTRITION 

Feta! Nutrition 

The developing feta! calf requires a balanced supply or 
nutrients from the mother via the placenta throughout gesta
tion, but quantitatively feta! nutrient demands become sig
nificant only during the last trimester. More than 60 percent 
or total retal weight gain occurs during the last 60 days or 
gestation (Eley et al., 1978) and is linear during that period 
through 270 days of pregnancy (Bell et al., 1995). Most of the 
carbon and N for feta! growth and energy supply comes from 
glucose, AAs, and lactate; the latter arises from glycolytic 
metabolism in the placenta (Reynolds et al., 1986). Glucose 
supplies approximately half of the energy needs of the con
ceptus, with 30 to 40 percent or respiratory ruel provided by 
AAS (Bell, 1995). 

Although severe undernutrition can impair normal fetal 
development (NRC, 1968), the developing fetus is afforded 
a high priority for maternal nutrients. Moderate underfeed
ing or overfeeding of either protein or energy during the dry 
period (last 2 months or gestation) did not result in significant 
changes in calr birth weight (Nocek et al., 1983; Grum et al., 
1996; Dewhurst et al., 2002; Dann et al., 2006; Douglas et al., 
2006; Silva-Del Rio et al., 2010; Janovick and Drackley, 
2010; Litherland et al., 2012; Mann et a l. , 2015). Likewise, 
neither viability nor health of newborn calves were affected 
by moderate maternal under- or overfeeding during the dry 
period (Davis and Drackley, 1998; Quigley and Drewry, 
1998). Prolonged restriction of protein or energy during 
gestation decreased thermogenic abilities or beer calves a t 
birth (Carstens et a l., 1987; Ridder et al. , 1991). Micke et a l. 
(2010) found that overfeeding both energy and protein during 
the middle trimester of pregnancy in beef cattle resulted in 
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greater calf birth weight than overfeeding energy with protein 
limited to 63 to 75 percent of requirement. 

Maternal deficiencies ofP, Mn, Co, Cu, Zn, or Se can result 
in deficiencies in the fetus and newborn calf (NRC, l 968). 
The fetus can concentrate some of these minerals, particu
larly Cu (Hidiroglou and Knipfel, 1981) and Se (Van Saun 
et al., I 989a), providing some protection against marginal 
deficiencies in the mother. Se supplementation of pregnant 
cows increased Se reserves in the newborn calves (Abdelrah
man and Kincaid, 1995). Placental transfer of vitamin E to 
the developing fetus is low, although the feta! calf appears 
to have some ability to concentrate vitamin E from the dam 
(Van Saun et al., l989b). The calf is born with a low vitamin E 
status and is highly dependent on intake of colostrum and 
then milk or MR to obtain needed vitamin E during early 
postnatal life. This is also true for re t inol (Nonnecke et al., 
1999) and vitamin D (Nonnecke et al., 2009). Overnll, if diets 
for pregnant cows are balanced to meet recommendations 
for pregnancy and maternal growth (see Chapters 7 and 8), 
as well as for optimal transition success (see Chapter 12), 
nutrient supply should be adequate for normal growth and 
development of the feta! calf (Davis and Drackley, 1998; 
Quigley and Drewry, 1998). 

Supplemental fats fed to the dam during the dry period 
may affect the developing feta! calf. Garcia et al. (2014a,b) 
fed either mostly saturated free FAs or Ca salts of unsatu
rated FAs enriched in C l8:2 n-6 during the last 4 weeks of 
gestation. FA composition of colostrum and calf plasma 
rellected the composition of the fat supplement. Elongation 
and transfer of n-3 FAs by the placenta were decreased, but 
elongation and transfer of n-6 FA were increased. Differ
ences in calf plasma FA profiles persisted through at least 
60 days of age (Garcia et al., 2014b). Birth weight was 
increased by fat supplements for calves from parous dams 
but not from nulliparous dams. Apparent efficiency of TgG 
absorption from colostrum was greater for calves from dams 
fed fat, especially those fed saturated fatty acids (Garcia 
et al., 2014a). Calves from dams fed saturated FAs before 
parturition tended to have higher ADO; health or immune 
measures were not affected (Garcia et al., 2014b). Whether 
a mixture of FAs can be idemified that will benefit newborn 
calves when fed to the cow in late gestation remains to be 
determined. 

Feeding rumen-protected methionine to cows during the 
last month of gestation increased methionine concentration 
in maternal plasma by 29 percent and increased calf birth 
weight, perhaps related to increased expression of placental 
genes encoding transporters for neutral AAs and glucose, as 
well as increasing mTOR protein abundance (Batiste! et al., 
2017). Rumen-protected methionine fed during the last 28 
days of gestation also increased calf birth weight and ADO 
through 9 weeks of age (Alharthi et al., 2018). Methylation 
and demethylation of cytosine moieties in DNA modulate ex
pression of many genes; some of these changes may alter the 
phenotype of the offspring. No measures of DNA methy lation 
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were made in these studies, but results are consistent with 
possible epigenetic effects of methionine (Chavatte-Palmer 
et al., 2018). 

Colostrum 

Calves are born with a naive immune system and essen
tially devoid of circulating immunoglobulins (lg) due to the 
synepitheliochorial placenta of ruminants. Tmmunoglobulins 
from colostrum (defined as the first lacteal secretion produced 
by the cow arter calving) consumed prior to cessation of mac
romolecular transport, at approximately 24 hours after birth, 
are absorbed into intestinal cells via nonspecific pinocytosis 
and delivered intact to the circulation. Colostrum contains 
large, but variable, amounts ofig, particularly IgG, which are 
transported from the maternal c irculation into the colostrum 
during the final 3 weeks of gestation. Intake of adequate, 
high-quality (>50 g TgG per liter), and sanitary colostrum by 
the newborn calf is one of the most, if not the most, impor
tant factors related to reduced calf morbidity and mortality 
(Nocek et al., 1984; Wells et al., 1996; Godden et al., 20 19). 

Serum TgG concentration is an indicator of consumption 
and q uality of colostrum. Serum IgG concentrations <::JO g/L, 
when measured at 24 to 48 hours of age, are associated with 
lower risks of morbidity and mortality (Wells et al., 1996; 
Windeyer et al. , 2014; Godden et al., 20 19). To achieve a 
serum lgG concentration of 10 g/L, calves should be fed 
150 to 200 g TgG from colostrum or colostrum replacement 
products in the first 24 hours. Concentration of TgG in the 
serum of a calf may be estimated using the following formu la 
(Quigley and Drewry, 1998): Serum TgG (g/L) = TgG intake 
(grams) xAEA I PV, where AEA is apparent efficiency of 
TgG absorption(%), and PV=plasma volume (liters). The 
AEA is calculated as AEA (%) = serum IgG (g/L) x PY 
(liters) I IgG intake (grams). 

The AEA of ingested IgG is affected by many factors 
re lated to the calf, stress at calving, environmental factors, 
and characteristics of the IgG source (Quigley and Drewry, 
1998; Godden, 2008; Godden et al. , 2019). The most impor
tant factor aJTectingAEA is age of the calf. TheAEA declines 
with advancing age, maturation of the gastrointestinal tract, 
and turnover of intestinal cells capable of pinocytosis of mac
romolecules, so that by 22 to 24 hours after birth, the calf is 
no longer able to absorb IgG into the bloodstream (Bush and 
Staley, 1980; Kruse, 1983). This phenomenon is known as 
"gut closure." Penha le et a l. (1973) concluded that absorption 
declines gradually and progressively to closure, which occurs 
independently for each class of lg (16, 22, and 27 hours for 
lgM, IgA, and lgG). Stott et al. (1979) estimated time of 
closure by Joinpoint regression with data from 210 calves. 
Closure was estimated near 24 hours of age with a normal 
distribution and standard deviation of approximately 4 hours, 
and the authors found no significant differences in closure 
time for IgG, IgM, and IgA. Estimated time for closure was 
delayed as feeding time was delayed; nevertheless, closure 

PREPUBLICATION COPY-Uncorrected Proofs 



���������� �����	


���������	����������������	���
������������������ !"#$ %&��
'(�)*�+,- ���

232 

occurred spontaneously with age at a progressively increased 
rate after 12 hours postpartum. 

Typical AEA ranges from <10 percent to approximately 
40 percent. lmmunoglobulins not measured in the circula
tion may move into extravascular pools (MacDougall and 
Mulligan, 1969) or migrate into the intestine (Besser et al., 
1998), thereby limiting AEA to approximately 50 percent 
(McEwan et al., 1970). Plasma volume is related to body 
size and is typically estimated using BW and averages about 
8.9 percent of BW for Holstein and Jersey newborn calves 
(Quigley et al., 1998; Cabral et al., 2015). 

Concentration oflgG in colostrum is highly variable (Mor
rill et al., 2012), and this variation contributes significantly 
to variation in semm lgG concentration and failure of calves 
to achieve satisfactory serum IgG concentration. Jn a survey 
of calf management practices on U.S. dairy farms, Urie et al. 
(20 I 8a) reported serum IgG in 2,498 calves fed varying 
sources and amounts of colostrum or colostrum replacers, 
and most calves (72.7 percent) had serum IgG >15 g/L but 
14.3 percent had serum lgG between 10 and 14 g/L, and 
13 percent of calves had serum lgG <l 0 g/L, which is con
sidered failure of passive transfer of immunity. Management 
factors associated with greater serum IgG concentrations 
were feeding a greater mass of IgG from colostrum and feed
ing colostrum at an early age (Shivley et al., 2018). 

Time after parturition has a significant efTect on lgG 
concentrations in colostrum. Concentrations of lgG were 
27 percent lower in colostrum collected 10 hours postparturi
tion compared with colostrum collected 2 hours postpartum 
(Moore et al., 2005). The lgG concentration in second-milking 
(12 hours later) colostrum from Jersey cows was 44 percent 
lower than that in first-milking colostrum (Sil va-del-Rio 
et al., 2017). Greater yields of colostrum are associated with 
lower concentrations of IgG (Pritchell et al., 1991 ; Silva-del
Rio et al., 2017). Lesser factors a!Tecting lg concentrations 
are parity (increased concentrations with increasing parity; 
Muller and Ellinger, 1981; Kehoe et al., 201 1) and perhaps 
breed (Muller and Ellinger, 1981; Morrill et al., 2012). Nutri
tion of the late-gestation cow does not appear to have much 
e!Tect on lg concentrations in colostrum (Quigley and Dre
wry, 1998; Dunn et al., 20 17) but research data are limited. 
Responses to dietary protein fed to the dam on absorption of 
colostrum lg by the calf are inconsistent (Quigley and Drewry, 
1998). Some studies reported that low dietary protein fed 
to the late-gestation dam reduced lg absorption by the calf, 
but other studies found no effect. Late-gestation heifers that 
were exposed to heat stress produced colostmm with lower 
concentrations of lgG (Nardone et al., 1997), whereas heat
stressed late-gestation multiparous cows produced colostrum 
with about 10 percent greater concentration (not statistically 
di!Terent) of IgG (Tao et al., 2012). Accumulating evidence 
suggests that maternal heat stress in late gestation reduces the 
immunocompetence of the neonate partly because of reduced 
absorption of colostral JgG (Tao and Dahl, 2013). Cabral 
et al. (2016) found that colostral IgG concentration could be 
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predicted from previous lactation Dairy Herd Improvement 
Association data and weather data. 

Amount of colostrum to feed in the first feeding and first 
24 hours of life necessarily depends on concentration of IgG 
in the colostrum. A reasonable goal is to feed 150 g lgG in 
the first feeding and 200 g in the first 24 hours (Godden et al., 
2019). Approximately 25 percent of first-milking colostrum 
contains too lillle lgG to provide >150 g JgG in a reasonable 
volume (e.g., ::;;4 Lin the first feeding; Morrill et al. , 2012; 
Godden et al. , 2019). To achieve >150 g lgG, colostn1m con
taining greaterthan 50 g IgG per liter must be fed. A BRIX re
fractometer may be used to estimate the lgG concentration of 
colostrum and determine the optimal amount of colosb·um to 
be fed (Bielmann et al., 2010; Quigley et al., 2013). The BRIX 
refractometer is inexpensive, and the method is reasonably ac
curate. The refractometer measures the refractive index (nD) 
of a solution and calculates BRIX percentage, based on the 
statistical relationship between nD and sugar in the solution. 
Table 10-1 8 has equations relating the BRIX reading to IgG; 
equations di!Ter for colostrum from Holstein and Jersey cows 
(Morrill et al., 2015). The breakpoint is the BRIX reading at 
which colostrum contains at least 50 g lgG per liter. Holstein 
calves should be fed 3 L of colostrum with at least 22 percent 
BRIX within 1 hour of birth and 2 to 3 L fed at 10 to 12 hours 
of age. For Jersey calves, 2 L of colostrum with at least 
18 percent BRIX should be fed within 1 hour after birth and 
again at 10 to 12 hours of age. Another approach is to adminis
ter 3.8 to 4.0 L of colosb·um in the first feeding within 1 hour of 
age via an esophageal feeder with an optional second feeding 
of 2 Lat 10 to 12 hours of age. Feeding a larger volume of 
colostrum in the first feeding generally increases absorption 
of IgG, as the calf is more efficient in absorbing lgG early in 
life. However, even with this approach, low BRIX colostrum 
should not be used. Conneely et al. (2014) compared e!Tects on 
calf semm IgG concentrations when first-milk ing colostrum 
was fed within 2 hours of birth at 7.0, 8.5, or 10.0 percent 
of calf birth BW. Average first-mi lking colostrum intake for 
the three treatments was 2.6 L (range, 1.7 to 3.4), 3.2 L (2.0 
to 4.2), and 3.8 L (2.4 to 4.9), respectively. Calf sen1m JgG 
concentrations (measured from 24 hours to 26 days of life) did 
not di!Ter between calves fed colostmm at 7.0 or 10 percent 
of bilth weight. However, calves fed colostmm at 8.5 percent 
of birth weight had significantly greater (approximately 15 to 
25 percent) lgG concentrations than the other two groups at 
all sampling points. This study supports the 3-L feed ing rate; 
however, the authors suggested that feeding 8.5 percent of 
birth weight rather than a fixed 3 L may enhance lg absorp
tion by reducing distension of abomasum in small calves and 
enhancing absomasal emptying. 

Transition milk (milk produced during days 2 and 3 
after calving) should be fed during days 2 and 3 if possible. 
Transition milk is higher in solids, protein, fat, and immu
noglobulins compared to normal milk (Godden et al., 2019). 
Addit ional nutrients and other components of transition milk 
may promote intestinal development (Hammon and Blum, 
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TABLE I 0-18 Regression Equations lo Estima le IgG in Colostrum Using BRIX Readings• 

Author N Breed In tercept Slope R' BP• 

Chigerwe et al., 2008 171 Holstein -24.7 3.% 0.41 22 
Bielman et al., 2010 (optical) 273 Holstein -188.262 10.730 0.51 22 
Bielman et al .. 2010 (digital) 273 Holstein -207.434 11.561 0.53 22 
Morrill e t al .. 2012' 823 MixJ -40.509 5.2358 0.53 18 
Quigley et al .. 20 13 183 Holstein -61.896 5.666 0.75 2 1 
Bartier et al., 2015 460 Not reported -29.257 3.8393 0.43 23 
Morrill et al.. 2015 58 Jersey -49.292 6.0052 0.63 18 
L!!kke et al.. 20 16 126 MixJ -58.00 4.82 0.66 22 
Silva-del-Rfo et al.. 20 17 202 Jersey' - 53.3 5.5 0.58 2 1 

" Equation: Colostrum lgG (g/L) = Intercept+ slope x BRIX (%). 
• Breakpoint = Recommended BRIX concentmtion (%)providing a minimum of 50 g/L IgG. 
<BRIX va lues were calculated from refractive index. which was measured in the study. 
dSample.~ from Holstein, Jersey, unclassified and pooled sample.~. 
' First- and second-milking colostrum from multiparous Jersey cows only. 

I 997; Rauprich el al., 2000; Bliilller et al., 200 l ) and pro
vide local intestinal immunity to reduce the risk of infection 
(Berge et al., 2009; Chamorro et al., 2017). 

The importance of the non-IgG compounds in colostrum 
is now receiving research allention. Concentration of fal in 
colostrum decreases as Lime after parturition increases, and 
the composition of the lipid fraction (e.g., higher concentra
tions of cholesterol and very long-chain FAs in colostrum 
compared Lo transition milk) also changes (Contarini et al., 
2014). Changes in the lipid fraction may be important to calf 
health and development. Concentrations of several potentia lly 
bioactive compounds (e.g., cytokines and lactoferrin) are very 
high in first-milking colostrum but decrease rapidly after par
turition, often by 70 Lo 80 percent within three milkings after 
parturition (Sobczuk-Szul et al., 2013). Colostrum contains 
elevated concentrations of some hormones (e.g., insulin, 
growth hormone), growth factors such as lGF- 1, enzymes, 
nucleotides, and oligosaccharides (reviewed by McGrath 
e t al., 2016; Ontsouka et al., 2016). High-quality colostrum 
is a good source of many vitamins (Foley and Ouerby, 1978; 
Godden et al., 2019). 

Nutritional manipulations have been investigated as ways 
Lo improve colostrum IgG content or absorption. Addition 
of supranulritional amounts of Se (3 mg per cal I) as sodium 
selenite Lo colostrum increased IgG absorption in young 
calves (Kamada et al., 2007; Hall et al., 2014). Feeding dry 
cows Se-yeast ( 105 mg/d) tended to increase absorption 
of IgG by their calves (Hall et al., 2014). Supplementing 
preparlum cows with 48 g/d of nicotinic acid increased IgG 
concentrations in colostrum but did not affect absorption of 
IgG by calves (Aragona el al., 2016, 2019). 

Factors affecting yield of first-milking colostrum have not 
been investigated extensively. Cows fed diets that provided 
approximately 95, 120, or 130 percent of their energy re
quirement (based on NRC, 2001) during the last 2 weeks of 
gestation produced statistically similar yields of first-milking 
colostrum (5.9, 7.0, and 7 .3 kg; Mann el al., 20 I 6). A prospec
tive study on a Jersey farm in Texas determined that month 

of calving had the greatest effect on colostrum yield (lowest 
in winter, highest in summer); however, length of previous 
lactation and length of dry period ( longer periods associated 
with reduced yield) also affected yield (Gavin et a l. , 2018). 
Primiparous cows had greater yield of colostrum than mul
tiparous cows but only between late autumn and early spring. 
Kruse ( I 970) reported that multiparous cows produced more 
colostrum than primiparous animals, but variation in yield 
was extremely large. Colostrum yield may respond Lo genetic 
selection (Cabral el al., 2016; Gavin et al., 2018). 

Bacterial contamination of colostrum, especially when 
stored and handled incorrectly, can be substantial (Houser 
et al., 2008; Morrill et al., 2012; Cummins et al., 2017), and 
high bacterial counts in colostrum can be detrimental to the 
calf (Godden et al., 2012; Cummins et al., 2017). Pasteuriza
tion o f colostrum reduces bacterial counts without affecting 
lg concentrations (Godden et al., 2006; Elizondo-Salazar and 
Heinrichs, 2009). Feeding heal-treated colostrum increases 
serum concentrations oflgG (Johnson et al., 2007; Elizondo
Salazar and He inrichs, 2009) and reduces calf morbidity 
(Godden et al., 2012) compared LO feeding raw colostrum. 

Coloslntm replacer products are widely available and are 
generally powders that conta in a spray-dried source of bovine 
immunoglobulins, including whey, colostrum, or bovine 
plasma (Cabral et al., 2013). Some products are composed 
exclusively of spray-dried bovine colostrum, whereas others 
contain ingredients such as dry fat, vitamins and minerals, and 
emulsifiers. The mass of IgG per dose varies widely among 
products. Results generally suggest that AEA is similar to or 
less than maternal colostrum. Methods of manufacturing are 
important to quality of the product and influence the ability of 
the calf Lo absorb and use ingested IgG (Chelack et al., 1993; 
Campbell et a l., 2007). 

Performance of calves fed a colostrum replacer was im
proved compared Lo calves fed poor-quali ty colostrum (Aly 
e t a l., 2013), suggesting that a viable option for colostrum 
replacer management is lo monitor colostrum quality and 
replace low lgG or contaminated colostrum with a colostrum 
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product that provides 150 to 200 g lgG. Other studies sug
gest that colostrum replacement products administered as a 
substitute for maternal colostrum result in lower levels of calf 
IgG but can confer adequate transfer of immunity provided 
that an lg mass of 150 to 200 g is delivered in a timely man
ner (Lago et al. , 2018; Desjardins-Morrisseue et a l. , 20 18; 
Shivley, 2018). Contribution of nutrients such as fat and 
non-lg proteins may influence early life energy metabolism; 
therefore, compositions providing greater amounts of protein 
and fat in addition to IgG are more effective. 

Water and Electrolytes 

The importance of clean drinking water, available from 
the first few days after birth, cannot be overstated. Approxi
mately 75 to 80 percent of the weight of the animal is water. 
lt functions as a solvent for nutrients, thermoregulator, and 
osmoregulator (Davis and Drackley, 1998). Calves, due to the 
greater risk of digestive disorders, experience gr·eater prob
lems with water balance than older animals. Water should be 
offered to calves beginning in the first week of life. Warm 
water (16°C to 18°C) stimulates water intake compared to 
offering cold (6°C to 8°C) water (Huuskonen et al., 2011). 
A lack of water can impair starter intake and BW gain by 
>30 percent (Kertz et a l. , 1984). Water intake and dry feed 
intake are highly correlated (Kertz e t al., 1984; Quigley et al., 
2006; Hepola et al., 2008; Eckert et al. , 2015); thus, offering 
water early in life will promote dry feed intake and promote 
early rumen development. Thickell et al. ( 1981) calculated 
that for each liter of water consumed during the first 5 weeks 
of life, calves consumed an additional 82 g of calf starter and 
increased BW gain by 56 g/d. Similarly, recent data suggest 
that offering water from birth resulted in greater starter intake, 
BW gain, and nutrient digestibility compared ~o offering 
water beginning at 17 days of age (Wickramasinghe et al., 
2019). Frequent replacement of water will encourage con
sumption. Post weaning ratio of water consumed per kilogram 
of dry (ea. 90 percent DM) feed intake was approximately 4: 1 
(Quigley et al., 2006; Hepola et al., 2008). 

Calves <l week of age that were transported to a research 
facil ity consumed an average of about 1.5 Lid of free water 
within the first week of age and from 1.5 to 3 Lid from weeks 
1 to 3 of life (Morrison et al., 2019). Other reports suggest 
that young calves wi II consume less than 2 Lid for the first 
3 weeks and then increase water intake in a fashion correlated 
with starter intake and weaning (Thickell et al., 1981; Kertz 
et al., 1984; Quigley et al., 2006). 

Calves fed large volumes of milk preweaning will con
sume less free water compared to calves fed less milk or MR 
(Hepola et al., 2008; de Passi lie et al., 2011 ). However, large 
volumes of high-protein MR increased consumption of water 
(Guindon et al., 2015; Stamey et al. 2021 ). Quigley et al. 
(2006) repo11ed that calves fed limited MR tended to consume 
more water (4 Lid) than calves that were fed up to 0.9 kg of 
MR powder per day and weaned at 42 days (3.6 lJd). 
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Calves that develop diarrhea may lose 1 to 10 percent of 
BW. Mortality is common when dehydration exceeds about 
12 percent (Davis and Drackley, 1998). Replacement of both 
water and electrolytes is essential in the treatment of diarrhea, 
and scouring calves require additional water to replace that 
lost in feces. Additional feedings of reconstituted electrolytes 
are needed to provide liquid in addit ion to electrolytes. Mixing 
elecu·olytes with milk or MR and feeding according to normal 
milk feeding program do not provide additional water and do 
not replace water lost due to diarrhea (Smith and Berchtold, 
2014). Addition of electrolytes containing Na and glucose 
to milk or MR may dramatically increase osmolality of the 
resulting mixture, decreasing the rate of abomasal emptying 
and increasing the risk of abomasal bloat (Burgstaller et al., 
2017). Smith (2009) suggested that osmolality should be less 
than 700 to 750 mOsm/L of the fi nal solution. 

Smith (2009) identified four requirements for oral re
hydration solutions for calves: (1) provide sufficient Na to 
normalize extracellular fluid volume, (2) provide agents 
(glucose, citrate, acetate, propionate, or glycine) to facilitate 
absorption of Na and water from the intestine, (3) provide 
an alkalinizing or buffering agent (Na salts of acetate, pro
pionate, or bicarbonate) to correct metabolic acidosis, and 
(4) provide energy, because most calves with diarrhea are in 
negative energy balance. Milk feeding should be continued 
during treatment with oral rehydration solution (Garthwaite 
et al., 1994; Smith, 2009). Electrolytes containing sodium 
bicarbonate (NaHC0

3
) may inhibit clot formation if pre

weaned calves are fed liquid diets containing casein (e.g., 
whole milk or MR conta ining skim milk); however, products 
containing other alkalinizing agents (Na salts of acetate, 
propionate) do not interfere with clot formation. 

Disease 

According to a survey of dairy farms in the United States 
(Urie et al., 20 l 8b), morbidity of preweaned dairy heifer 
calves was 34 percent (859 calves of 2,545 surveyed). Over 
half of all cases involved digestive signs (usually diarrhea) 
and another 31 percent was due to respiratory disease. Thus, 
it is important to consider effects of diseases common to 
preweaned calves on nutrient requirements and supply of 
young calves. 

Malnutrit ion increases susceptibil ity to infection and 
severity of infections once they occur (Franr;a et al., 2009). 
The relationship between undernutrition and infection was 
highlighted by Calder and Jackson (2000). Undernutrit ion 
compromises barrier and immune functions, thereby allow
ing pathogens access to the body and decreasing the ability 
of the host to eliminate pathogens once they enter the body. 
Subsequently, infections may alter nutritional status by induc
ing anorexia, reducing nutrient absorption, increasing nutrient 
requirements, and increasing losses of endogenous nutrients 
(Calder and Jackson, 2000). Nutrition may play an important 
role in the outcome of an infection, potentially by a!Tecting 
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pathogen virulence and resource availability (Pike et al., 
2019). Fw-thermore, a decline in nutrient availabi lity caused 
by, for example, anorexia may separately reduce the immune 
system's capacity to suppress the infection (Pike et al., 2019). 

Effects of disease on nutrient requirements have been 
researched for many years (e.g., Scrimshaw, 1977); how
ever, efTects of disease on nutrient requirements and supply 
in young calves are not well documented. Data suggest that 
diarrhea increases rate of passage of nutrients; increases fecal 
excretion of water, solids, and nutrients; and reduces nutri
ent digestibility. Diarrhea, however, is only a clinical sign 
of alimentary tract dysfunction. An important mechanism 
by which the intestinal tract of a young calf reacts to patho
genic bacteria or viruses or indigestible dietary nutrients is 
hypersecretion and reduced absorption, resulting in loss of 
nuids, electrolytes, and nutrients, and the net effect is diar
rhea (Radostitis, 1975). 

Fecal excretion in a group of scouring calves was 20 to 40 
times the total fecal mass excreted by healthy calves (Blaxter 
and Wood, 1953). Apparent digestibility ofDM fell dramati
cally, in some cases to approximately 40 percent. Digestion 
of fat was markedly impaired and fecal excretion of fatly 
acids increased more than 20-fold. Excretion of purine N was 
indicative of extensive microbial fermentation, which reduced 
fecal pH (6.0 in diarrheic calves compared to 6.8 in normal 
calves). Consequently, fecal solids excretion increased, as 
did excretion of fecal water. Increased rate of passage was at 
least partially responsible, as digesta passage time through 
the gastrointestinal tract declined from 48 hours in normal 
calves to 6 hours in scouring calves. Furthermore, excretion 
of Ca, Mg, and P increased in scouring calves in proportion to 
excretion of fecal soaps. Excretion of Na and potassium (K) 
was much greater and was correlated with excretion of water. 

Diarrheic calves had increased fecal excretion of fat, lac
tate, and acetate compared to healthy calve.> (Youanes and 
Herdt, 1987). Due to impaired nutrient digestibility, more than 
50 percentofdiarrheic calves were in negative energy balance 
even though intake of ME was above normal maintenance ME 
requirement. Doll et al. (2004) reported that apparent digest
ibility of milk lipids declined linearly (r= 0.8) with increasing 
severity of diarrhea in milk-fed calves, and in cases of watery 
diarrhea (fecal excretion >50 g/kg BW), apparent digestibility 
of fat was <50 percent. On the other hand, apparent digestibil
ity of crude fiber increased in diarrheic calves experimentally 
infected with Eimeria bovis (Daugschies et al., 1998), which 
causescoccidiosis primarily in older calves shortly after wean
ing. Increase in digestibility was attributed to slower rate of 
ruminal nullienl passage in infected calves. 

Morrison et al. (20 I 9) reported effects of dia1Thea on in
take of MR, free water, electrolytes, and starter and BW gain 
for 21 days after arrival at the research farm. Calves that de
veloped diarrhea refused MR and consumed less total solids 
( 15.9 versus 16.6 kg) and total water ( 104 versus I 08 L) from 
MR over the 21-day period compared to healthy calves. Total 
starter DMI during the first 21 days was decreased about 

235 

40 percent in diarrheic calves. As a result, cumulative total 
DMI from all sources was less when calves had diarrhea. 
Healthy calves were heavier and had greater hip height and 
heart girth at 21 days compared to diarrheic calves. 

Improving our ability to formulate diets that maximize 
production and maintain competence of immune function and 
disease resistance would increase both welfare and profi ta bi 1-
it y (Kogut and Klasing, 2009). Further research is needed in 
young calves to refine our understanding of the interactions 
among nutrient requirements, nutrient supply, immune func
tion, and resistance to disease to improve our abi lily to meet 
requirements for both optimal growth and disease resistance. 

Milk Replacers 

According lo a recent review of feeding practices in the 
United States (Urie et al., 20 l 8a), 39 percent of dairy opera
tions used MR alone and another 38.5 percent used MR in 
combination with milk. Numerous changes have occurred in 
the formulation of MR in the dairy industry since publication 
of NRC (2001) gudelines (Kertz and Loflen, 2013), primar
ily related to use of various protein sources in MR formulas. 
The ability of these protein sources to supply an adequate 
amount and profile of AAs for growth of preruminant calves 
depends on the AA profile of the protein, the quality of the 
manufacturing process, and the ability of the calf to digest the 
protein. High temperatures during drying can damage pro
teins and lessen their biologic value (Wilson and Wheelock, 
1972). Heat damage can be determined by various methods, 
including measurement of furosine in the ingredients or MR 
(Guerra-Hernandez et al., 2002). Furthermore, antinutritional 
factors present in some protein sources such as soy or pea 
proteins can decrease AA net absorption and efficiency of 
AA use (Huisman, 1989; Lalles, 1993). 

Proteins in MR are mainly dairy in origin and are mostly 
from whey proteins and dried skim milk. Skim milk can be 
replaced by whey protein without change in digestibility or 
animal performance (Terosky et al., 1997; Lammers et al., 
1998; Huuskonen et al., 2017). Although casein-containing 
ingredients (e.g., skim milk) will generally form a clot in the 
abomasum after consumption, this does not appear to be an 
advantage to clot formation in terms of digestibility or animal 
performance (Davis and Drackley, I 998; Longenbach and 
Heinrichs, 1998). 

Research on and use of nonmilk proteins in MR have ad
vanced significantly in the past 20 years. Vegetable proteins 
such as hydrolyzed wheat gluten, soy protein concentrate, and 
pea protein are processed to improve solubility and digestibil
ity. Although older work suggests that incompletely processed 
ingredients such as soy nour may cause allergic reactions in 
the intestine of calves (Lalles et al., 1996; Dreau and Lalles, 
1999), more recent data using improved protein production 
methods indicate that vegetable proteins can provide a portion 
of the MR formula with animal performance similar to all
milk formulas. For example, performance of calves fed MR 
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in which hydrolyzed wheat protein replaced approximately 
50 percent of milk proteins was similar to calves fed all-milk 
proteins (ferui et al., 1996; Ortigues-Marty et al., 2003; Castro 
et al., 2016c) although nutrient digestibility was slightly lower 
(Branco-Parda! et al., 1995). Conversely, Hill et al. (2008d) 
reported lower growth when calves were fed MR containing 
hydrolyzed wheat gluten compared to milk protein. More 
highly processed pea protein isolate had digestibility similar to 
that of milk protein, whereas pea protein concentrate (still con
taining starch and oligosaccharides) was poorly used (Bhatty 
and Christison, 1980). 

Other alternative protein sources include spray-dried ani
mal plasma (Morrill et al., 1995; Quigley and Bernard, 1996; 
Quigley and Drew, 2000; Quigley et al., 2002; Quigley and 
Wolfe, 2003; Raeth et al., 2016; Vasquez et al., 2017; Mor
rison et al., 2017) and whole egg or egg yolk (Quigley et a l., 
2002; Touchette et al., 2003; Santoro et al., 2004; Dennis et al., 
2017). Significant variabili ty among reports suggests that 
quality and processing of raw materials (e.g., heating, spray
drying) may in!luence digestibility and animal performance. 

An important consideration in MR formulation is to meet 
AA requirements of the calf, especially when nonmilk pro
teins are incorporated into the MR (Morrison e t al., 2017; 
Vasquez et al., 2017). Hill et al. (2008e) reported that optimal 
concentrations of lysine and methionine in MR containing 
26 percent CP were 2.34 and 0.72 percent of DM, respec
tively. Others (Wang et al., 2012; Margerison et al., 2013) 
have generally supported this finding, although Castro et al. 
(2016c) concluded that addition of methionine was un
necessary when MR (DM basis) contained >28 percent CP 
and 0.57 percent methionine. Low rates of BW gain due 
to stressors or ill health may limit expression of improved 
nutrition associated with AA formulation (da Silva et al., 
2018). Addition of arginine or histidine to MR containing 
27 percent CP, 2.43 percent lysine, 0.76 percent methionine, 
0.68 percent arginine, and 0.48 percent histidine (DM basis) 
had no effect on calf performance when MR were fed at 
680 g of solids daily (Hill et al., 201 1 b). 

Fat sources in MRare typically tallow, choice white grease, 
lard, or palm oil components. Smaller amounts (typically 
<15 percent of total lipid) of coconut oil are often included to 
enhance digestibility and for the antimicrobial effects of the 
medium-chain fatly acids (L6pez-Colum et al., 2019). The 
degree of homogenization is critical for high fat digestibility 
(Raven, 1970). Emulsifiers, such as lecithin and monoglyc
erides, often are added to enhance mixing characteristics and 
fat digestibility. In general, vegetable oils and fat sources 
that contain large amounts of free FAs are poorly digested 
by calves (Jenkins et al., 1985). The primary carbohydrate 
in MR is lactose from dried whey. Other carbohydrates such 
as maltodextrin or starch are poorly digested, particularly in 
young calves, and are not recommended for calves less than 
4 weeks of age. 

Increasing the protein to energy ratio is beneficial when 
increased amounts of MR are offered (Bartlett et al., 2006; 
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Bascom et al., 2007). Such changes in the composition of 
MR have achieved greater growth rates and energy retention, 
along with lower fat and greater lean tissue deposition (Diaz 
et al., 2001; Blome et al., 2003; Bartlett et al., 2006). For 
growth rates of0.2 to 0.4 kg/d, p rotein/energy ratios (percent 
CP/ME Meal/kg) generally should be in the range of 4.2 to 
4.9, for growth of 0.4 to 0.7 kg/din the range of 5 to 5.7, and 
for growth >0.7 kg/d in the range of 5.8 to 6.2. 

Management of MR is critical to ensuring adequate 
growth rates and health of calves. MRs should be mixed in 
water at temperatures recommended by the manufacturer. 
Consistency of the amount of liquid fed dai ly to calves im
proves intake and BW gain (Hill et al., 2008b). 

Solids concentration of whole milk (Holstein) is about 
12.5 percent, and most MRs are fo1mulated to be recon
stituted to 12.5 to 15 percent solids. Increasing solids is a 
strategy to increase nutrient intake when feed management 
limits volume that can be fed- for example, when feeding 
from nipple bottles. Increasing solids concentration of MR 
to 20 percent DM did not in!luence nutrient digestibility 
(fernouth et al., I 985a,b;Azevedo et al., 2016), although free 
water intake increased (fernouth et al., I 985a). Jenny et al. 
(1982) reported that feces became more !luid with increas
ing solids concentration. Abomasal bloat seems to become 
more prevalent with MR concentrations over approximately 
15 percent (Burgstaller et al., 2017). Availability and man
agement of free water are important if attempting to feed 
solids concentrations > 17 percent. 

Whole Milk 

Whole milk, whether saleable or unsaleable, remains the 
most commonly used liquid feed for calves prior to weaning 
on dairy farms (Urie et al., 20 I 8a). Nonsaleable milk, also 
called waste milk, is not suitable for commercial sale and may 
be produced by cows immediately after calving, cows with 
active mammary infections, or those that have been treated 
with antibiotics. 

Composition 

Although bulk saleable milk has a reasonably consistent 
nutrient concentration, waste milk is by nature more variable 
(Jorgensen et al., 2006; Moore et a l. , 2009). Solids and nutri
ent content of waste milk can vary from that of whole milk, 
depending on the contribution of colostrum and transition 
milk (which increases solids, protein and fat), water (con
tamination from washing procedures), and milk from sick or 
treated cows. Moore et al. (2009) reported that waste milk 
from one calf ranch in California averaged 11.2 percent solids 
(range, 5.1 to 13.4 percent), which was significantly different 
from the average solids in saleable milk. 

Variation in nutrient content of milk may negatively in!lu
ence calf performance. For example, Hill et a l. (2008b) fed 
two MRs at either a variable daily rate (0.525 to 0.788 kg 
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DM/d) or a fixed daily rate (0.653 kg DM/d) Lo provide an 
average of 0.653 kg DM/d in four treatments. The MRs were 
either 27 percent CP and 3 1 percent fat (lo simulate Holstein 
milk) or 27 percent CP and 17 percent fat. Calves fed a fixed 
daily rate of MR solids grew faster, ate more calf sta1ter, and 
were more efficient compared to calves that were fed the 
variable amount of milk solids daily. Solids content of milk 
can be standardized with addition or powdered MR or special
ized extender products designed for that purpose. Adjusting 
solids concentration up to 20 percent DM can be done without 
negative effect on calf performance (Azevedo et al., 2016), 
if free water is always available. However, increasing solids 
concentration of milk increases osmolality and may influence 
abomasal outfiow rates if osmolality exceeds approximately 
600 mOsm/kg (Burgstaller et a l., 2017). In addition, milk 
contains some imbalances in vitamins (vitamins D and E) 
and minerals (Fe, Mn, Zn, Cu, I, Se) compared to nutrient 
requirements, and supplementing whole milk with vitamins 
and minerals and increasing the protein to energy ratio may 
improve growth and feed efficiency (Glosson et al., 2015). 

Microbial Contamination and Pasteurization 

Waste milk may be contaminated due to mastitis and 
other organisms that may be passed from cow to calf. Waste 
milk has been implicated in the transmission of numerous 
disease-causing organisms, including Cryptosporidium par
vum, Mycoplasma bovis, and Mycobacterium aviwn subsp. 
paratuberculosis (Kesler, 1981; Selim and Cull or, 1997; Walz 
et al., 1997; Butler et al., 2000; Stabel, 2001). Pasteurization 
reduces bacterial counts in milk (Butler et al., 2000; Stabel, 
2001; Stabel et al., 2004; Elizondo-Salazar et al. , 2010) and 
improves health and growth of calves (Jamaluddin et al., 
1996; Selim and Cullor, 1997; Armengol and Fraile, 2016). 
Regrowth of bacteria following pasteurization is possible if 
the waste milk is not cooled quickly and is stored for extended 
periods (Elizondo-Salazar et al., 2010); therefore, milk should 
be fed within an hour of pasteurization. Routine evaluation of 
pasteurization efficacy is also necessary by monitoring total 
plate counts and colifonn counts. Jorgensen et al. (2006) re
ported that pasteurization was ineffective in up to 13 percent 
of operations evaluated in the study. Ruzante el al. (2008) 
reported survival of M. avium subsp. paratuberculosis in 
pasteurized waste milk from commercial dairy farms. 

Antibiotic Residues 

A significant risk of using waste milk is the transmission 
of antibiotic residues that may promote development of 
antibiotic resistance in bacteria in the milk and the animal. 
Even low levels of antibiotics fed to calves influence the 
composition of intestinal microflora (Yousif et al. , 2018), 
the presence of antimicrobial-resistant organisms. (Langford 
et al., 2003; Randall et al., 2014; Maynou et al., 2017; Pereira 
et al., 2014, 2018; Tempini et al., 2018), and calf nutrient 
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metabolism (Pereira et al., 2018; Li et al., 2019). Maynou 
et al. (2017) reported changes in composition of both fecal 
and nasal microbiota, pointing to systemic effects on animal 
metabolism or direct contact of nasal microbiota to other 
animals or waste milk. Development of antibiotic-resistant 
bacteria from the use o f waste milk is a significant risk to 
animal and human health. If possible, only pasteurized waste 
milk from cows not treated with antimicrobials should be fed 
(Aust et al., 2013; EFSA Panel on Biological Hazards, 2017), 
and waste milk from treated cows should be discarded in an 
environmentally safe manner by incorporation into manure 
(Payer and Holmes, 1994). 

Feed Additives 

A wide variety of additives may be included in the diets of 
young calves. Generally, these additives can be categorized 
by function: stabilize or modify gastrointestinal function, 
support gut or systemic immune function, interfere with 
growth of potential pathogens, or increase digestibility. Some 
products may fit into multiple categories, depending on dos
age and application. 

The effectiveness of a feed additive to improve growth, 
intake, health, or efficiency necessarily depends on the mode 
or action or the additive and whether an effective dose was 
administered at the appropriate time. Additives that may influ
ence calf health by reducing exposure to ingested pathogens 
(e.g., yeast products, plasma, and essential oils [EOs)) may 
not be efTective in reducing diarrhea on farms where pathogen 
exposure is already low. Maintenance of viability of living 
organisms (yeasL~ and bacteria) and functional proteins (im
munoglobulins, lactofe1Tin) intended to alter digestive func
tion is also an important consideration in feed manufacturing, 
preparation, and storage. Practices such as pelleting calf start
ers at high temperatures or extended storage of products at 
temperatures >40°C may degrade effectiveness and economic 
benefit of additives. 

The committee organized feed additives for calves by pri
mary function in the animal. However, the committee recog
nizes that many additives have multiple fltnctional roles-for 
example, yeast culture has been shown to modify the rumen 
environment (Xiao et al., 2016; Ma et al. , 2020a,b) but also 
may influence intestinal immunity (Ma et al., 2020b) and 
severity of diarrhea (Alugongo et al., 2017), although not all 
studies have reported significant changes in gut permeability 
or plasma metabolites in response to yeast culture addition 
(Pisoni and Reiling, 2020). Therefore, the groupings should 
be considered as a means to facilitate presentation and are 
not indicative of sole functions of the respective additives. 

Selected additives reported for use in calves are intended 
LO support or maintain rumen fu nction (ionophores, mmen 
bufTers, live yeast), are used as antimicrobials (antibiotics, 
lactoferrin, EOs, immunoglobulins), modulate gut immunity 
or microflora (oligosaccharides, yeast culture, direct-fed mi
crobials), and stimulate organ growth (butyrate). 
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Rumen Function 

Ionophores include monensin, lasalocid, and decoquinate 
and are added to feeds 10 modify rumen fermentation and 
control coccidiosis. Dietary lasalocid and decoquinate are 
effective in control of coccidiosis (Hob let et al., I 989: Hein
richs et al., 1990; Heinrichs and Bush, 1991 ; Eicher-Pruiett 
et al., 1992; Quigley et al., l 997a). Supplementation in calf 
starter requires adequate feed intake to achieve effective dos
ages, but infection with coccidia often occurs before starter 
intake is sufficient (Quigley et al., 1997a). To counter this. 

amprolium is often added to milk or MR to contro l Eimeria 
sp. (Ghanem et al., 2008), although amprolium can induce 
thiamin deficiency unless thiamin is supplemented in milk 
(Dodd et al., 1996). Concentrations of ionophores effective 
against coccidia may be insufficient to innuence rumen VFA 
profiles (Klotz and Heitmann, 2006). 

Addition of NaHC0
3 

to calf starters helps maintain ru
men pH and normal rumen function. Addition of 3 percent 
bicarbonate in cair starters to young calves increased rwnen 
pH (Quigley et al., 1992), although no performance changes 
were reported. Others have added I to 3 percent of DM as 
NaHC0

3 
with no response (Foroozandeh and Shakeri, 2017) 

or improved growth and starter intake (Cumick et al., 1983). 
Add it ion of 2 percent N aHC0

3 
was shown to increase K excre

tion by the cal f (fucker et al., 199 1 ). 
Live yeast added 10 calf starter (Sacclwromyces cerevisiae) 

or milk (S. cerevisiae, spp. bou/ardii) for 42 days increased 
or tended 10 increase intake and growth while reducing days 
with diarrhea (Galvao et al., 2005). Fomenky et al. (2017) 
reported that S. cerevisiae spp. boulardii altered intestinal 
lactobacilli populations and colonic morphology. Improved 
performance may also be associated with stabiliLation. of 
rumen fermentation during the rumen development penod 
(Terre et al., 2015a,b). However, other studies reported no 
significant performance benefit to addition of yeast products 
(Pines-Rodriguez et al., 2008; Huuskonen and Pesonen, 
2015). Typical inclusion rate for live yeast products is ap

proximately t .5 x 106 cfu/g of calf starter. 

Antimicrobials 

Antibiotics have been used as feed additives for young 
calves since the 1950s (K ertz et al., 2017) and have con
sistently resulted in improved health and performance of 
calves (Kiser, 1976; Tomkins and Jaster, 1991 ; Quigley et al., 
I 997b; Quigley and Drew, 2000; Heinrichs et al., 2003; 
B erge et al., 2005 ; Kehoe and Carlson, 2015). Howe~er, 
because of concerns regarding development and transmission 
of antibiotic resistance in gut micronora of calves fed antibi
otics (e.g., Berge et al., 2006), the addition of antimicrobials 
such as neomycin, oxytetracycline, and chlortetracycline to 
diets of young calves as a growth promoter is no longer pcr
miued in the United States, without veterinary prescription 

(Mzyk et al., 2017). 
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Supplemental lactoferrin can improve intake (Joslin et al., 
2002). decrease fecal scores, and reduce the number of days 
that calves experience diarrhea (Roblee et al., 2003; Prenner 
et al., 2007), although it has not always been effective (En
glish et al ., 2007). It was effective in reducing the risk of death 
in calves with diarrhea (Habing et al., 2017) when fed at the 
onset of clinical signs of diarrhea for 3 days; however, a field 
trial did not report improved health in calves with diarrhea 
that were treated with lactoferrin (Pempek et al., 20 19). Add
ing lactoferrin up to I g/d to colostrum replacer reduced ap

parent efficiency of l gG absorption in newborn calves (Shea 
et al., 2009). Its mode of action may be v ia anti-innammatory 

functions (Kushibiki et al., 2008). 
EOs, including garlic, cinnamaldehyde, eugenol, capsi

cum. and anethole, among others, are considered antimi
crobial and have been evaluated as a means of manipulating 
mmen fermentation. At this writing, data on the use of EOs 
in calf diets are sparse. Blends of EOs added to calf starter 
improved DMI. BW gain, and feed efficiency (K azemi
Bonchenari et al., 2018; Salazar et al., 2019). The addition 
of EOs to starter appears to innuence rumen fermentation 
patterns (Santos et al., 2015; Saeedi et al., 2017), which ~ay 
be valuable in promoting rumen development. Froehlich 
et al. (2017) reported that calves fed a blend of EOs (carva
crol, caryophyllene, cymene, cineole, terpinene, and thymol) 
at 2.5 g/d had greater BW gain than calves fed EOs at 5.0 
or 7.5 g/d, as well as greater BW gain and increased body 
length and withers heights to 56 days compared with another 
group of cal ves fed a yeast cell wall product at 4 g/d. ~ypes 
of EOs used and dosage in each product affect the hkebhood 
of a positive response, but the mechanism of action remains 
unknown where positive responses have been observed. 

Immunoglobulins, including colostrum, colostrum replac
ers, and animal plasma, have been fed to calves in MR. Orally 
administered immunoglobulins are immunologically acLive 
in the gut and may provide local protection against potential 
paLhogens. Reduced days wi th diarrhea occurred when calves 
were fed MR containing 4 to 5 percent plasma (Quigley and 
Drew, 2000; Quigley et al., 2002; Quigley and Wolfe, 2003) 
or bovine colostrum (Berge et al ., 2009: Chamorro et al., 
2017). Another source of immunoglobulins is l gY produced 
from eggs collected from chickens Lhat have been hyperim 
munized against one or more pathogens. Typical inclusion 
rates arc approximately 5 to 10 g/d of egg yolk (Yokoyama 
et al., 1988; Ikemori et al., 1997; Kuroki et al., 1997). 

Modifiers of Gut Immunity or Microflora 

Oligosaccharides have been used to manipulate bacterial 
nora of Lhe intestinal tract o f animals, potentially reducing 
the incidence of disease. These carbohydrates reduce adhe
sion of certain bacterial species to the intestinal epithelium, 
most notably Escherichia coli (K99+) and Salmonella sp. 
Oligosaccharides may also increase the growth of beneficial 

intestinal bacteria, including lactobacilli and bifidobacteria. 
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Oligosaccharides containing mannose and fructose have 
been fed to calves to improve intestinal health and to reduce 
the incidence of disease (Morrison et al., 20 JO; Grand et al., 
2013; Heinrichs et al., 2013; Kara et al., 2015), although not 
all stud ies have reported significant benefit to the addition of 
oligosaccharides to MR (Terre et al., 2007; Hill et al., 2008c; 
Heinrichs et a l. , 2009; Quezada-Mendoza et al., 20 I I; da 
Silva et al., 2012). Heinrichs et al. (2003) reported that the 
addition of mannose oligosaccharides to MR was equally 
effective as neomycin plus oxytetracycline in con trolling the 
incidence and severity of diarrhea. 

Galactosyl-lactose, a trisaccharide (galactose plus lac
tose) that is produced by enzymatic treatment of whey us
ing ~-galactosidase derived from Aspergillus oryzae, was 
equally effective as antibiotics in reducing diarrhea when 
added at I percent ofDM to MR (Quigley et al., I 997b). MR 
formu lated to have about 3 percent galactooligosaccharides 
(GOSs) produced notable changes in intestinal microflora 
but did not benefit calf growth or health, perhaps because 
lactose content was decreased by the GOS production pro
cess (Castro et al., 2016a,b). 

Yeast culture, when added to high-grain diets, reduces 
ruminal lactate concentrations (Quigley et al., I 992) and 
alters rumen bacterial populations and butyrate concentra
tions (Xiao et al., 2016) in young calves. Improved growth 
(Leismaster et al., 2004) and health (Magalhaes et al., 2008; 
Fokkink et a l. , 2009; Alugongo et al., 2017) were reported 
when yeast cultLu·e was included in the diet, all.hough not 
all studies have reported improved calf performance (Fok
kink et al., 2009). Yeast culture in MR and calf starter also 
reduced effects of challenge with Salmonella enterica sero
type Typhimurium (Brewer et al., 2014; Harris et al. , 2017). 
Depending on the specific formulation , typical inclusion 
rates for yeast culture are 3.5 to 14 g/d. Hydrolyzed yeast 
also can improve immune response in young calves when 
added to MR (Kim et a l. , 2011). Conversely, preparations 
primarily of nonviable yeast did not significantly affect calf 
performance (Saldana et a l. , 2019). 

Direct-fed microbial products may be added to calf MR to 
in!luence gut micro!lora and protect against potential patho
genic infection. Some studies have reported positive effects 
on calf health (Abe et al., 1995; Timmerman et al., 2005; 
Morrison et al., 2010) or performance (Cruywagen et al., 
1996); however, others (Geiger et al., 2014) found no effect 
of these additives. Inclusion rates of direct-fed microbial 
products vary depending on the types of bacteria, yeast, and 
fungi included in the product. 

Butyrate 

Adding sodium or calcium butyrate has sometimes (Guil
loteau et al., 2009, 2010; Roh et al., 2018) but not always 
improved calf health, growth, and efficiency when included 
in milk (Araujo et al., 2015; Frieten et al., 2017), calf starters 
(McCurdy et al., 2019), or both (G6rka et al., 201 1 a,b, 2014, 
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2018). Typical inclusion rate for sodium butyrate is 0.3 percent 
of DM in MR or calf starter. Sodium butyrate, when fed in 
combination with other fatty acids, has increased intake, BW 
gain, digestibility of nutrients, and improved overall immune 
response (Hill et a l., 2007b,c, 201 la,c; Quigley et al., 2019), 
improved gut morphology (Koch et al., 2019), and altered 
microbial profiles in the hindgut (O'Hara et al. , 2018). Guil
loteau et al. (2009) concluded that 0.3 percent of DM as butyr
ate enhanced production of digestive enzymes and increased 
absorptive capability in the upper small intestine. Kato et al. 
(2011) opined that improved performance and digestibility by 
butyrate was due to improved insulin sensitivity and a better 
digestive functional development. 
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Growth 

INTRODUCTION 

The costs of raising replacement heifers and the impact of 
heifer growth on lifetime milk production and profits under
score the importance of accurate predictions for heifer nutri
ent requirements (Tozer and Heinrichs, 2001). The energy 
and protein requirements for growing heifers are determined 
primarily by the animals' maintenance requirements, the 
amount of dai ly body tissue gain and its composition, and 
the efficiency of converting feeds to body tissues. Targets for 
daily gain depend on targets for age and body weight (BW) 
at breeding and first calving. How heifers are fed can affect 
not only growth rate and feed costs but also the timing of 
puberty, the composition of gain, and future milk production. 

Improvements Made from the Seventh Revised Edition 

The growth requirements in the seventh edition were based 
on equations developed for beef cattle, which typically have 
a higher proportion of fat than do dairy breeds. The model 
contained new terms for its size-scaling approach that made 
it confusing, and it had mathematical incongruities; for ex
ample, gut fill was 14.5 percent ofBW but only 4 percent of 
BW gain. In the past 20 years, new publications have rep011ed 
body composit ion for Holstein cattle, and these data were 
used to develop equations based on Holsteins that are size
scaled for use in other dairy breeds. 

Terminology and Relationships for Body Weight 
and Body Weight Gain 

In this edition, the following terms are used to describe 
growth. BW is the normal live weight of an animal without 
fasting, and BW gain is the increase in BW over a defined 
time period such as average daily gain (ADG). Empty BW 
(EBW) is BW without ingesta, and empty body gain (EBG) 
is gain without digesta. These cannot be measured easily in a 
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live animal and are estimated as 85 percent of BW for heifers 
(NRC, 1989) and supported by Waldo et al. ( 1997). 

EBW = 0.85 xBW (Equation l l - la) 

EBG = 0.85xADG (Equation ll- lb) 

The committee recognizes that the mass of ingesta, or gut 
fill, is not a constant function ofBW; rather, gut fill is gener
ally a function of feed intake and digestion kinetics and can 
be considerably different for heifers fed a poorly digestible 
diet ad libitum than for heifers fed a highly digestible diet 
at restricted intake. To date, no solutions seem adequate to 
accurately predict gut fil l. Thus, the committee decided to 
use a constant value of 15 percent, with the recognition that 
this value is not adequate for all situations; for example, in 
Waldo e t al. (1997), change in gut fill ranged from l l percent 
of ADG for heifers gaining I ,OOO gld on a corn silage-based 
diet to 19 percent of ADG for heifers gaining 770 g/d on an 
alfalfa-based diet. Further work is needed. 

ENERGY AND PROTEIN REQUIREMENTS 
FOR GROWING DAIRY HEIFERS 

Setting energy and protein requirements for growing 
heifers requires quantitative estimates for maintenance re
quirements and composition of gain as heifers mature, for 
the effects of diet on structural growth and milk production 
potential, and for the efficiency of metabolic conversions. 

Maintenance Requirements 

The maintenance energy requirement for heifers was set 
on a metabolizable energy (ME) basis as follows: 

ME for maintenance (Mcal/d) = 0.16 x (kg BW)075 

(Equation I 1-2) 
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This matches the maintenance requirement for cows and 
is similar to the value used by the beef NASEM (2016) for 
dairy breeds of 0.095 x BW0·75 on a net energy (NE) basis. 
We assume I 0 percent of the requirement is for activity; heif
ers in large dry lots or on pasture may be more active and 
thus have greater maintenance requirements. Adjustments for 
compensatory growth, body condition score (BCS), or pre
vious temperature were not included. More data are needed 
to refine maintenance estimates. Equations to generate the 
maintenance requirement for metabolizable protein (MP) are 
the same as for adult cows (see Chapter 6) and include scurf, 
endogenous urinary loss, and metabolic fecal losses. The ef
ficiency of converting MP to net protein (NP) was assumed 
to equal the target efficiency of0.67 for scurf and metabolic 
fecal protein (MFP) and 1.0 for endogenous urinary nitrogen 
(N) (see Chapter 6 for details). Although some of these losses 
are as nitrogen rather than protein or amino acids, all values 
are put on a crude protein (CP) basis (N x 6.25). 

MP-scurf (g/d) = (0.20 x BW0 6(l) I 0.61 
(Equation I l -3a) 

MP-endogenous urinary (g/d) = 53 x 6.25 x BW x 0.001 
(Equation I I -3b) 

MP-MFP (g/d) =(( l l.62+0.134xNDF%DM)xDMI) I 0.67 
(Equation I l-3c) 

The Composition of Gain and Growth Requirements 

The net energy required for growth is defined as the energy 
retained in body tissues dLu·ing growth and is a function of the 
proportion of retained fat and protein (Garrell et al., 1959). A5 
animals mature, the percentage of protein diminishes and the 
percentage of fat increases in the empty body, and chemical ma
turity is achieved when weight gain contains little protein and is 
mostly fat. Simpfendorfer (1974) summarized data on the body 
composition of growing cattle from birth to matul"ity; within 
cattle of similar mature size, 96 to 99 percent of the variation in 
chemical composition was associated with differences in BW. 

Previous committees on beef and dairy nutrition (e.g., 
NRC, 2001 ; NASEM, 2016) adopted the equation developed 
by Garrett ( 1980) to predict the energy content of weight 
gain. Garrett's data set included 72 comparative slaughterex
periments conducted at the University of California between 
1960 and 1980 with approximately 3,500 cattle (predomi
nantly British breed beef steers) fed a variety of diets. The 
Garrell equation describes the relationship between retained 
energy (RE) and EBG for a given EBW and the composition 
of EBW gain at a particular stage of growth in cattle. Because 
the BW at which caule reach a given chemical composition 
varies depending on mature size and sex, body composition 
may differ among animals of similar BW (NRC, 1996). 
Thus, most systems to predict body composition and nutrient 
requirements in the past 20 years have used a size-scaling ap-

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

proach to account for differences in composition at a specific 
BW that are due todifTerences in matureBW (MatBW). The 
size-scaling approach adopted by NRC (200 I) involved cal
c ulation of the relationship between an animal's current BW, 
its MatBW, and a standard reference weight. The MatBW 
of the standard reference animal (NRC, 2001) was 500 kg 
and defined as the weight at which skeletal development is 
complete and the empty body contains 25 percent fat cor
responding to a BCS of 3 on a I to 5 scale. 

In the past 20 years, several studies have measured body 
composition for Holstein caule. Based on a meta-analysis 
of 26 studies with 129 treatment means on Holsteins, de 
Souza and VandeHaar (2018) showed that the equations of 
the seventh edition generally underestimated the fat content 
of the empty body and the RE per kilogram of gain in young 
heifers and overestimated the fat content of the empty body 
and the RE per kilogram of gain in older heifers. Moreover, 
the fat content of mature Holsteins at a body condition of 3 
on a 5-point scale was 22 percent, not 25 percent. Part of the 
reason for underestimating the fat content of young heifers 
was that in NRC (200 I), the energy content of gain was as
sumed to be proportional to the 0.75 power. Reasons were not 
provided for the use of the 0.75 power function , and it lacks 
biological support. A natural log function provided a better fit 
of the relationship ofBW to body composition for Holsteins 
from birth to maturity (de Souza and VandeHaar, 2018). 

The text within NRC (2001) implies that the composi
tion of body gain is highly sensitive to the rate of gain, with 
animals gaining faster depositing a greater proportion of fat 
than animals growing slower. However, Table I 1-1 in NRC 
(2001) does not bear this out; RE per day was proportional 
to ADG to the 1.097 power, and thus the RE content ofEBG 
was proportional to ADG to the 0.097 power. Hence, the RE 
content of EBG was only 7 percent greater for a heifer gain
ing 1.2 kg/d than for one gaining 0.6 kg/d, which is much 
less of a response in body composition to rate of gain than in 
the literature cited (Radcliff et al., 1997; Waldo et al., 1997). 

The current committee developed new equations to de
scribe growth of heifers based on 26 publications with 129 
treatment means for body composition of Holstein cattle 
from birth to maturity. Publications and variables used in 
the model are shown in Table 11- 1. The composition of gain 
had a greater fat content, and thus energy content, in heifers 
with faster growth rates. However, the committee deemed 
that setting requirements based on the higher proportion of 
fat gain during faster growth was not reasonable because the 
resulting diets would be low in protein relative to energy and 
might limit proper frame and mammary growth. Instead, fat 
content of EBW was regressed against EBW for cattle from 
birth to maturity. For EBW between weaning (-80 kg) and 
first calving (-570 kg), a linear regression based on EBW fit 
the data as well as a quadratic function or functions based 
on log BW or BW to any power. The fat content of gain was 
derived from the fat content of EBW. To ensure mathemati
cal consistency, the fat content of EBW or EBG was used 
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TABLE 11 -1 Publicalions Used to Develop Equations for Composition of Gain in Dairy Heifers• 

Method for 
Reference Composition EBW Measured? Range in EBW. kg Range in ADG, g/d 

Heifers 

Brown et al., 2005b Carca.~s composition No 5 11097 379 to 900 
Chelikani et al.. 2003 Urea dilution No 239 to 269 52010 1.040 
Davis Rincker et al.. 2008b Rib composition No 140 to 173 645to l.I OO 
Diaz et al.. 200 I EBW composition Yes 401099 59010 1.210 
Meinert et al., 1992 Urea dilution No 47610584 72010 8 10 
Meyer, 2005 EBW composition Yes 85 to 3 10 6 1010%3 
Moallem et al .. 2004 EBW composition Yes 7910 24 1 820to% 1 
Radcliff et al.. 1997 Carcass composition No 286 to 349 770 to 1.270 
S teen et al.. 1992 Urea dilution No 386 to 401 7 14 to 769 
Waldo et al., 1997 EBW composition Yes 155 10 289 766 to 1,004 
Whitlock et al.. 2002 Carca.% composition No 27210277 1,13010 1.180 

Calves 

Banlen et al., 2006 EBW composition Yes 44 to 68 25010 700 
Blome et al.. 2003 EBW composition Yes 47 to 58 38010 620 
Chapman et al.. 2017 Dpdilution No 57 to 63 422 to 747 
Donnelly and Hutton. 1976 EBW composition Yes 6 1 to70 6 10 to 830 
Hi ll et al. , 2008 EBW composition Yes 59 to 88 36010 450 
Mill s et al., 2010 EBW composition Yes -83 88010 990 
Rius et al.. 2005 Carca.~s composition Yes 63 to 150 1.090 to 1.230 
Robelin and Chilliard. 1989 EBW composition Yes 83 to 111 740 to 800 
Swartz et al.. 1991 Urea dilution No 83 to 87 840 to 890 
Tikofsky et al.. 2001 EBW composition Yes -80 76010 8 10 

Cows 

Agnew et al.. 2005 EBW composition Yes 4 12 
A ndrew et al.. 1994 EBW composition Yes 45210480 
Belyea et al.. 1978 K40 No 44 1 to 507 
Chibisa et al .. 2008 Urea dilution Yes 55310656 
Komaragiri et al.. 1998 D,O dilution Yes 408 to 520 
Komaragiri and Erdman, 1997 D~O dilution No 450 to 638 
Martin and Ehle, 1986 D,O dilution Yes 595 10 689 
McGuffey et al.. 1991 EBW composition Ye.~ 461 to 476 
Soderholm et al.. 1988 op dilution No 491 10594 
von Soosten et al.. 2012 EBW composition Yes 398 to 447 

0 If EBW was not measured. EBW was the sum of compoments parts. or 0.85 x BW for calve.~ and heifers. or 0.82 x B W for cows. 

to calculate fat-free matter (FFM), and the comp osition of 
FFM was assumed to be a constant of 21.5 percent protein, 
5.6 percent ash, and 72.9 percent water, as shown by Waldo 
et al. ( 1997) and proposed for use in the seventh e dition. The 
composition of FFM may change slightly as cattle age, but 
the effect of this change on the protein content of EBO is 
trivial compared to the effect of changes in FFM content. The 
RE content of EBW and EBG was calcu lated as a sum of Lhe 
energy from retained fat and protein, using RE values of9.4 
Meal/kg for fat and 5.55 Meal/kg fo r protein (NRC, 200 I). 

Assuming Hols teins in thi s data set had an average 
MatBW of 700 kg, a size-scaling approach was developed 
with the standard reference MatBW at 700 kg and a mature 
EBW at 574 kg (82 percent of 700). This size-scaling ap
proach enables all equations to be used for other breeds, for 
which data are lacking. A similar approach was used in NRC 
(2001 ), but the current equations are s impler and use Hol
s teins as the re ference. Equations were then converted , and 

composition o fBW and BW gain were based on a percentage 
of an animal's expected MatBW. Gut fill for heifers was set 
at 15 percem ofBW (instead of 18 percent for cows), so that 
EBG was 85 percent o f ADG. 

The resulting regressions are in Figtu·e 11 -1. As EBW 
increases, the composition of EBW changes linearly, with 
prote in content decreasing and fat content increasing. The 
average content of EBW is 20 percent protein and 9 percent 
fat at 70 kg EBW ( 12 percent ofmature EBW) and 17 percent 
prote in and 22 percent fat at 470 kg EBW (82 percent of 
mature EBW). The assumption was made that these represent 
the average body composition for normal growth, which 
maintains a BCS of 3.0 to 3.5. 

The equations that best described the data of studies from 
Table 11-1 were as follows: 

Fat in EBW (Fat_EBW; kg/kg)=0.067+0.188 
>< (BW I MatBW) (Equation I l -4a) 
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FIGURE 11-1 Fat and protein content of EBW in Holstein canle. Points are treatment means, after adjustment for srndy effects, from studies 
using d irect chemical measures of empty body mass (G_D irect), carcass or rib sections (G_Carcass) in growing calves or heifers. or direct 
chemical measw·es of empty body mass (M_Direct) or water dilution methodology (M_Dilution) in cows. Prediction lines are considered 
valid only between 70 and 490 kg EBW. 

FFM in EBW (FFM_EBW; kg/kg)= I - Fat_EBW 
(Equation I 1-4b) 

Protein in EBW (Protein_EBW; kg/kg) = 0.2JSxFFM_EBW 
(Equation I 1-4c) 

Ash in EBW (Ash_EBW; kg/kg)=O.OS6xFFM_EBW 
(Equation I l-4d) 

Water in EBW (Water_EBW; kg/kg) = 0.729 x FFM_EBW 
(Equation I l-4e) 

Using the above equations to describe the composition of EBW 
at various ages, the composition of EBG (i.e., t111e growth) is 
the following: 

Fat in EBG (Fat_EBG; kg/kg)=0.067+0.37S 
x(BW I MatBW) (Equation 11 -Sa) 

FFM in EBG (FFM_EBG; kg/kg)= I - Fat_ EBG 
(Equation I I-Sb) 

Protein in EBG (Protein_EBG; kg/kg)= 0.21 S xFFM_EBG 
(Equation I I-Sc) 

RE in EBG (RE_EBG; Mcal/kg)=9.4xFat_EBG 
+ S.SS x Protein_EBG (Equation 11 -Sd) 

Ash in EBG (Ash_EBG; kg/kg) = 0.0S6xFFM_EBG 
(Equation I I -Se) 

Water in EBG (Water_EBG; kg/kg)= 0.729 x FFM_EBG 
(Equation I I-Sf) 

where EBW = 0.8SxBW and EBG=0.8SxADG in kg and 
kg/d, respectively. Estimated ash and water concentration in 
EBW and EBG are not needed in the model but are shown 
here for completeness. 

Thus, the composition of live BW gain is as follows: 

Fat in ADG (Fat_ADG; kg/kg)=0.8S xFat_EBG 
(Equation I l -6a) 

RE in ADG (RE_ADG; Mcal/kg)= 0.8S xRE_EBG 
(Equation I l -6b) 

Protein in ADG (Protein_ ADG; kg/kg)=0.8S xProtein_EBG 
(Equation I l -6c) 

The expected composition of gain is shown from wean
ing to first calving in Figure 11-2, with comparisons to the 
NRC (2001) system for gains of0.6and 1.0 kg/cl. The fat and 
energy contents of gain in the new equations are similar to 
NRC (2001) for midweight heifers but are greater for young 
prepubertal heifers and less for older heifers. The protein 
content of gain is less than NRC (200 I) in all cases because 
that model assumed that body gain was 96 percent tissue 
(EBG/ADG was 0.96). As an animal approaches maturity 
(9S percent of MatBW), the composition of ADG as true 
frame growth approaches 36 percent fat, 10.S percent protein, 
and 4.0 Meal of RE/kg. 

After first calving, frame growth will continue but will 
be only a small portion of total requirements. Assuming that 
BCS is maintained at 3.0 to 3.S and that gut fill is constant 
at 18 percent, Equations I I-Sa to 11-Sd are used to estimate 
body composition of the growth; however, Equations 1 1-6a 
to I l-6c are modified by replacing 0.85 with 0.82 because 
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(red sho11 dashed line). These proj ections are based on the a5Sumptions that EBG/ADG is 96 percent in NRC (200 1) and 85 percent in the 
current version. 

of dilTerences in gut fill. ln contrast, the composition of BW 
change when associated with BCS change is 62 percent fat, 
8 percent protein, and 6.3 Meal/kg. 

The effic iencies of converting ME to net energy-gain (i.e., 
re tained energy fREl) and o f converting MP to re tained pro
tein (equivalent to net prote in gain, or NP) were not c hanged 
from NRC (2001). 

ME for growth (Mcal/d) = RE (Mcal/d) I 0.40 
(Equation 11-7) 

As animals mature, the efficiency of converting MP to NP 
is decreased; the equation used by NRC (200 I) dropped NP/ 
MP from 0.77 to 0.39 as BW increased from 12 percent to 
82 percent ofM atBW. T hat equation yie lds values for young 
heifers greater than is reasonable based on Chapter 10. In 
NASEM (2016), NP/MP is essentia lly 0.5 for most growing 
cattle. The current committee set NP/MP at 0.6 for heifers 
at 12 percent ofMatBW and decreased it linearly to 0.39 for 
heifers at 82 percent: 

MP to NP efficiency (NP-ell)=0.64-0.3xEBW/Matm-e EBW 
(Equa tion I I -8) 

where EBW cannot exceed Mature EBW and EBW/Mature 
EBW can be approximated as BW/MatBW. 

MP for growth (g MP/d) = Retained protein (g/d ) I NP-efT 
(Equation I I -9) 

EFFECTS OF PLANE OF NUTRITION 
ON FUTURE MILK PRODUCTION 

Energy Nutrition 

How heifers are fed, starting at birth, can have long-term 
impacts on milk production through effects on the develop-

ing mammary gland and BW and BCS at first calving. E ffects 
of preweaning nutrition are covered in Chapter I 0. Recent 
reviews on heifer-rearing programs include Le Cozier et al. 
(2008), Lohakare e t a l. (2012), and Heinrichs e t al. (2017). 

First calving a t 22 to 24 months is considered to best bal
ance the cost of growing heifers with their production and 
life time income potential (Enema and Santos, 2004; Heinrichs 
et a l., 2017). Calving at <22 months usually is associated with 
smaller BW at first ea! ving or requires rapid growth from birth 
to calving. Both inadequate size at first calving and rapid 
growth rates may limit subsequent milk production (Heinrichs 
et al. , 2017). 

The idea that smaller heifers at calving produce less milk 
is based almost entirely on correla tio ns, o ften with all heifers 
fed and managed the same; these corre lations are usefu l for 
formulating hypotheses, but they are not causal. A notable 
exception is a study of 500 dairy heifers of mixed breeds by 
Lin e t a l. (1986). Heifers were randomly assigned to two 
groups for breeding eligibility at 11.5 or I 5 months, and 
those heifers bred early, compared to those bred la te, calved 
3 months earl ier (23 versus 26 months), weighed 50 kg less 
at calving, and produced 300 kg less milk in their first lacta
tion. Abeni et al. (2000) fed 42 Holstein- Friesian heifers and 
set breeding eligibility at 370 or 420 kg; those that calved 
early weighed 50 kg less at calving and produced 550 kg 
(7 percent) less energy-corrected milk in their first lacta tion. 
Assuming the lower milk yield of early bred heifers in both 
studies was due to their lower BW at calving, each kilogram 
decrease in BW could be expected to decrease milk produc
tion about 10 kg during the firs t lac tatio n. 

Target BWs for milestones in the life of a heifer are the 
same as those in NRC (2001) and shown in Table I 1-2. As in 
NRC (200 I), these targets are set as a percentage of MatBW to 
enable use for breeds other than Holstein or Jersey. Target BW 
for individual Holstein or Jersey heifers also might be adjusted 
a5 genomic predic tions of MatBW become more avai !able. The 
target BWs aller the first and second calvings are 82 percent 
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and 92 percent of MatBW, or 570 kg and 640 kg for Hol
steins. The target BW at conception is 55 percent ofM atBW, 
or about 380 kg for Holsteins. Target BCS at all milestones 
(breeding and calving) is 3.0 to 3.5. If the target age at first 
calving is 22 months, conception must occur at I 3 months. 
Given that larger BW (with proper BCS) at cal ving results in 
more milk, the target at first calving may in some situations be 
>82 percent of M atBW. Given that conception ofLen requires 
more than one insemination, optimal BW at fi rst breeding may 
be 50 percent ofMatBW or even less. Lighter BW at breeding 

may be acceptable if heifers are fed in confined systems for 
optimal growth once pregnant. If they are in sysLems where 
they w ill grow more slowly during gestation, they should be 
heavier at breeding. 

To attain a BW of 350 to 380 kg (50 to 55 percent of 
700 kg) by 13 months, Holsteins must grow -0.85 kg/d on 
average from birth to I 3 months, and because gains this 
fast are unli kely i n the first 2 months, gains of -0.90 kg/d 
are needed dur ing much of the rest of the first year to attain 
fi rst calving at 22 months. B ased on the seminal article by 
Sinha and Tucker (1969), the mammary gland g rows at an 
allometric rate between 3 and 9 months of age. H owever, on 
a fractional growth basis, the mass and DNA content of the 
mammary gland per JOO kg BW increased 50-fold from I to 
3 months o f age but only 3- fold from 3 to 5 months. Brown 
et al . (2005a) reported that the mass of mammary parenchyma 
per 100 kg BW increased 4- to 8-fold between 8 and 14 wk 
of age; in their study, they were unable to detect parenchymal 
tissue at 2 cl of age. Thus, mammary growth is allometric from 
bi rth to about the time of puberty, when it slows down to the 
rate of o ther body tissues; during this time, the milk produc
tion potential of a hei fer may be responsive to nutrition. An 
increased plane of nutrition before weaning enhances later 
milk production, but an increased plane of nutrition between 
the time of weaning and puberty may impair it. 

Retrospective correlation analyses often find that high 
rates o f gain in heifers do not impair and may even enhance 
subsequent milk produc tion. For example, Krpal kova et al. 
(2014) examined relationships of B W, BCS, and ADG of 
780 hei fers to their milk y ield as cows; hei fers were divided 
retrospectively into the three groups based on BW at I 4 
months. They found that heifers w ith the greatest BW at 
14 months (ADG > 0.95 kg/d from 5 to 14 months) produced 
the most mil k over their first three lactations. The l arger heif
ers had slight ly higher BCS at 14 months (3.5 versus 3.2) and 
calved I month earlier (24 versus 25 months) than the small
est heifers. Volkmann et al. (20 I 9) found that rap id growth 
rates from birth to I year did not impair milk production of 
2,300 Ho lsteins. These data suggest that rapid grow th rates in 
heifers can be consistent w ith high milk production as cows. 
However, COJ1"elations of gain w ith milk production in ani
mals that are al I fed and managed the same are noL causal and 
can be misleading. Some o f the endogenous controls of lean 
growth also contro l milk produclio n (such as somatotropin); 

hence, faster growth should be associ ated with gll"eater milk 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

yield. In setting Largets for ADG when formulating diets, the 
question is w hether average gains >0.95 k g/cl would promote 
more milk than average gains <0.85 kg/d. 

Based on studies where heifers were randomly assigned to 
diets that promoted fast or slow growth,ADG >0.9 kg/d during 
the period between weaning and breeding generally decreased 
m il k yield i n the first lactation (Zanton and Heinrichs, 2005). 
However, diets that promoted gains between 0.9 and I .0 kg/cl 
caused only small drops in future milk yield (5 percent or 
Jess), and only diets promoting gains> I .0 kg/d decreased milk 

production by greater than 10 percent. Two additional studies 
not cited by Zanton and Heinrichs (2005) also support that 
diet-induced gains > 1.0 kg/cl decrease subsequent mi lk y ield 
by > 10 percent (Gardner et al., 1977; Peri et al., 1993). Van 
Amburgh et al. (2019) proposed that this decrease in milk 
y ield from feeding high energy in the first year of life was due 
to excess body condition canied over to first calving; however, 
this was not the case for all studies. For example, Radcliff 
et al. (2000) fed diets promoting gains of 0.8 or I. I kg/d from 
4 months of age until con finned pregnant and found that hei f
ers fed for faster growth had greater BCS at first insemination 
(4.2 versus 3.5) but the same BCS at cal ving (3.5 versus 3.7) 
and same postpartum BW (515 versus 539 kg); they calved 
3 monthsearlier (63 I versus?19 days)and produced I Opercent 
Jess energy-corrected milk in the first lactation. 

T he etiology for the effect of high-energy d iets fed to 
prepuberty hei fers on mil k production potential is not clear. 
Ever since Sinha and Tucker ( 1969) showed that the mammary 
gland slowed from allometric to isometric growth at puberty, 
o ne mechanism considered for the decreased mass of mam
mary parenchyma per unit of BW at puberty was that high
energy diets hasten the age of puberty and thus truncate the 
period of allometric mammary growth. This was demonstrated 
by M eyer et al. (2006), who killed heifers at 50-kg increments 
o f BW that were fed high- or low-energy d iets; hei fers fed 
high-energy diets gained 0.95 kg/d, compared to 0.65 kg/d 
for low-energy diets, but the rate of mammary parenchymal 
accretion was the same in each. Heifers fed high-energy diets 
attained puberty earl ier and had less parenchymal mass at 
puberty. Van Amburgh et al. (2019) further demonstrated that 
early pubeny w ith truncated mammary growth l ikely could 
explain results of several other studies. However, the question 
remains whether mammary growth would have been constant 
o utside the bounds of 0.65 to 0.95 kg/d and why diet might 
alter mammary development in heifers before 2 months of age 
but not between 2 months and p uberty. 

Possibly more important than rate of gain per se is the 
extent o f fat deposition i n body and mammary tissues, as 
proposed by Swanson ( I 960) 60 years ago. Silva et al. (2002) 
examined the relationships o f ADG and body fat content 
o f individual hei fers fed for rapid gains in several studies. 
T hey found that for hei fers around the time of puberty, those 
w ith the greatest amount of body fat had the least amount of 
mammary parenchyma, and for heifers that were bred and 

followed through lactation, those with higher BCS at breed-
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ing produced less milk as cows (Silva et al ., 2002). Thus, 
although a high rate of gain is often considered the cause 
of impaired milk production potential, the problem may 
actually be that diets that promote rapid gains also promote 
excessive fat accretion. The idea that fat could interfere 
with mammary development is supported by studies show
ing negative efTects of leptin on insulin-like growth factor-I 
(IGF-1)-slimulated mammary cell proliferation in heifers 
(Silva et al., 2008) and that diet-induced obesi ty impairs 
normal mammary development in other species, such as mice 

(Kamikawa et al.. 2009). I f excess faltening is the cause of 
impaired mammary development, then feeding programs 
should focus on sound growth without fattening. In Meyer 
et al. (2006), heifers fed high energy to gain 0.95 kg/d had 
greater mammary fat pad mass but not greater body fat con
tent per kilogram BW during the prepubertal period; this rate 
of gain seems reasonable for modem Holsteins. 

Whether the decrease in mammary parenchymal mass at 
puberty is important is not clear. Perhaps the mammary g land 
compensates after puberty for the potential development that 
was not realized prior to puberty. However, as discussed 
earlier, multiple studies have demonstrated that prepubertal 
diets that promote rapid gains in the prepubertal period de
crease first-lactation milk y ield. Rapid growth ofien increases 

BCS, and in some o f these studies, increased BCS might have 
been carried over to the time of calving; however, in some 
studies, heifers calved at similar BCS, which indicates that 
postpubertal development may not be able to compensate for 
decreased prepubertal development. I f heifers grow rapidly 
without fauening, then perhaps gains> 1.0 kg/dare acceptable 
for Holsteins, but no studies to date have shown that gains 
greater than 1.0 kg/d during the prepubertal period result in 
as much milk once heifers have calved. Optimal rates of gain 
should be adjusted for expected MatBW and are shown in 
Table I 1-2; the upper threshold for prepubertal Jersey heifers 
is -750g/d. 

TABL E 11-2 Target Weights, Ages, and Daily Gains 
for Growing Dairy Callie 

Percent of 
Mature B\V Holstein Jersey 

Mature BW 100 700 520 
Birth BW 6 42 3 1 
Weaning BW 12 84 62 
Conception BW 55 385 286 
First ~lving prepanum BW 9 1 638 426 
First ~lving postpartum BW 82 574 474 
Second calving postpanum BW 92 644 478 
Conception age. months 13 t3 
First ca lving age. month> 22 22 
Prepubertul ADC O.t3 0.90 0.67 
Postpubenat ADG 0.tO 0.69 0.5t 
Postpubenal gain+ pregnancy 0.13 0.92 0.69 
First-lactation ADG 0.027 0. 19 0. 14 
Second-lacrn1ion ADC 0.022 0. 15 O.tt 
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Protein Nutrition 

The requirement for dietary protein in N RC (200 I ) was 
calculated based on the rate of protein accretion, the effi
ciency with which MP is converted to retained protein, and 
the digestibility, rumen degradability, rumen kinetics. and 
microbial metabolism of dietary CP. Because the major target 
for protein deposition is muscle, muscle accretion was the 
major determinant o f the final dietary protein requiremenl<;. 
However, optimal hei fer-rearing programs must consider ef
fec ts of protein nutrition not only on muscle accretion but also 
on structural growth, feed efficiency. and future milk produc
tion potential. Dietary protein supplies amino acids, which 
are the building blocks for protein synthesis in all of these 
functions, but amino acids also can alter hormonal signals 
and cellular machinery in ways that are not easily quantified 
(Rezaei et al., 2016). Selling protein requirements based 
solely on relationships between dietary protein and protein 
accretion does not account for effects of protein on physi
ological regulation. Several studies in the past 20 years have 
examined protein requirements for dairy heifers as a function 
of ME intake, and most have shown that the required ratios of 
protein to energy in NRC (200 I ) were reasonable. From NRC 
(2001 ), the required protein to energy ratio in diets for heifers 
at 150 kg BW gaining 900 g/d was 72 g C P/Mcal ME. The 
required ratio was sensitive to level o f maturity and to rate 
of gain. The required ratio decreased from 72 10 64 g/Mcal 
for 150-kg heifers as gain decreased from 900 to 600 g/d and 
decreased from 72 to 52 for heifers gaining 900 g/d as BW 
increased from 150 to 350 kg BW. However, these require
ments were based on equations where the protein content of 
EBG ror young heifers and EBG as a percentage of ADG 
of all hei fers were too high (EBG was 96 percent of ADG). 
Correcting these equations results in lower requirements for 
protein relative to energy, and these new requirements may 
be inconsistent w ith recommendations for optimal mammary 
development. 

Studies in which excess energy intake depressed mam
mary development or subsequent milk production the most 
were those with the lowest protein content per unit energy 
in the diet of the heifers fed for rapid growth (Whitlock 
et al., 2002). Whitlock et al. (2002) directly tested the efTect 
of protein in Holstein heifers by feeding ad libitum high
energy diets containing 48, 57, and 66 g CP per Meal ME 
(corresponding to estimates o f 37, 41, and 44 g MP) from 
130 to 320 kg BW. The diets had no efTect on carcass gain 
or carcass composition and no significant efTect overall on 
mammary development. However, for heifers that naturally 
grew the fastest and achieved puberty earl iest. those fed the 
high-protein diet had greater mammary development. L'lm
mers and Heinrichs (2000) fed prepubertal heifers from 200 
to 340 kg BW diets containing 46, 54, and 6 1 g CP/Mcal ME 
with dry mauer intake (DMI) restricted to 2.45 percent of BW 
per day; heifers grew 1,000 to 1,100 g/d. The rate of gain, 
feed efficiency, structural growth, and teat elongation were 
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greater in heifers fed 61 than 46 or 54 g CP/Mcal ME. Even 
in heifers growing at slower rates, dietary protein may affect 
mammary development. Pirlo et al. ( 1997) fed prepubertal 
Friesian heifers diets with high or low energy and high or low 
protein. The high-energy diets promoted gains of 820 g/d and 
contained 62 or 50 g CP/Mcal ME from I 00 to 200 kg ofBW 
and 49 or 40 g CP/Mcal ME from 200 to 300 kg. Compared 
to groups fed low-energy diets, heifers fed high energy with 
low protein tended to produce 15 percent less milk protein as 
cows, but those fed high energy with high protein produced as 
much as those fed low energy. Gabler and Heinrichs (2003) 
fed 60 prepubertal Holstein heifers between 125 and 234 kg 
BW diets with varying protein content at restr icted intakes to 
gain 0.8 kg/d; they found that diets with a CP!ME ratio of 59 
or 68 outperformed diets containing 48 or 77 g/Mcal when 
considering structural growth, feed efficiency, and protein 
efficiency. 

On the basis of the above stud ies, the current committee 
determined that diets for heifers from weaning to first calving 
should contain a minimum amount of MP per Meal of ME 
to meet desired rates of gain, minimize the risk of excessive 
fat deposition, optimize lean tissue and structural growth, 
and maximize mammary development and subsequent milk 
production: 

Minimum MP (g!Mcal ME)=(53 - 25 xBW!MatBW) 
(Equation 11-10) 

TOTAL REQUIREMENTS FOR METABOLIZABLE 
ENERGY AND METABOLIZABLE PROTEIN 

Total ME requirement (Mcal/d) =ME for maintenance 
+ME for growth+ ME for pregnancy 

Total MP requirement (g/d) = MP for maintenance 
+ MP for growth+ MP for pregnancy 

Requirements for maintenance and growth were discussed 
above and requirements for pregnancy are discussed in 
Chapters 3 and 6. 

Because of effects on future milk yie ld (discussed above), 
the total MP requirement should be increased if below the 
minimum threshold of MP!ME for optimal development. 

If MP (g/d) < (53 - 25 xBW/MatBW) xME (Mcal/d), 
then 

MP (g/d) = (53-25xBW/MatBW)xME (Mcal/d) 
(Equation 11-11) 

Using these equat ions, requirements for ME and MP are 
shown in Tables I 1-3 and 11 -4 for cattle with a mature BW 
of 700 kg and 520 kg, the typical MatBW for Ho lsteins and 
Jerseys. For these examples, the minimum MP to ME ratio 
was the determining factor for setting the requirement for MP. 
We suggest that the minimal dietary protein for optimal milk 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

production potentia l may be higher than that for structural 
growth. Further research is needed to refine MP requirements 
for heifers that support both growth and future milk produc
tion potential. 

TARGET BODY WEIGHTS AT BREEDING 
AND CALVING 

Targets in Table 11-2 are set for heifers reared in intensive 
or dry lot environments. Heifers grown on pasture or in situ
at ions where poor-quality feedstuffs are cost-effective should 
use similar targets for BW but should consider later targets 
for age at each BW target. These targets assume that heifers 
will have BCS of 3.0 to 3.5. 

PREDICTING GAIN FROM AVAILABLE 
METABOLIZABLE ENERGY AND METABOLIZABLE 
PROTEIN 

The above equations can be reversed to predict gain. Al
though the composition of gain was not adjusted with changes 
in rate of gain when setting requirements, the change in com
position is used to adjust the predicted gain based on available 
energy. In NRC (200 I), RE per day was proportional to ADG 
to the 1.097 power, so the RE content of gain was proportional 
to ADG to the 0.097 power. Both the current calf and heifer 
models will continue to use this value, albeit rounded to 0.10, 
for predicting gains. In addit ion, in the heifer model, the pre
diction is adjusted so that the base RE content of gain is set for 
a heifer ofMatBW at 700 kg gaining 840 g/d, or0.12 percent 
ofMatBW per day. For heifers of700 kg MatBW, gains greater 
than 840 g/d will result in greater RE per ki logram of gain, 
or less gain than predicted without the adjustment. For small 
breeds, 840 g/d would be a fast rate of gain; the base for a 
heifer with 520 kg MatBW would be at 620 g/d gain. Because 
the minimum MP to ME ratio was the determining factor for 
setting the requirement for MP in most cases, allowable gains 
based on protein were not predicted. If the MP to ME ratio of 
a diet is less than that shown in Table 11-3 or 11-4 for a heifer 
of a given BW, the diet has insufficient protein for optimal 
growth and development. The equations to predict gain from 
ME intake are as follows: 

RE (Mcal/d) = (ME intake - ME for maintenance) x 0.40 
(Equation I l- I 2a) 

ADG (kg/d) = RE I (0.85 x ( 1.74+ 3.08 
x (BW!MatBW)) x (0.0012 x MatBWo·1) 1' 1.1) 

(Equation l l-12b) 

RE of ADG (Meal/kg) = RE (Mcal/d) I ADG (kg) 
(Equation I I- I 2c) 

Fat in ADG (kg/kg)=0.85 x((RE of ADG f 0.85 
-1.19) / 8.21) (Equation I l- 12d) 
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TABLE I 1-3 Requirements for Energy and Protein in Heifers with Mature Body Weight of 700 kga 

Live BW 112 224 336 420 560 

BW as% of mature BW 16 32 48 60 80 
fa1ima1ed DMt, kg/d 3.3 6.0 8.0 9.3 10.9 

Maintenance 
ME, McaVd 5.5 9.3 12.6 14 .8 18.4 
MP. g/d 119 225 322 388 484 

Body composition 
Body fat% 8.2 10.8 13.3 15.3 18.4 
Body protein. % 16.5 16.0 15.4 15.0 14.3 

Body energy. Meal/kg 1.69 1.90 2.11 2.27 2.53 

Composition of gain 
Fat in ADO, % 10.8 15.9 2 1.0 24.8 31.2 
Protein in ADO. % 16.0 14.9 13.8 12.9 11.6 
Energy in ADO. Meal/kg 1.90 2.32 2.74 3.05 3.58 
Retained energy. McaVd 

AD0=700 g/d 1.33 1.62 1.92 2.14 2.50 

AD0=840 g/d 1.60 1.95 2.30 2.56 3.00 
AD0=980 g/d 1.86 2.27 2.68 2.99 3.50 

Protein ga in. g/d 

AD0= 700g/d 112 104 96 9 1 81 
AD0=840 g/d 134 125 116 109 97 
AD0=980 g/d 156 146 135 127 113 

ME for pregnancy. Mcal/d 4. 16 
MP for pregnancy. g/d 250 
ME requirement, Mcal/d 

AD0=700 g/d 8.8 13.3 17.3 20.2 28.8 
AD0=840 g/d 9.5 14. I 18.3 2 1.3 30. l 
AD0=980 g/d 10.2 14.9 19.3 22.3 31.3 

MP 10 NP conversion 0.59 0.54 0.50 0.46 0.40 
Minimum MP/ME 49 45 41 38 33 
MP requirement. g/d 

AD0= 700 g/d 433 599 7 11 767 952 
AD0=840g/d 465 636 750 808 993 
AD0=980 g/d 498 672 790 848 1.034 

ME/kg diet OM 
AD0= 700 g/d 2.6 2.2 2.2 2.2 2.6 
AD0=840g/d 2.8 2.4 2.3 2.3 2.8 
AD0=980 g/d 3.0 2.5 2.4 2.4 2.9 

CP. %ofdiel OM 
AD0=700 g/d 18.4 14.3 12.6 11.8 12.5 
AD0=840g/d 19.8 15.2 13.3 12.4 12.5 
AD0=980 g/d 2 1. 1 16.0 14.0 13.0 13.5 

" Predicted DMI and the resulting ME and CP densities were based on the DMI prediction from Chapter 2 and using a conversion of CP lo MP of 0.7. 
Heifer for last column is 40 days preparlum. 

Protein in ADG (kg/kg)= 0.85 x ( I - (Fat content of ADG 
/0.85)x0.215) (Equation I l-12e) 

Reported diet-induced changes in composition of gain 
vary widely. Waldo et al. (1997) measured EBG to be 
21 percent fat for 330-kg heifers that had gained 780 g/d but 
25 percent fat for those gaining 990 g/d. Radcliff et al. ( 1997) 
observed 17 percent fat in carcasses of 340-kg he ifers gain
ing 770 g/d for 4 months and 25 percent fat in those gaining 
I ,200 g/d; BCS was 2.9 and 3.9, respectively. Davis Rincker 
et al. (2008b) estimated the RE content of ADG to be 1.6 
Meal/kg (8 percent fat) in young heifers gaining 640 g/d for 

12 weeks and 3.0 Meal/kg (25 percent fat) for those gaining 
1.08 kg/d. Meyer et al. (2006) found little difference in the 
composition of ADG in heifers fed low- or high-energy diets 
from birth to 250 kg BW and gaining -660 versus -930 g/d. 
As BW increased from I 00 to 250 kg, the RE content of ADG 
increased from -1.4 to 2.7 Meal/kg (from 10 to 2 1 percent 
fat) with little difference between diets. However, for heifers 
killed at 300 or 350 kg, the RE of ADG was -2. I Meal/kg 
(20 percent fat) on the low-energy diet and nearly double 
that on the high-energy diet. Thus, ne ither the previous nor 
current NRC models adequately account for changes in the 
composition of gain that occur when heifers are fed diets 
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TABLE I 1-4 Requirements for Energy and Protein in He ifers with Mature Body Weight of 520 kga 

Live BW 83 166 250 3 12 4 16 

BW as% of mature BW 16 32 48 60 80 
fatimated DMt, kg/d 2.5 4.5 6.0 6.9 8. 1 

Maintenance 
ME, McaVd 4.4 7.4 10.0 11.9 14.7 
MP. g/d 89 168 240 289 361 

Body composition 
Body fat.% 8.2 10.8 13.3 15.3 18.4 
Body protein. % 16.5 16.0 15.4 15.0 14.3 

Body energy, McaVkg 1.69 1.90 2. 11 2.27 2.53 

Composition of gain 
Fat in ADO, % 10.8 15.9 2 1.0 24.8 31.2 
Protein in ADO. % 16.0 14.9 13.8 12.9 11.6 
RE in ADO. Meal/kg 1.90 2.32 2.74 3.05 3.58 
Retained energy. McaVd 

AD0=520 g/d 0.99 1.2 1 1.42 1.59 J.86 
AD0=624 g/d 1.19 1.45 1.7 1 J.90 2.23 
AD0=728 g/d 1.38 1.69 1.99 2.22 2.60 

Protein ga in. g/d 

AD0= 520gld 83 77 72 67 60 
AD0=624 g/d 100 93 86 8 1 72 
AD0=728 g/d 11 6 108 100 94 84 

ME for pregnancy. Mcal/d 3.04 
MP for pregnancy. g/d 183 
ME requirement, Mcal/d 

AD0= 520 g/d 6.9 10.4 13.6 15.8 22.4 
AD0=624 g/d 7.4 11.0 14.3 16.6 23.4 
AD0=728 g/d 7.9 11 .6 15.0 17.4 24.3 

MP to NP conversion 0.59 0.54 0.50 0.46 0.40 
Minimum MP/ME 49 45 4 1 38 33 
MP requirement. g/d 

AD0=520 g/d 337 469 558 602 740 
AD0=624 g/d 36 1 4% 587 632 771 
AD0=728 g/d 385 523 6 16 662 801 

ME, McaVkgdiet OM 
AD0=520 g/d 2.8 2.3 2.3 2.4 2.8 
AD0=624 g/d 3.0 2.5 2.4 2.4 2.9 
AD0 = 728 g/d 3.1 2.6 2.5 2.5 3.0 

CP, %ofdiet OM 
AD0= 520 g/d 19.3 IS . I 13.3 12.5 13.0 
AD0=624 g/d 20.7 15.9 14.0 13. I 13.6 
AD0=728 g/d 22.0 16.8 14.7 13.7 14. 1 

" Predicted DMI and the resulting ME and CP densities were based on the DMI prediction from Chapter 2 and using a conversion ofCP to MP of 0.62. 
Heifer for last column is 40 days prepartum. 

supporting different rates of gain. The current committee 
decided that data were lacking to change the assumptions 
from NRC (2001) orNASEM (2016); thus, the RE content of 
ADG is proportional to the 0. I power of ADG. In the future, 
a reasonable approach for predicting composition of ga in 
would be to predict the composition of frame gain and then 
to use changes in body condition for s ignificant deviations 
from the standard g rowth rates. The committee recommends 
that future s tudies with heifers monitor and report BCS, 
along with die ts, intake, and rates and composition of gain. 
When feeding heifers, BW gain and BCS should be closely 

monitored to ensure optimal ske letal growth. 

HEIFER GROWTH PROGRAMS 

Between birth and first calving, feed quality and availabil
ity may vary due to environmental and price constraints. Peri
ods of s low growth on low-ene rgy diets may be followed by 
periods of rapid growth on high-energy diets, and in the end, 
the deve lopment of the heifer may be similar. Such "stairstep" 
programs may improve Ii fetime productively (Ford and Park, 
200 I) . Periods or alternating slow and rapid growth might 
also provide advantages in e fficiency due to compensatory 
gain (NASEM, 2016) and a llow use or poor-quality feeds 
or paslures. Al lhe leasl, periods of al1ema1ing fasl and slow 
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growth seem to cause no disadvantage to hei fers in the long 
term. Based on the potential impacts on mammary develop
ment discussed earl ier, one period to promote slower growth 
would be between 3 months of age and puberly. Another 
possibility would be to feed for slower growth when heifers 
are being managed for breeding, so that those taking longer 
to conceive are less l ikely to gain excess body condition. In 
addition, i f grain is relatively cheap, the most cost-effective 
way to feed heifers may be to feed high-energy diets with 
more grain at a restricted intake (Zanton and Heinrichs, 
2007, 2008). Restricted feeding of higher-energy diets can 
promote optimal growth provided feed is uniformly provided 
so all animals maintain proper body condit ion. In addition, 
increased grain and decreased fiber in heifer diets fed at re
stricted intake would decrease methane and manure output. 

REFERENCES 
Abeni. F.. L. Calamari. L. Stefanini. and G. Pirlo . 2000. Effects of daily 

gain in pre- and post pubertal replacement dairy heifers on body condi
tion score, body size. metabolic profile, and future milk production. 
J. Dairy Sci. 83:1468-1478. 

Agnew. R. E .. T. Yan. W. J. McCaughey. J. D. McEvoy. D. C. Patterson. 
M. G. Porter. and R. W. J. Steen. 2005. Relationships between urea 
d ilution mea~urements and body weight and composition of lactating 
dairy cows. J. Dairy Sci. 88:2476-2486. 

Andrew. S. M .. D. R. Waldo. and R. A. Erdman. 1994. Direct analysis of 
body composition of dairy cows at three physiological stages. J. Dairy 
Sci. 77:3022-3033. 

Bartlett, K. S., F. K. McKeith, M. J. VandeHaar. G. E. Dahl, and J. K. 
Drackley. 2006. Growth and body composition of dairy calves fed milk 
replacers containing different amounl~ of protein at two feeding rates. 
J. Anim. Sci. 84:1454-1467. 

Belyea, R. L.. G. R. Frost, F. A. Martz. J . L. Clark, and L. G. Forkner. 1978. 
Body composition of dairy catt le by Potassium-40 liquid scintillation 
detection. J. Dairy Sci. 6 1 :206-211. 

Blome. R. M .. J. Drackley. F. McKeith. M. Hutjens. and G. McCoy. 2003. 
Growth. nutrient utilization. and body composition of da iry calves fed 
milk replacers containing different amounts of protein. J. A11i111. Sci. 
8 1: 1641-1655. 

Brown. E. G .. M. J. VandeHaar. K. M. Daniels. J. S. Liesman. L. T. Chapin. 
J . W. Forrest. R. M. Akers. R. E. Pearson. and M. S. Weber Nielsen. 
2005a. Effect of increasing energy and protein intake in heifer calves 
on mammary development. J. Dairy Sci. 88:595- 603. 

Brown. E. G .. M. J. VandeHaar, K. M. Daniels, J. S. Lie.~man. L. T. Chapin. 
D. H. Keisler. and M. S. Weber Nielsen. 2005b. Effect of increasing 
energy and protein intake on body growth and carcass compositio n of 
heifer ca lves. i. DairySci. 88:585-594. 

Chapman. C. E .. P. Stone Wilkinson. M. R. Murphy. and P: S. Erickson. 
2017. Technical note: Evaluating nuclear magnetic resonance spectros
copy for determining body composit ion in Holstein dairy calves using 
deuterium ox ide dilution methods. J. Dairy Sci. 100:2807-28 11. 

Chelikani. P. K .. J. D. Ambrose. and J. J. Kennelly. 2003. Effect of d ietary en
ergy and protein density on body composition. attainment o f puberty. and 
ovarian foll iculardynamics in da iry heifers. Tlreriogenology 60:707-725. 

Chibisa. G. E .. G. N. Gozho, A. G. Van Kessel, A. A . O lkowski. and 
T. Mutsvangwa. 2008. EITects of peripartum propylene g lycol supple
mentation on nitrogen metabolism. body composition. and gene expre.~
sion for the major protein degradation pathways in skeletal muscle in 
dairy cows. J. Dairy Sci. 9 1 :35 12-3527. 

Davis Rincker. L. E., M. S. Weber Nielsen, L. T. Chapin, J . S. Liesman, K. M. 
Daniels. R. M. Akers. and M. J. VandeHaar. 2008a. Effects of feeding 

265 

prepubertal heifers a high-energy diet for three. six. or twelve weeks on 
mammary growth and composition. J. Dairy Sci. 9 1: 1926-1935. 

Davis Rincker. L. E .. M. S. Weber Nielsen. L. T. Chapin, J. S. Liesman. and 
M. J . VandeHaar. 2008b. Effects of feeding prepubertal heifers a high
energy diet for three. six, or twelve weeks on feed intake, body growth, 
and fat deposition. J. Dairy Sci. 9 1 :19 13-1925. 

de Souza. R. A .. and M. VandeHaar. 2018. Predicting composition of empty 
body weight of Holstein heifers and cows. J. Dairy Sci. 10 l(Suppl. 
2): 126- 127. 

Diaz. M. C .. M. Van Arnburgh, J. Smith, J. Kelsey. and E. Hutten . 200 1. 
Composition of growth of Holstein calves fed milk replacer from birth 
to 105-kilogram body weight. J. Dairy Sci. 84:830-842. 

Donnelly. P. E .. and J.B. Hu non. 1976. Effects ofdie1aiy protein and energy 
on the growth of Friesian hull calves. N. Z. J. Agric. Res. 19:289-297. 

Enema. J . F., and J.P. E. Santos. 2004. Impact of age at calving on lactation, 
reproduction . health, and income in first-parity Holsteins on commercial 
farms. J. Dairy Sci. 87:2730-2742. 

Ford. J. A .. Jr .. and C. S. Park. 200 I. Nutritionally directed compensatory 
growth enhances heifer development and lactation potential. J. Dairy 
Sci. 84: 1669-1678. 

Gabler. M. T .. and A. J. Heinrichs. 2003. Dietary protein to metabolizable 
energy rat ios on feed efficiency and structural growth of prepubertal 
Holstein heifers. J. D<1iry Sci. 86:268-274. 

Gardner, R. W., J. D. Schuh, and L. G. Vargus. 1977. Accelerated growth 
and early breeding of Holstein heifers. J. Dairy Sci. 60: 1941. 

Garren. W. 1980. Energy utilization by growing cattle as determined in 
72 comparative slaughter experiments. Pp. 3-7 in Energy Metabolism. 
Oxford, UK: Butterworth-Heinemann. 

Garren. W. N., J. H. Meyer. and G. P. Lofgreen. 1959. The comparative 
energy requirements of sheep and cattle for maintenance and gain. 
J. A11i111. Sci. 18:528-547. 

Heinrichs.A. J .. G. I. Zanton. G. J. Lascano. and C. M. Jones. 2017. A 100-year 
review: A century of dairy heifer re.search. J. DairySci. 100: 10 173-10 188. 

Hill. S. R., K. F. Knowlton. K. M. Daniels. R. E. James. R. E. Pearson.A. V. 
Capuco. and R. M. Akers. 2008. Effect of mil k rep lacer composition on 
growth, body composition. and nutrient excretion in preweaned Holstein 
heifers. J. Dairy Sci. 91 :3145-3 155. 

Kamikawa,A., O. lchi i, D. Yamaji, T. lmao, C. Suzuki, Y. Okammsu-Ogura. 
A. Terao. Y. Kon. and K. Kimura. 2009. Diet- induced obesity disrupts 
ductal development in the mammary g lands of nonpregnant mice. Dev. 
Dyn. 238:1092- 1099. 

Komaragiri, M .. and R. A. Erdman. 1997. Factors affecting body tissue 
mobilization in early lactation dairy cows: I. Effect of d ietary protein on 
mobilization of body fat and protein. J. Dairy Sci. 80:929-937. 

Komaragiri. M .. D. P. Casper. and R. A. Erdman. 1998. Factors affec1ing 
body tissue mobil izat ion in early lactation dairy cows: 2. Effect of dietary 
fat on mobilization of body fat and protein. J. Dairy Sci. 8 1: 169-175. 

Krpalkova. L., v. E. Cabrera. M. Vacek. M. Stfpkova. L. Stadnik. and 
P. Crump. 2014. Effect of prepubertal and post pubertal growth and age 
a t first calving on production and reproduction traits during the first 
3 lactations in Holstein dairy catt le. J. Dairy Sci. 97:3017-3027. 

Lammers. B. P .. and J. A. Heinrichs. 2000. 111e response of altering the 
ratio of dietary protein to energy on growth. feed efficiency. and mam
mary development in rapidly growing prepubertal heifers. J. Dairy Sci. 
83:977-983. 

Le Cozier, Y .. V. Lollivier. P. Laca~se. and C. Disenhaus. 2008. Rearing 
strategy and optimizing first-calving targets in dairy heifers: A review. 
Animal 2(9): 1393-1404. 

L in, C . Y., A. J. McAllister. T. R. Batra, A. J . Lee, G. L. Roy. J. A. Vesely. 
J. M. Wauthy, and K. A. Winter. 1986. Production and reproduction of 
early and late bred dairy heifers. J. Dairy Sci. 69(3):760-768. 

Lohakare. J. D .. K. H. Siidekum. and A. K. Pattanaik. 20 12. Nutrition
induced changes of growth from birth to first calving and its impact on 
mammary development and first-lactation milk yield in dairy heifers: 
A review. Asi<111 Aust. J. !ln.im. Sci. 25(9): 1338-1350. 

PREPUBLICATION COPY-Uncorrected Proofs 



���������� �����	


���������	����������������	���
��������	������������� ��!�"#���$%&'()* ���

266 

Martin. R. A .. and F. R. Ehle . 1986. Body compositio n of lacl ating and dry 
Holstein cows estimated by deuterium dil ution. J. Dairy Sci. 69:88-98. 

McGuffey. R. K .. R. P. Basson. and T. E. Spike. 199 1. Lac1mi-0nal response 
and body composition of cows receiving sommotropin and three ratios 
of forage to concentrate. J. Dairy Sci. 74:3095-3102. 

Meinert. R. A.,C.-M. J. Yang.A . J. He inrichs. and G. A. Varga. 1992. Effect 
of monensin on growth, reprod uctive performance, and estimated body 
composition in Holstein heifers. J. Dairy Sci. 75:257-261. 

Meyer. M . J. 2005. Develo pmental. nutrit io nal. and hormomal regulation 
of mammary growth, steroid receptor gene expression and chemical 
composition of retained tissues in prepubertal bovine. PhD d iss., De
par1men1 of Animal Science. Cornell Universi1y. Ithaca. NY. 

Meyer. M. J.. A. v. Capuco. D. A. Ross. L. M. Lintaul1. and M. E. Van Am· 
burgh. 2006. Developmental and nutritional regulation o f the prepuberta l 
bovine mammary g land: II. Epithelial cell proliferation, parenchymal 
accre1ion rate. and allometric grow1h. J. Dairy Sci. 89:4298-4304. 

Mills. J. K .. D. A. Ross. and M . E. VanAmburgh. 2010. Theeffec1soffeed
ing medium-chain triglycerides on the growlh. insulin responsiveness. 
and body composition of Holstein calves from b irth to 85 kg of body 
weight. J. Dairy Sci. 93:4262-4273. 

Moallem. U .. G. E. Dahl. E. K. Duffey. A. V. Capuco. and R . A. Erdman. 
2004. Bovine somatolropin and rumen-undegradable protein effects on 
skeletal growth in prepubertal da iry heifers. J. Dairy Sci. 87:388 1- 3888. 

NASEM (National Academies of Sc iences, Engineering and Medicine). 
2016. N11trie111 Requiremellls of Beef Cattle. 81h rev. ed. Washington, 
DC: T he Naiional Academies Press. 

NRC (Nat ional Research Counci l). 1989. Nutrient Requirements for Dairy 
Cattle. 61h rev. ed. Washington, DC: Nationa l Academy Press. 

NRC. 19%. N11trie11t Require111e11ts ofBeefCmtle. 71h rev. ed. Wa.~hington, 

DC: National Academy Press. 
NRC. 2001. Nwrient Require111e11ts of Dairy Cat/le. 7th rev. eel. Washington. 

DC: National Academy Pres.5. 
Peri, I.. A. Genier, I. Bruckemal, and H. Barash. 1993. The effec1 of ma

n ipulation in energy allowance during the rearing period of heifers on 
hormone concentrations and milk production in first lactation cows. 
J. Dairy Sci. 76:742. 

Pirlo, G .. M. Capelleni, and G. Marchello. 1997. Effects of energy and 
protein a llowances in the dieL~ of prepubertal heifers Oil growth and 
milk production. J. Dairy Sci. 80:730-739. 

Radcliff. R. P .. M. J. VandeHaar. A. L. Skidmore. L. T. Chapin. B. R. Radke. 
J . W. Lloyd. E. P. Stais iewski. and H. A . Tucker. 1997. Effect of die! 
and bST o n heifer growth and mammary development. J. Dairy Sci. 
80: 19%-2003. 

Radc liff. R. P .. M . J. YandeHaar. L. T. Chapin. T. E. Pilbeam. D. K. Beede. 
E. P. Stani siewski. and H. A. Tucker. 2000. Effects o f d iet and injection 
of bovine somatotrop in on prepuber1al growth and first-lactat ion milk 
y ields of Holstein cows. J. Dairy Sci. 83:23-29. 

Rezaei. R .. Z. Wu. Y. Ho u. F. W. Bazer. and G . Wu. 20 16. Amino acids and 
mammary g landdevelopmem: Nutri tional implications for milk produc
tion and neonatal growth. J. A11i111. Sci. Biotec/1110/. 7:20. 

Rius, A. G., E . E. Connor. A. V. Capuco. P. E. Kendall, T. L. Auch1ung
Momgomery, and G. E. Dahl. 2005. Long-day pho1operiod that en
hances puberty does not limit body growth in Holstein heifers. J. Dairy 
Sci. 88:4356-4365. 

Robelin, J., and Y. Chilliard. 1989. Short-term and long-1enn effecL• of 
early nutritional deprivation on adipose tissue growth and metabolism 
in calves. J. Dairy Sci. 72:505-5 13. 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

Silva. L. F. P .. M. J . VandeHaar. B. K. Whitlock. R. P. Radcliff. and H. A. 
Tucker. 2002. Shon communication: Relationship of body growth 10 
mammary development in dairy heifers. J. Dairy Sci. 85:2600-2602. 

Silva. L. F. P .. B. E. Etchebame. M. S. Weber Nielsen. J. S. Liesman. 
M. Kiupel. and M. J. VandeHaar. 2008. lntramammary infus ion ofleptin 
decre<Lses pll)liferaiion ofmamm<Hy epithelial cells in prepubertal heif
ers. J. Dairy Sci. 9 1 :3034- 3044. 

Simpfendorfer. S. 1974. Relationship of body type. size. sex. and energy 
intake to the body composition of call le. PhD diss .. Cornell Un iversity. 
llhaca. NY. 

Sinha. Y. N., and H. A. Tucker. 1969. Mammary development and pi1ui1ary 
pro lactin levels of heifers from birth through puberty and during the 

estrous cycle. J. Dairy Sci. 52:507. 
Soderholm. C . G .. D. E. Otterby. J . G. Linn. F. R. Ehle. J. E. Wheaton. 

W. P. Hansen, and R. J. Annexstad. 1988. Effects of recombinant bovine 
somatotropin on milk production. body compositio n. and physio logical 
parameters. J. Dairy Sci. 71 :355-365. 

Steen. T. M .. J. D. Quigley. R. N. Heitmann. and J. D. Gresham. 1992. 
Effects of lasalocid and undegradable protein on growth and body com
position of Holstein heifers. J. Dairy Sci. 75:2517-2523. 

Swanson. E. W. 1960. Effect of rapid growth with fanening of dairy heifers 
on their lactational ability. J. Dairy Sci. 43:377-387. 

Swartz . L. A .. A. J . Heinrichs. G. A. Varga. and L. D. Muller. 199 1. Effects 
of varying dietary undegradable protein on dry mailer intake, growth, 
and carcass composition of Holstein calves. J. Dairy Sci. 74:3884-3890. 

T ikofsky.J. N .. M. E. Yan Amburgh. and D. A. Ross. 2001. Effect of varying 
carbohydrate and fat comenl of milk replacer on body composition of 
Holstein bull ca lves. J. A11i111. Sci. 79:2260-2267. 

Tozer. P. R., and J. A. Heinrichs. 2001. What affects the costs of raising 
replacement dairy heifers: A muhiple-componem analysis. J. Dairy 
Sci. 84: 1836- 1844. 

Yan Amburgh. M. E .. F. Soberon. M. J . Meyer. and R. A. Molano. 2019. 
lmegration of posiweaning nu1rien1 requiremems and supply with com
position of growth and mammary developmem in modem dairy heifers. 
J. Dairy Sci. 102:3692-3705. 

Volkmann. N .. N. Kemper. and A. Romer. 20 19. Impacts of prepubertal 
rearing intensity and calf hea llh on firs! lac1a1ion y ie ld and lifetime per
formance. Ann. Anim. Sci. 19:201-214. 

von Soosten. D .. U. Meyer. M. Piechotta. G. Flachowsky. and S. Dilnicke. 
2012. Effect of conjugated linoleic acid supplememation on body com
position. body fat mobilization, protein accretion. and energy ulilizalion 
in early lactation dairy cows. J. Dairy Sci. 95: 1222-1239. 

Waldo. D. R .. H. F. Tyrrell. A. Y. Capuco. and C. E. Rexroad. Jr. 1997. 
Components of growth in Holstein heifers fed either alfalfa or corn 
s ilage diets lo produce two daily gains. J. Dairy Sci. 80: 1674-1684. 

Whi1lock, B. K .. M . J. YandeHaar, L. F. P. Silva, and H. A. Tucker. 2002. 
Effect of dietary protein on prepuberta l mammary developmem in 
rapidly-growing dairy heifers. J. Dairy Sci. 85: 15 16-1525. 

Zalllon. G. I.. and J. A. Heinrichs. 2005. Meta-analysis to assess effect 
of prepubertal average daily gain of Holstein heifers on firs1-Jac1alion 
production. J. Dairy Sci. 88:3860-3867. 

Zamon. G. I.. and J. A. He inrichs. 2007. The effects or controlled feeding 
of a high-forage or high-concemrate raiion on heifer growth and first
lactation milk production. J. D(1iry Sci. 90:3388-3396. 

Zamon. G. I., and A. J. Heinrichs. 2008. Rumen dige.~tion and nutritional 
efficiency of dairy heifers limit-fed high forage ration to four levels of 
dry matter imake. J. Dairy Sci. 91 :3579-3588. 

PREPUBLICATION COPY-Uncorrected Proofs 



���������� ����	
�

��������
���	��	���������
��������������������������� �!"�#$"��%&'�(�
 ���

12 

Dry and Transition Cows 

METABOLIC AND PHYSIOLOGIC STATUS 
OF THE TRANSITION COW 

Hormonal and Metabolite Changes 

The transition period in dairy cows is generally defined as 
the last 3 weeks of gestation and the first 3 weeks of lacta
tion. The prepartum phase of this period is characterized by 
rapid fetal growth, mammary gland growth and development, 
colostral genesis, and dramatic changes in endocrine status. 
Many of the hormonal changes during the peripartum period 
are to prepare the cow for the substantial increase in energy 
needs postpartum (Ehrhardt et al., 2016). Plasma concentra
tions of insulin, insulin-like growth factor I (IGFI), and 
leptin decrease and growth hormone increases as the cow 
progresses from late gestation 10 early lactation, with acute 
changes in plasma concentrations at parturition (Kun.t et al., 
1985; VandeHaar et al., 1999; Block et al., 2001; Doepel 
et al., 2002; Rhoads et al., 2004). Insulin-sensitive tissues in 
periparturient cows display insulin resistance so that glucose 
can be directed 10 the developing fetus and to the mammary 
gland. Plasma thyroid hormone (T4 and T3) concentrations 
gradually increase during late gestation. decrease approxi
mately 50 percent at calving, and then begin to increase (Kunz 
et al .. 1985; Pethes et al., 1985). These hormonal responses 
are designed to increase energy mobilization, reduce basal 
metabolic rate, and partition nutrients 10 the mammary gland. 

The changes in endocrine status and the dec line in dry 
matter intake (DMI) that usually occurs around parturition 
influence metabolism and lead to mobilization of fat from 
adipose tissue and glycogen from the liver. In healthy dairy 
cows, from about 2 weeks prepartum until 3 days prepar
tum, plasma fatty acids (FAs) (commonly referred to as 
nonesterified FAs or NEFAs) increase from <0.2 mEq/L to 
about 0.3 mEq/L, and then I or 2 days before calving, con
centrations increase abruptly and usually reach their peak by 
the second or third day of lactation (often between 0.8 and 
1.0 mEq/L). Concentrations then decrease slowly over the 

next 2 to 3 weeks (Doepel et al., 2002; LeBlanc et al., 2005; 
Garverick et al., 20 13). How much of the initial increase in 
plasma FAs can be accounted for by changing endocrine sta
tus compared with energy restriction resulting from decreased 
DMI is not known. Force feeding cows during the prefresh 
period reduced the magnitude of NEFA increase but did not 
eliminate it (Bertics et al., 1992), meaning that at least part of 
the prepartum increase is hormonally induced. The rapid rise 
in NEFA the day of calving is presumably due to stress, but 
hormonal changes (e.g., elevated growth hormone) could also 
be involved . In healthy cows, plasma NEFA concentrations 
decrease rapidly after calving but remain higher than they 
were before calving for several weeks. ln cows that develop 
health disorders such as a displaced abomasum, prepartum 
plasma NEFA concentrations often exceed 0.5 mEq/L and 
can exceed 1.0 mEq/L during the immediate postpartum 
period (LeBlanc et al., 2005). High rates of lipolysis and the 
subsequent elevated NEFAs are associated w ith inflamma
tion and immune system dysfunction (Bradford et al., 2015: 
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Contreras et al., 2018) and can be a risk factor for ketosis 

(discussed below). 
Plasma glucose concentrations remain stable or increase 

slightly during the prefresh period, increase dramatically at 
calving, and then decrease immediately postpartum (Kunz 
et al., 1985: Viizquez-Ai'l6n et al., 1994). The transient in
crease at calving may result from increased glucagon and 
glucocorticoid concentrations that promote depletion of 
hepatic glycogen stores. Although the demand for glucose 
for lactose synthesis continues after calving, under normal 
conditions, hepatic g lycogen stores begin to replete and 
are increased by day 14 postpartum (Vazquez-AMn et al., 
1994), likely reflecting an increase in gluconeogenic capac
ity to support lactation. Ketosis can result if this system is 
dysfunctional (see ketosis section below). 

Because of low DMI relative to milk production in the early 
postpartum period, cows can mobilize substanti al amounts 
of body protein (Bell et al., 2000). Plasma concentrations of 
3-methyl hislidine (a marker of protein breakdown) can be 
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high the first few weeksoflactation (van derDrift et al., 2012). 
Estimates of the quantity of body protein mobil~zed during 
early lactation vary widely, but most studies show that by 
about 4 weeks of lactation, body protein mobilization ceases 
(Komaragiri and Erdman, 1997; Tebbe and Weiss, 2021). 

Blood calcium (Ca) decreases the last few days prior to 
calving due to transfer to colostrum (Goff and Horst, I 997b). 
Adaptation of the intestine, kidney, and bone to higher de
mands for Ca takes several days so that blood Ca typically 
does not return to normal concentrations until several days 
postpartum. Ca metabolism is discussed in more detail in the 
hypocalcemia section below. 

Ruminal Changes 

As a cow transitions from gestation into lactation, the ru
men wall undergoes significant changes in size, morphology, 
and functiona lity. Because a substantial diet change almost 
always occurs at the time of calving, diet and physiological 
changes are confounded. These changes may be caused by 
metabolic factors, dietary factors, or, more likely, by both. Ru
men tissue mass increased about 5 percent between I week 
prepartum and JO days post part um (Reynolds et al., 2004) and 
continued to increase through at least 120 days postcalving 
(Baldwin et al., 2004; Reynolds et al., 2004). Sma.ll intestinal 
mass followed a similar pattern but reached a peak by 90 days 
postcalving (Baldwin et al., 2004; Reynolds et al., 2004). 
Although rumen tissue mass was greater at I 0 days post
partum than 7 days prepartum, total rumen volume did not 
differ (Reynolds et al., 2004). Steele et al. (2015) described 
several histological differences in rumen epithelial cells col
lected 3 weeks before compared with l week after calving. 
Postcalving, cells demonstrated accelerated differentiation 
and desquamation. Morphological differences on the rumen 
surface are less consistent possibly because of measurement 
difficulties. In general, rumen papillae size, surface area, and 
mass increase between late gestation and lactation (Dirksen 
et al., 1985; Reynolds et a l., 2004; Penner et al., 2006; Steele 
et al., 2015). Expression of genes related to cell growth regu
lation and differentiation followed patterns that agreed with 
the histological and morphological changes observed during 
the transition period (Steele et al., 2015). These changes in
dicate increasing absorptive capacity within the rumen during 
the early lactation period. 

The immediate postpartum period usually involves a major 
diet change of reduced concentrations of forage and fiber 
and increased concentrations of starch and protein, which in 
addition to increasing DMT will increase concentrations of 
niminal volatile FAs and alter their profile. These changes 
could cause the observed changes in rumen epithelial cells. 
However, dietary effects on cellular changes occurring at this 
time are not consistent, and more research is needed. Dirksen 
et al. (1985) reported increased length and development of ru
minal papillae in cows fed a high-concentrate diet postpartum 
compared with cows fed high-forage diets prepartum; how-
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ever, diet was completely confounded with all other changes 
that occur at parturition. Penner et al. (2006) observed that a 
step-up program in which the amount of concentrate in the 
diet increased prepartum in a stepwise fashion did not affect 
papillae growth compared to a high-forage diet prepartum. 
Reynolds et al. (2004) reported that supplementing 800 g of 
barley grain to a high-forage diet prepartum increased the 
number of ruminal papillae per square centimeter of rumen 
wall but greatly reduced their width and surface area. Ander
sen et al. (1999) reported no difference in rumen epithelium 
morphology and development between transition cows fed 
a high (approximately 85 percent) or low (approximately 
45 percent) forage diet. Based on available data, benefits 
of feeding a diet of moderate starch and fiber to transition 
ruminal cells and rumen tissue morphology from a high
forage gestation diet to a higher-starch lactation diet are not 
evident. More research is needed evaluating dietary effects 
on niminal morphology and epithelial cell physiology during 
this critical phase. 

Immune Status 

During the transition period, cows experience varying 
degrees of immunosuppression (Goff and Horst, I 997b; Han
sen, 2013). Neutrophil and lymphocyte function is depressed 
(Kehrli et al., 1989a,b; Dosogne et al., 1999; Rinaldi et al., 
2008), concentrations of circulating immunoglobulins are 
reduced at least in part because of transfer to colostrum (Herr 
et al., 2011), and types and numbers of circulating immune 
cells are changed (see review by Hansen, 2013). Immunosup
pression is one cause for increased prevalence of infectious 
diseases such as mastitis and metritis that can occur around 
parturition. Estrogen, progesterone, and cortisol concentra
tions are high shortly before parturition and can suppress im
mune function. Nutrient consumption is reduced around par
turition, which may also contribute to immunosuppression. 
Because Ca is integral to immune cell activation (Kimura 
et al., 2006), hypocalcemia increases the degree of immuno
suppression (Martinez et al., 2012). Plasma concentrations of 
a-tocopherol, retinol, and ~-carotene decrease during the pe
riparturient period, and these nutrients can inOuence immune 
function (see Chapter 8). Decreases in some of those nutrients 
can contribute to oxidative stress, which can also contribute 
to immunosuppression (Sordillo and Aitken, 2009; Sordillo, 
2013). Various measures of immune function improved when 
peripartum cows were fed supplemental rumen-protected 
methionine (Osorio et al., 2013; Vailati-Riboni et al., 2017). 
The mode of action is unclear at this time but could involve 
reduced oxidative stress and inflammation (Han et al., 2018). 

Oxidative Stress 

Oxidative stress occurs when the relationship between 
oxidants and antioxidants within a cell or tissue is not ap
propriate for a specific physiological state. In biological 
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systems, the primary oxidants are reactive oxygen metabo
li tes or species (ROS), but reactive nitrogen species are also 
important biological oxidants. Free radicals (e.g., superoxide, 
hydroxyl radical, FA radicals), singlet oxygen, and hydrogen 
peroxide are major biological ROS. During norma l oxidative 
phosphorylation, a small proportion of the oxygen is not 
completely reduced to water, resulting in the production of 
superoxide. Activated phagocytes generate massive quantities 
of ROS, which are essential for the cells to kill bacteria (John
ston e t al., 1975) but contribute to oxidative stress. Cellular 
antioxidant systems react with ROS and, under normal condi
tions, maintain proper ROS concentra tions. The antioxidant 
system is composed of enzymes (e.g., superoxide dismutase, 
catalase, and various glutathione peroxidases), g luta thione, 
a -tocopherol, ~-carotene, and ascorbic acid. Superoxide d is
mutase exists in two forms; the mitochondrial form requires 
manganese as a cofactor, and the cytosolic form requires cop
per (Cu) and zinc (Zn). Tron (Fe) is a cofactor for catalase and 
selenium is a cofactor for glutathione peroxidases. Ascorbic 
acid is a primary water-soluble antioxidant but can be synthe
sized by cows and is not considered an essential nutrient for 
dairy cattle. Adequate dietary supply of antiox idant nutrients 
can reduce oxidative stress, but in excess, many a ntioxidant 
nutrients can act as p ro-oxidants and increase oxidative stress 
(Halliwell, 1996; Lykkesfeldt and Svendsen, 2007). 

Oxidative stress can occur under certain disease states 
(Sordillo and Aitken, 2009; Politis e t al., 2012) and is com
mon and may even be normal during the peripartum period 
(Bernabucci et al. , 2005; Castillo e t a l. , 2005; Pedernera 
e t al., 2010; Abuelo et al., 2013). Peripartum oxidative stress 
is higher in cows that are in excess body condition at calving 
and that undergo greater body condition losses postcalving 
possibly because of the production of FA radicals from mo
bilized fat (Bernabucci et al., 2005; Bradford et al., 2015). 

TABLE 12- 1 Average Composition of Colostrum" 

Nutrient Concentralion Reference 
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Oxidative stress can be measured using various biomarkers 
such as thiobarbituric acid reactive substances (TBARSs) 
and F2-isoprostanes (Celi, 2011; Abuelo et al., 2013) or by 
measuring concentra tio ns of various antioxidants and ROS 
(Castillo et a l. , 2005), but no universally accepted measure 
or index has been developed. Increased oxidative stress in 
cattle is associated with mastitis (Po litis, 2012; Politis et al., 
2012), metritis (Baithalu et al., 2017), edema (M iller e t al., 
1993), retained placenta (Miller et a l., 1993), displaced ab
omasum (Mudron e t a l., 1997; Qu et al., 2013), and insulin 
resistance (Abuelo et al., 2016). Many of these are discussed 
in more detail in specific sections within this chapter and in 
Chapters 7 (Minerals) and 8 (Vitamins). 

NUTRIENT REQUIREMENTS FOR PREGNANCY 
AND TRANSITION 

Nutrient requirements for pregnancy can be found in the 
individual nutrient chapters. Colostrum synthesis, although 
not a gestational requirement, can represent a significa nt 
draw on some nutrients during the las t several days o f gesta
tion. Average first-milking colostrum yields are about 4 kg 
(first lactation) to 8 kg (older cows), and first-day colostrum 
yields range from 8 to 14 kg for Holsteins (Bobe et al., 2009; 
Kessler et a l. , 2014). Average first-milking colostrum yield 
by Jerseys was about 4 kg, but season (approximately 2.5 kg 
in winter and 6.6 kg in summer) had a large effect (Gavin 
et al. , 2018). Average concentrations of some important nu
trients in colostrum are in Table 12-1 (Cu, manganese, and Fe 
are in trace concentrat ions and not shown). 

Assuming a yield of 10 kg of colostrum and average con
cemrations of nutrients (see Table 12- 1), the average Holstein 
cow would secrete 14 Meal of energy, 1.35 kg o f protein, 
21 g of Ca, 30 mg of relinol, and 60 mg of tocopherol in her 

Crude protein. g/kg 
Fat. g/kg 

145 ( 193)• 
65 (50) 

Nocek et al.. I 984: Quigley et al.. 1994: Hammon et al.. 2000: Bobe et al.. 2008 
Hammom et al.. 2000; Bobe et al.. 2008 

Lac1ose. g/kg 
Gross energy, Meal/kg 
Retinal. mg/kg 
cx-Tocopherol. mg/kg 
Viiamin B12 , µg/kg 
Calcium, mg/kg 

Phosphorus. mg/kg 
Magnesium. mg/kg 

Potassium. mg/kg 
Sodium, mg/kg 
Copper. mg/kg 
Selenium. mg/kg 
Zinc. mg/kg 

25 (25) 
1.4 ( 1.5) 
3.0 
6.0 
19 
2.1 (2.4) 

1.8 
0.3 

1.3 
0.9 
0.5 
0.04 to 0. I 7< 
15 

Bobe e1 al., 2008 
Hammom et a l., 2000 
Johnston and Chew. 1984: Puvogel et al.. 2008 
Weiss et al.. I 990b. 1997; Rajaraman et al.. 1997; Kumagal and Chai pan. 2004 
Stemme et al., 2006 
Foley and Onerby. 1978; Roux et al., 1979; Salihet al., 1987; Shappell et al., 1987; 

Kume and Tanabe. 1993; Tsioulpas et al.. 2007 
Salih et al.. I 987; Shappell et al. . 1987: Kume and Tanabe. 1993: Tsioulpas et al.. 2007 
Foley and Onerby. I 978; Salih et al .. I 987; Shappell et al.. I 987; Kume and Tanabe. 1993; 

Tsioulpas et al., 2007 
Salih et al.. I 987; Kume and Tanabe, 1993; Tsioulpas et al.. 2007 
Foley and Onerby. I 978; Shappell et al.. I 987: Kume and Tanabe. 1993; Tsioulpas et al.. 2007 
Moeini et al. . 201 I 
Weiss and Hogan. 2005; Salman et al., 2013 
Foley and Onerby. 1978; Vaillancourt and Allen, 1991; Moeini et al .. 201 I 

" Data are from Holstein cows unless otherwise noted. 
•value.~ in parenthe.~es are for Jersey cows. 
<Low value represents colostrum from cows fed inorganic Se and high value is from cows fed selenium-yeast. 
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colostrum the first day postpartum. The impact of Ca secre
tion is discussed in the hypocalcemia section. The secretion 
of protein into colostrum is not included in the requirements 
for transition cows because it is short term, and the preponder
ance of data does not show any beneficial effects of increased 
protein supply during the prepartum period (discussed 
below). However, data on the effects of prepartum protein 
supply on colostrum yield, nutrient composition, and overall 
quality are essentially nonexistent. The secretion of retinol 
and tocopherol into colostrum clearly affects vitamin A and 
vitamin E status of the cow. Plasma concentrations of retinol 
and tocopherol drop abruptly about 1 week before parturi
tion (Goff and Stabel, 1990; Weiss et al., l 990a), and a large 
portion of that decrease is because of transfer to colostrum 
(Goff et al., 2002). Increasing the intake of vitamin E from 
I ,OOO IU/d (approximate requirement) to 4,000 fU/d during 
the last 2 weeks of gestation prevented the decrease in plasma 
concentrations of tocopherol and reduced clinical mastitis 
(Weiss et al., 1997). Feeding 2,000 IU/d of supplemental 
vitamin E, but not I ,OOO IU/d during the las t 2 weeks of 
gestation, attenuated the decrease in plasma tocopherol con
centrations around parturition and reduced somatic cell count 
(Baldi et al., 2000). Conversely, the decrease in plasma retinol 
occurs even when cows are fed very high concentrations of 
vitamin A. Cows fed SS0,000 IU/d of supplemental vitamin 
A (approximately seven times the 2001 NRC requirement) 
during the dry period still exhibited a decrease in plasma 
retinol around calving. Assuming a first-day colostrum yield 
of lO kg, a cow will lose about I 00,000 IU of vitamin A 
(30 mg of retinol) and about l 3S IU of vitamin E (SO mg of 
RRR-tocopherol) via colostrum the first day after parturition. 
Colostrnm synthesis occurs during the last few days of ges
tation; therefore, during most of the dry or prefresh period, 
no increased demand for colostral vitamins A and E exists. 
Hence, the loss of nutrients via colostrum is not included 
in requirement calculations, but users should recognize the 
potential impact of colostrum synthesis on overall nutrient 
requirements of the very late-gestating cow or heifer. 

Dry Matter Intake During the Dry Period 

Factors Affecting Ory Matter Intake 

Feed intake is relatively constant during the initial phase 
of the dry period (days 60 to 21 prepartum) but can decline 
quite dramatically thereafter, especially during the 7 to 
10 days prior to calving (Hayirli et al., 2003). The major 
animal factors that influence DMI during this time are body 
weight (BW), day of gestation, parity, body condition, and 
health (Grummer et al., 2004; Hayirli and Grummer, 2004). 
Prefresh cows with excess body condition (>4 on a S-point 
scale) consumed about 8 percent less dry matter (DM) than 
cows at similar BW but with lower body condition scores 
(Hayirli et al. , 2002). Cows with developing metabolic 
or health problems, including hypocalcemia, have lower 
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DMI prepartum than healthy cows (Goff and Horst, l 997b; 
Huzzey et al., 2007). 

Increasing dietary energy (Coppock et al., 1972; 
Hernandez-Urdaneta et al., 1976; Minor et al., 1998) or 
dietary energy and protein (VandeHaar et al., 1999) concen
trations during the prefresh period resulted in higher DM 
and energy intake. However, concentration of dietary crude 
protein (CP) within the range of about 10 to 16 percent gener
ally does not affect intake in dry and prefresh cows (Hayirli 
et al., 2002). Concentrations of rumen-undegradable protein 
(RUP) were negatively associated with prepartum intake, but 
that may be more related to source of protein (i.e., most of the 
studies with high RUP fed animal-based proteins) rather than 
RUP per se. Increasing dietary fat concentration may reduce 
DMI, but that effect was only observed in prepartum heifers 
(Hayirli et al., 2002). 

Similar to lactating cows (see Chapter 2) diet digestibility, 
as reflected by source and concentration of neutral detergent 
fiber (NDF) or estimated net energy, is probably the most 
important dietary factor related to DMI by dry cows. Increas
ing the NDF concentration of dry cow or prepartum heifer 
diets by the addition of lower-quality grass (Holcomb et al., 
200 I), cottonseed hulls (VandeHaar et a l. , 1999), or straw 
(Dann et al., 2006; Janovick and Drackley, 2010; Mann et al., 
201S) usually reduces DMI. Hayirli et al. (2002) classified 
diets from multiple studies into three groups: low NDF (28 to 
32 percent), medium NDF (3S to SO percent), and high NDF 
(SO to 62 percent). Average (across parities) daily DMI for 
those three classes of diets by animals during the last 3 weeks 
of gestation was approximately 2.0, 1.7, and 1.6 kg per 
100 kg ofBW (Hayirli et al., 2002). If the NDF is more di
gestible (e.g., from soyhulls), DMI can be much higher than 
those values (Holcomb et a l. , 200 I). An interaction between 
day of gestation and NDF on DMI may also occur (Janovick 
et al., 201 1). In most studies cited above, as cows approached 
parturition, the decrease in DMI was less when cows were 
fed diets that included lower-quality feeds such as straw or 
mature grass than the control diets. The effect of parity (in
dependent of BW) on DMI during the last 1 to 2 months of 
gestation is not clear. Using data from multiple studies, on a 
BW basis, nulliparious animals consumed about 12 percent 
less OM than multiparious cows during that period (Hayirli 
et al., 2003). However, Janovick et al. (20 11) reported that 
from about 3S to 21 days prepartum, daily DMI of heifers 
and cows when fed a higher digestible diet (39 percent NDF) 
was similar (approximately 2 kg of DMI/l 00 kg of BW). 
When animals were fed a straw-based diet (SI percent total 
NDF), DMI by heifers was about 2S percent less on a BW 
basis than intake by cows (Janovick et al., 2011 ). 

Predicting Ory Matter Intake in Transition Cows 
and Ory Cows 

In the previous edition, daily DMI (as kg/100 kg of BW) 
during the last 3 weeks of gestation was estimated using loga-
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FTGURE 12- 1 Estimated (Equation 12- I and NRC, 200 I) dai ly DM T by cows(> I partur it ion) fed diets w ith 30 to 55 percent NDF (mostly 
from forages) during the dry period. 

ri thmic decay functions (one fo r heifers and one for cows) 
based sole ly on day re lat ive LO calving (Hayir li e t al., 2003). 
The estimated daily DMTs between 60 and 22 days p repartum 
using those equations were l.7 and 2.0 kg DM/LOO kg BW 
fo r heifers and cows, respectively. Based on those equations, 
DMI started to decrease sooner (re lative Lo calving) for cows 
than for heifers so that by calving, DMI per uni t of BW was 
similar between parities. Based on limited data, the model 
was accura te for he ifers but was inaccurate (mean square 
predict ion e rror was 77 percent of mean intake) and biased 
(mean overestimation of I. I kg) for cows. The low accuracy 
is a l least partia lly allributed Lo the lac k of any die tary factors 
in the equation (Hayirli et a l., 2002). 

Inadequate da ta were available Lo conduct a true meta
ana lysis. Data used by Hayirli et al. (2003) plus recent ly 
published data (Holcomb et a l. , 2001; Dann et al. , 2006; 
Janovick and Drackley, 2010; Mann et al., 20 15) were com
bined to est imate DMT based on diet NDF and stage of gesta
tion using multip le regression. The concentration of forage 
or roughage NDF was not reported in most studies, and only 
studies in which forage was the predominant source ofNDF 
were used . Predicted intake is like ly inaccurate when cows 
are fed die ts tha t conta in substant ial amounts of by-produc ts 
with more digest ible NDF (e.g., soy hu lls or distillers gra ins). 
The following equa tion is valid only for diets between 30 and 
55 percent NDF. The equation to estimate DMI during the 
last 3 weeks of gestation for cows is as follows: 

Daily DMT, kg/100 kg BW = 1.47- r(0.365- 0.0028 
x NDF)x Week] - 0.035x Week2 

(Equation 12-1) 

where NDF is percentage of d iet DM (assumed to be most ly 
from forage). If NDF <30 percent, then NDF = 30, and if 
NDF >55 percent, then NDF=55. Week is week prio r Lo 
calving entered as a negative number. Limited data suggest 

that for cows with body condi tion score (BCS) >4, estimated 
DMI should be reduced by 8 percent (Hayir li et a l. , 2003). 

DMT during the early phase of the d ry period was set at the 
same value as for week 3 (e.g., 2.0, 1.9, and 1.8 kg/100 kg 
of BW for cows fed d iets with 30, 40, or 50 percent NDF, 
respectively). Based on Equa tion 12- 1, during the early d ry 
period, reducing d ietary NDF inc reases DMT, but as cows 
approach parturition, the effect of NDF becomes less (see 
Figure 12- 1 ). 

Because of inadequate data, no interactions with parity, 
NDF. and stage of gestation could be modeled. Therefore, 
the same DMT equation for cows (see Eq ua tion 12-1) is used 
for heifers, except DMI is reduced by 12 percent, which is 
the difference in intake between heifers and cows in the early 
phase of the dry period (60 10 22 days prepanum) observed 
by Hayirli et a l. (2003). 

Heifer DMI, kg/100 kg BW= (1.47 - r(0.365 - 0.0028 
x NDF) x Week l -0.035 x Week2) x 0.88 

(Equat ion 12-2) 

Ra ther than est imating DMT based on day before calving, 
which will not be known until after the animal has calved, 
time is expressed in weeks to introduce a degree of uncer
tainty (3 weeks before calving encompasses the Lime between 
21 and 15 days before calving, 2 weeks is 14 to 8 days pre
partum, and 1 week is between 7 days and I day prepartum). 
These equations and values were derived using data from 
Holste in caule and are assumed to work for other breeds. 

Effect of Prepartum Diet on Postpartum Production 

Protein 

Based on estimated pro te in use ( i.e., maintenance, feta! 
growth, mammary gland development) , cows and heifers 
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may have to mobilize body tissue during the immediate 
pre- and postpartum period to meet those needs. However, 
d irect measurements of changes in maternal protein reserves 
during late gestation are lacking. Putnam and Varga ( 1998) 
measured apparent nitrogen balance in multiparous cows 
at approximately 10 days prepartum. Cows were fed diets 
containing 10.6, 12.7, and 14.5 percent CP; DMI was not af
fected ( 11.3 kg/d), but as dietary CP concentration increased, 
apparent nitrogen retention increased from 36 to 49 g/d. 
Those values include nitrogen retained in the fetus. After 
correcting for estimated feta! protein deposition, maternal 
nitrogen balance was still positive for all treatments, suggest
ing that even a diet containing 10.6 percent CP was adequate 
to maintain maternal protein stores. Comparable data for 
heifers are lacking. Because heifers consume less feed and 
have greater demands for mammary gland development and 
growth than cows, changes in maternal protein reserves may 
d ifTer between prepartum cows and heifers. 

Because of the potential for losses of maternal protein 
stores in late gestation, several studies (see Lean et al. , 2013) 
have evaluated the efTects of increasing the concentration of 
CP in prepartum diets on post part um production. Across those 
studies, CP concentration of the low-protein diets averaged 
approximately 12 percent (range from 10 to 13), and the aver
age concentration of the high-protein diets averaged approxi
mately 16 percent (range from 12 to 23 percent). Some indi
vidual studies reported increased yields of milk or milk protein 
when higher CP diets were fed prepartum (Santos et al., 200 I), 
but others reported negative efTects of increased prepartum CP 
(Greenfield et al., 2000). A meta-analysis determined that on 
average, dietary CP concentration prepartum had no effect on 
milk yield (Lean et al., 2013). Likewise, providing additional 
RUP prepartum has not consistently affected milk production 
postpartum. Studies to determine efTects of supplemental 
amino acids during the prepartum period independent of 
postpartum supplementation on postpartum production are 
lacking. Feeding diets with more than about 12 percent CP 
to cows during the immediate prepartum period will likely 
not increase milk production in the subsequent lactation. 
Because of lower DMI and potentially greater requirements, 
heifers may benefit from higher dietary concentrations of CP 
prepartum, but data are lacking. A meta-analysis found that 
postpartum production by cows was not affected by prepartllm 
metabolizable protein (MP) supply, but increasing prepartum 
MP supply to heifers was beneficial (Husnain and Santos, 
2019). The efTect of prepartum protein on colostrum quality 
and yield has not been evaluated. In addition, data are lacking 
on the efTect of va1ying dietary CP or MP concentration when 
prepartum cows are fed low-energy (e.g., high-straw) diets. 

Protein requirements for mammary growth were not in
c luded in the computer model mainly because insufficient data 
for mammary parenchymal growth rates and the composition 
of that growth are available. VandeHaar and Donkin ( 1999) 
estimated that the additional CP for mammary growth during 
the last few weeks of gestation would be approximately 120 
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to 130 g/d, which is equivalent to about I percentage unit of 
dietary CP, assuming mammary parenchymal mass increased 
by 430 to 460 g/d during the transition period (NRC, 2001). 
The meta-analysis by Husnain and Santos (2019) supports 
feeding higher dietary protein prepartum to heifers. 

Energy and Carbohydrates 

Energy density and concentrations of NDF and starch in 
prepartum diets are highly correlated (e.g., increasing NDF 
concentration usually reduces starch and the net energy for 
lactation [NEL] concentrations). Therefore, efTects of chang
ing one of those components cannot be isolated, and all three 
will be discussed concurrently. 

Several studies have examined how energy intake dur
ing the prepartum period affects postpartum performance 
and health (Kunz et al., 1985; Holter e t al., 1990; Olsson 
et al., 1998; Mashek and Beede, 2001; Agenas et al., 2003; 
McNamara et al., 2003; Dann et al., 2006; Silva-del-Rfo 
et al., 2010; Mann et al., 2015). Generali y, one treatment 
consisted of prepartum energy intake at approximately the 
cow's requirement, and the other treatment or treatments 
consisted of substantially greater energy intake (e.g., 25 10 

50 percent excess energy intake). Energy and DMI was usu
ally increased by replacing lower-quality forage NDF with 
starch or higher-quality forages, but postpartum intakes usu
ally were not affected by prepartum treatment (cows fed a 
common diet after calving). In some studies (Janovick and 
Drackley, 201 O; Silva-del-Rfo et al., 201 O; Richards, 2011), 
milk production was lowered by reducing energy intake 
prepartum, but in most of the studies, milk production was 
not affected by prepartum energy intake. 

A common practice is to formu late higher-energy diets 
for closeup or prefresh cows (i.e., cows during the last 2 10 3 
weeks prepartum) by increasing the concentration of starch 
and reducing the amount of forage and fiber in the diet. 
Potential benefits are to aid in adaption of rumen microbes 
to the higher-starch diet that will be fed after calving and 10 

maintain DM and energy intake during the immediate pre
partum period. The rumen microbial population changes as a 
cow transitions from prepartum to postpartum (Minuti et al., 
2015) likely because of dietary changes. Transitioning grow
ing beef caule from a forage-based diet (ea. 50 percent forage) 
to a high-<:oncentrate diet (ea. 90 percent) over a period of 
2 weeks compared with an abrupt change resulted in greater 
average daily gains or belier feed efficiency, and the ruminal 
microbial populations required days 10 weeks to stabilize dur
ing the diet change (Brown et al., 2006). The dietary changes 
a typical dairy cow undergoes during the transition period 
are substantially less dramatic, but data are lacking on how 
transition diets may afTect rurninal microbial populations. 

Increasing starch and reducing fiber concentrations in pre
fresh diets usually increases DM and energy intakes during 
the prefresh period, but this usually does not translate into 
greater postpartum intakes or milk yields (Minor et al., 1998; 
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Holcomb et a l., 2001 ; Keady et al., 2001; Doepel e t a l., 2002; 
Rabelo et al., 2003, 2005; Smith et al., 2005; Vickers et a l., 
2013). Even when prefresh feed intake was restricted by al
most 50 percent, postpartum intake and milk production were 
not affected (Dann et al. , 2006). Evidence suggests that pre
fresh diets with lower-energy concentrations reduce the risk of 
subclinical and clinical ketosis during the subseque nt lactation 
(Doepel et al., 2004; Smith et a l., 2008; Vickers et al., 2013). 

ETIOLOGY AND NUTRITIONAL PREVENTION 
OF METABOLIC DISORDERS 

Fatty Liver 

Fat accumulation in the liver occurs when uptake of FAs 
exceeds the capacity of the liver to oxidize or secre te the FAs, 
which happens when blood concentrations of NEFAs are 
elevated (Bobe et a l. , 2004; Grummer, 2008). Ketosis almost 
always occurs when cows have moderate (5 to 10 percent of 
liver wet weight as triacylglyceride) to severe (greater than 
10 percent fat) fatty liver. In healthy cows, plasma NEFA 
concentrations are low (less than about 0.2 mEq/L) until a few 
days before parturition and then reach concentrations as high 
as 0.8 mEq/L at calving, remain high for a few days, and then 
start slowly decreasing (Bertics et al. , 1992; Grum e t a l., 1996; 
LeBlanc et al., 2005). Cows that are at greater risk to develop 
metabolic problems postpartum often have plasma NEFA 
concentrations greater than 0.5 mEq/L prepan um and can 
be much greater than 1.0 mEq/L post part um (LeB lane et al., 
2005; Roberts et al., 2012). Plasma NEFAs are e levated when 
cows are in negative energy balance, which can occur when 
DM I drops dtuing the immedia te prepartum period and almost 
always occurs during the first few weeks of lacta tion because 
intake is low and energy needs are high, causing mobilization 
of body reserves. Because most cows have e levated NEFAs 
during the peripartum period, most early lactatio11t cows have 
some degree of hepatic fat accumulation (Jorritsma et al., 
2001; Bobe e t al., 2004). 

Extensive reviews on regulation of hepatic lipid metabolism 
and its relation to fatty liver and ketosis have been published 
(Emery et al., 1992; Grummer, 1993; Drackley, 1999; Hoc
quette and Bauchart, 1999; White, 2015). Uptake of NEFAs 
by the liver is proportional to NEFA concentrations in blood 
(Emery et al., 1992), and NEFAs taken up by the liver can be 
esterified or oxidized (Drackley, 1999). The primary esteri fica
tion product is triglyceride, which can be exported as part of a 
very low-<lensity lipoprotein or be stored. In rnminants, export 
of triglyceride occurs at a very s low rate relative to other spe
cies (Kleppe et al., 1988; Pullen et al., 1990). Therefore, under 
conditions of e levated hepatic NEFA uptake, FA esterification 
and triglyceride accumulation occur. 

Fatty liver is a major risk factor for displaced abomasum, 
ketosis, and immune dysfunction (Bobe e t al., 20 04). Con
versely, these disorders may be a risk factor for fatty liver 
if they reduce DM I, causing a more severe negat ive energy 
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balance. In addition to clinical abnormalities, fatty liver is 
associated with reduced function by hepatocytes (e.g., re
duced gluconeogenesis and reduced ureagenesis), increased 
measures of oxidative stress (e.g., lower concentrations of 
plasma o.-tocopherol and higher concentrations of malondi
aldehyde), and increased inflammation (Bobe et al., 2004; 
Bradford et a l. , 2015). 

A major risk factor for development of fatty liver is obesity 
(Bobe et a l. , 2004; Roche et al., 2013). During the early post
partum period, fat cows usually have lower DMI than cows 
in proper body condition, resulting in greater mobilization 
of body fat (Stockdale, 2001). More severe negative energy 
balances in early lactation were associated with greate r con
centrations of hepatic lipid and plasma NEFA (Weber et al., 
2013) concentrations of blood NEFAs. Prepartum intake per 
se does not appear lo be re lated to fatty liver; however, Grnm
mer (2008) hypothesized that preprutum change in intake or, 
more specifically, change in energy balance may be a cause of 
hepatic fat accumula tion. Increasing dietary starch concentra
tion during the prefresh period usually does not reduce liver fat 
accumulation postpartum, even though it often increases DMI 
in the preparcum period and may reduce NEFA concentrations 
around calving (Overton and Waldron, 2004; Gnunmer, 2008). 
Increased dietru·y starch concentrations in the immediate post
partum period have reduced hepatic fat accumulation (Rabelo 
et a l., 2005). Increasing the concentratio n of dietary fat dur
ing the peripartum period has not consistently affected liver 
fat accumulation (Skaar et a l. , 1989; Bertics and Grummer, 
1999; Andersen et al., 2008). Responses may be affected by 
concentration of added fat and type ofFAs (e.g., saturated FAs 
may decrease hepatic lipid concentrations [Andersen et al., 
2008)). Monensin often reduces blood ketones, but it has not 
been shown to reduce hepatic fat accumulation (Zahra et al., 
2006; Duffield et a l., 2008). Supplementing rnmen-protected 
cho line during the peripartum period can reduce liver fat 
concentrations (Cooke et al., 2007; Zorn et al., 2011; Lima 
et al., 2012; Elek et a l., 20 13; Zenobi et al., 2018). Niacin has 
antilipolytic properties, but unless supplemented a t very high 
rates, it usually does not affect plasma NEFA concentrations 
(reviewed by Grummer, 2008). Supplementing peripartum 
cows with rumen-protected niacin has reduced plasma NEFAs 
but has not markedly affected liver lipid concentrations (Yuan 
et al., 2012; Morey et al., 2011). 

Ketosis 

Ketosis or hyp erketonemia occurs when excessive 
amounts of long-chain FAs are oxidized via ~-oxidation. 

Excessive amounts of long-chain FAs are released in cows 
undergoing severe negative energy balance a rte r parturition. 
Ketone bodies (~-hydroxybutyric acid and acetoacetate) ru·e 
end products of ~-ox idat ion, and when these accumulate 
in the blood, clinical signs can be observed. Release of FAs 
from adipose tissue followed by ~-oxidation is stimulated 
when plasma insul in is low and glucagon is high (Holten ius 
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and Holtenius, 1996). Many of the clinical signs of ketosis 
such as reduced DMI and milk production and lethargy are 
nonspecific. Some cows will show abnormal behavior such 
as aggression, incoordination, and chewing on nonfood 
objects . A definitive diagnosis requires some measure of 
ketones in blood, urine, or milk. The accuracy and value of 
various tests have been reviewed (Tatone et al. , 2016) and 
will not be discussed. For this discussion, B-hydroxybutyric 
acid (BHBA) in blood will be used as the standard!diagnostic 
for ketosis. Elevated blood BHBA has been associated with 
increased risk of numerous health problems, reduced milk 
yield, and reduced reproductive efficiency (Walsh et al., 
2007; Ospina et al., 2010; Chapinal et al., 2012; Suthar 
et al., 2013; Raboisson et al., 2014). The cutofffor separating 
healthy lactating cows from cows with subclinical ketosis has 
varied between approximately 1.0 and 1.4 mmol/L (Duffield, 
2000; Raboisson et al., 2014), but a value of >1.2 mmol/L 
of BHBA is commonly used to define subclinical ketosis. 
Incidence rates for subclinical ketosis will depend on which 
cutofT value is used, timing of blood sampling, and so on, 
but herd- level rates of 20 to 40 percent have been reported 
(Duffield et al., 2009; McArt et al., 2012; Suthar e t al., 2013). 

Holtenius and Holtenius ( 1996) classified ketosis as either 
type I or type 2. Type l ketosis generally occurs a few weeks 
after parturition when milk production and glucose demand 
by the mammary gland are high and is usually nol associated 
with excessive hepatic fat concentrations. Type 2 occurs at 
or very near parturition and is usually associated with fatty 
liver. Type 2 ketosis is often more refractory to 1reatment than 
type l (Herdt, 2000). This classification scheme illustrates 
the two major causes of ketosis. Risk factors and causes of 
type 2 ketosis are largely the same as those for fatty liver (dis
cussed above). With type l , blood glucose and insulin con
centrations are lower and ketone concentrations are higher 
compared to healthy cows. Low insulin probably enhances 
FA oxidation by decreasing hepatocyte malonyl-CoA con
centrations and sensitivity of carnitine palmitoyltransferase 
l to malonyl-CoA concentrations (Emery et al., 1992). Car
nitine palmitoyltransferase l is responsible for translocating 
FAs from the cytosol to the mitochondria for oxidation, and 
its activity is high with type l ketosis. This suggests that for 
type l, the supply of precursors for gluconeogenesis is not 
adequate. Limited availability of substrate could! be caused 
by low DMI. Increasing dietary starch postpartum reduces 
blood BHBA and increases glucose (Rabelo el al., 2005; 
McCarthy et al., 2015). Supplementing monensin postpartum 
reduces blood BHBA and increases glucose (Sauer et al., 
1989; McCarthy et al., 2015). Administration of propylene 
glycol as either a drench or a bolus consumption can reduce 
blood BHBA (Nielsen and Ingvartsen, 2004). 

Udder Edema 

Udder edema is characterized by excessive accumulation 
of fluids in the intercellular tissue spaces of the mammary 
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gland usually during the peripartum period. Edema and 
congestion occur in the udder and umbil ical area and may 
be prominent in the vulva and brisket. Incidence rate in peri
parturient Holstein heifers was about 12 percent in one herd 
in Florida (Melendez et al., 2006); however, Morrison et al. 
(2018) reported a 66 percent incidence rate in three herds in 
Ontario. Case descriptions were not the same for both stud
ies. Typically, the incidence and severity of udder edema are 
greater in pregnant heifers than in cows (Zamet et al., 1979; 
Erb and Grohn, 1988) and tend to be more severe in older than 
in younger heifers and in heifers with male calves rather than 
female calves (Melendez et al., 2006). Obese cows (Vigue, 
1963) and cows that had udder edema previously (Melendez 
et al., 2006) are at increased risk for udder edema. Udder 
edema is moderately heritable (Dentine and McDaniel, 1983). 
Edema can be a major discomfort to the animal and causes 
difficulty with milking machine attachment, increased risk of 
teat and udder injury, and mastitis. Severe udder edema may 
reduce milk production and cause a pendulous udder (Dentine 
and McDaniel, 1983). The exact cause(s) of udder edema is 
unknown; more likely, it is a multifactorial condition. Restric
tion or stasis of venous and lymph flow from the udder in 
late pregnancy due to feta! pressure in the pelvic cavity caus
ing increased venous pressure may be a contributing factor 
(Vestweber and Al-Ani, 1983, 1984; Al-Ani and Vestweber, 
1986). Changes in amounts and relative proportions of ste
roid hormones during late pregnancy may also be involved. 
Reduced concentrations of proteins, especially globulins, in 
blood suggest an increase in vascular penneability as animals 
approach calving and have been associated with greater inci
dences of udder edema (Vestweber and Al-Ani, 1984). 

Emery et al. (1969) reported increased udder edema in 
heifers fed high-concentrate diets, but that may have been 
caused by the approximate 75-g/d increase in sodium chloride 
(NaCl) intake rather than the concentrate per se. Excessive 
intakes of sodium (Na) and potassium (K) have been impli
cated as causativeagenLs in udderedema (Randall et al., 1974; 
Sanders and Sanders, 1981; Vestweber and Al-Ani, 1983; 
Al-Ani and Vestweber, 1986). Restriction of NaCl and water 
intakes reduced the severity and incidence of udder edema in 
pregnant heifers (Hemken et al., 1969). Lower incidence and 
severity of udder edema were f0tmd when diets contained 
no supplemental salts of Na or K (Randall et al., 1974). In a 
field study with two commercial dairy herds, K fertilization of 
alfalfa was implicated as the cause of increased udderedema 
(Sanders and Sanders, 1981 ). Cows consumed about 450 g of 
K/head per day. In an earlier controlled study, consumption of 
454 g of a combination of NaCl and potassium chloride (KC!) 
increased the incidence and severity of udder edema (Randall 
et al., 1974). In a second study, the incidence and severity of 
udder edema in pregnant heifers fed a grain mix containing 
I percent NaCl or a grain mix with 4 percent supplemental 
KC! plus I percent NaCl for 20 days did not di!Ter (Randall 
et al., 1974). Nestor et al. (1988) reported that the severity 
of udder edema was greater when pregnant heifers were fed 
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sodium bicarbonate (0 versus 272 g/head per day) or NaCl 
(23 versus 136 g/head per day) separately but not when both 
salts were fed together. Excessive intake of the chloride salt5 
of Na or K probably increases the severity of udder edema, 
especially in late-pregnant heifers. Using forages with low 
concentrations of Kand limiting supplemental Na would be 
prudent if udder edema is prevalent. 

Lema et al. (1992) and Tucker et al. ( 1992) studied the 
effects of prepartum calcium chloride (CaCl2), an anionic 
sail, on the incidence and severity of udder edema. Results 
were mixed, but supplementation ofCaC1

2 
at approximately 

1.5 percent of diet DM often reduced the prevalence and 
severity of ederna in the peripartum period. Oxidative stress 
may play a role in udder edema (Miller et al., 1993; Mueller 
et al., 1998). Mueller et al. (1998) reviewed two studies on 
the effects of antioxidant and pro-oxidants on udder edema. In 
one study, udder ederna during the first week after calving was 
less in heifers supplemented for 6 weeks before calving with 
1,000 ru vitamin Flhead per day versus none. In the other 
study, late-pregnant heifers were fed factorial combinations of 
vitamin E (0 or 1,000 fU/d), Zn (0 or 800 rng/d), and Fe from 
iron sulfate (0 or 12 g/d, which is equal to about 1,300 mg/ 
kg of diet DM). Fe can be a pro-oxidant and increases the 
formation of ROS. Without supplemental Fe, vitamin E re
duced severity ofudderederna, but Zn did not. W'hen Fe was 
excessive, vitamin E was ineffective in reducing the severity 
of udder ederna, but Zn was somewhat effective, perhaps by 
reducing absorption of Fe. This suggests that when ROS are 
extremely high (e.g., high concentrations of reduced Fe in the 
diet), antioxidants may not be able to overcome their effects. 

Retained Placenta and Metritis 

Retained placenta (retained feta! membranes) is defined as 
failure of the feta I membranes to be expelled within 24 hours 
after parturition (Kelton et al. , 1998). Metritis is defined as 
postpartum cows with abnormally enlarged uterus with fetid 
red-brown watery or pumlenl vaginal discharge within the 
first 21 days after calving with or without systemic signs 
of illness (e.g., fever). Most cows (60 to 80 percent) with 
retained placenta will have rnetritis, but the incidence of rne
tritis is usually much greater than the incidence of retained 
placenta (Gilbert et al., 2005; Han and Kirn, 2005). Retained 
placenta and metritis impair various measures of reproductive 
efficiency (Erb et al., 1985; Opsorner et al., 2000; Giulio
dori et al., 2013). Cows that had a retained placenta usually 
have reduced milk yields (Joosten et al., 1988; Rajala and 
Grohn, 1998; Gilbert et al., 2005), but effects of rnetritis on 
subsequent milk production are less clear (Giuliodori et al., 
2013) possibly because of the varied definitions and severity 
of rnetritis. 

Multiple physiologic and nutritional factors have been im
plicated as causes of retained placenta and rnetritis. Dystocia, 
twinning, stillbirth, and caesarean section increase the risk 
for retained placenta (Erb et al., 1985; Han and Kim, 2005). 

275 

However, cows that had a retained placenta had elevated 
serum concentrations of several proinflarnrnatory cytok.ines 
and lactate as early as 8 weeks preparturn, indicating calving 
events are not the only cause of retained placenta (Dervishi 
et al., 2016). Older cows generally are at greater risk than 
first-parity cows, and a short gestation period increases risk of 
retained placenta (Bendixen et al., 1987; Grohn et al., 1990; 
Han and Kim, 2005). 

Nutritional Factors 

Most studies evaluating nutritional influences on retained 
placenta evaluate supplementation during the entire dry 
period or during the last 2 or 3 weeks of gestation. Inad
equate supply of selenium (Se), vitamin E, vitamin A, and 
~-carotene is related to increased prevalence of retained 
placenta. Lower concentrations of serum Zn are associated 
with increased retained placenta (Sheetal et al., 2014), but 
data showing that supplementation of Zn reduces retained 
placenta are lacking. Many or perhaps all of these effects 
could be mediated via improved immune function. Immune 
system dysfunction, specifically reduced neutrophil function, 
prior to parturition was associated with increased prevalence 
of retained placenta (Kimura et al., 2002). Supplementing Cu 
to Cu-deficient cows improved the function of neutrophils 
(Torre et al., 1996); however, clinical data on effects of Cu 
supplementation on retained p lacenta are lacking. These nu
trients are also involved in cellular antioxidant systems, and 
maintaining proper concentrations of ROS within cells and 
tissue can affect production of various prostaglandins and 
eicosanoids, which can affect placental retention. Oxidative 
stress increases around parturition, and cows that demonstrate 
increases in oxidative stress earlier in the prepartum period, 
to a greater extent, have more severe metritis postpartum 
(Baithalu et al., 2017) and are more likely to have a retained 
placenta (Miller et al., 1993). 

An excess of ROS can cause peroxidative damage of cell 
membranes and interfere with normal metabolic function, 
including normal steroidogenesis (Miller et al., 1993) and 
arachidonic acid metabolism (Sordillo, 2013). Supplementing 
diets with antioxidants to meet requirements is crucial during 
the periparturient period (Weiss et al., 1990a) when blood a
tocopherol concentrations are the lowest of the entire lactation 
cycle (Gorr and Stabel, 1990; Weiss et al., I 990a), and expres
sion of several antioxidant enzymes (Aitken et al., 2009) and 
total antioxidant capacity (Casti llo et al., 2005; Baithalu et al., 
2017) is low. Based on the preponderance of data, when basal 
diets with <0.1 mg of Se/kg of diet DM are supplemented 
with an additional 0.1 to 0.3 mg/kg Se or cows are injected 
with Se approximately 2 to 3 weeks prepartum, prevalence of 
retained placenta is decreased (Trinderet al., 1969; Jul ien et al., 
I 976a,b; Segerson et al., 1981; Harrison et al., 1984; Jovanovic 
et al., 2013). Se supplementation did not always reduce retained 
placenta, but in most of those instances, basal diets contained 
more than 0.1 mg Se/kg of DM (Gwazdauskas et al., 1979; 
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Schingoethe et al. , 1982; Hidiroglou et al., 1987; Stowe 
et al., 1988). Vitamin E supplementation also significantly 
reduces the risk of retained placenta (Bourne et al., 2007), 
and the concentration of serum a -tocopherol prepartum 
was lower in cows that went on to have a retained placenta 
compared with healthy cows (Qu et al., 2014). The recom
mended intakes for Se (see Chapter 7) and vitamin E (see 
Chapter 8) were derived in part from experiments evaluat
ing their effects on retained placenta, and increasing intakes 
above recommended values will likely not affect prevalence 
of retained placenta. 

Cows showing clinical signs of vitamin A deficiency had 
increased incidence of retained placenta (Nicholson and 
Cunningham, 1965). However, in cows with better vitamin 
A status, no relationship was observed between serum retinal 
concentrations and retained placenta (LeBlanc et al. , 2004). 
Supplemental ~-carotene at 600 or 1,200 mg/d has reduced 
incidence of retained placenta (Michal et al., 1994; Oliveira 
et al., 2015). However, in the Oliveira et al. (20 15) study, 
supplementation only reduced prevalence in multiparous 
cows. LeBlanc et al. (2004) found no difference in serum 
~-carotene concentrations between late-gestation cows that 
eventually developed retained p lacenta and those that did 
not. Based on available data, after meeting vitamin A rec
ommendations (see Chapter 8), additional supplementation 
is not expected to affect prevalence of retained placenta. 
Although ~-carotene supplementation can reduce prevalence 
of retained placenta, inadequate data are currently available 
to derive an Adequate Intake value. 

Cows with hypocalcemia have a higher risk for retained 
placenta than cows with normal blood Ca (Curtis et al., 1985; 
Rodriguez et a l. , 2017), and factors related to hypocalcemia 
are discussed below. Supplementing late-gestation cows with 
calcidiol (25-0H vitamin D) rather than cholecalciferol (vi
tamin D

3
) greatly reduced the incidence of retained placenta 

and metritis (Martinez et al., 2018). Vitamin D is related 
to immune function; however, in that experiment, calcidio l 
supplementation did not affect neutrophil function prepartum. 

Extreme deficiencies of energy, protein, or both can result 
in retained placenta because cows are weak and, coupled with 
the stress of parturition, lack strength to expel the placenta 
(Maas, 1982). Cows fed diets for the entire dry period low 
in CP (8 percent) had a higher incidence of retained placenta 
compared with cows fed 15 percent CP (50 versus 20 percent 
incidence) (Julien et al., 1976a). Fat cows (Mo1Tow, 1976) 
and cows with elevated p lasma NEFAs or ketones prepartum 
have a higher risk of retained placenta and metritis (Qu et a l., 
2014; Raboisson et al., 2014). 

Milk Fever (Hypocalcemia) 

Plasma concentrations of Ca should be 9 to I 0 mg/dL 
(2.25 to 2.5 mM). However, an acute and severe form of 
hypocalcemia known as milk fever occurs in nearly 5 percent 
of multiparous dairy cows as a result of the large and sudden 
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secretion of Ca in milk that occurs at the onset of lactation 
(NAHMS-USDA, 2018). Blood Ca concentrations are often 
below 4.5 mg/dL (I. 12 mM) in these recumbent cows exhib
iting muscle paresis. About 50 percent of multiparous dairy 
cows and 25 percentofheifers experience a subclinical hypo
calcemia around the time of calving (Reinhardt et al., 2011). 
Cows with plasma concentrations less than 8.0 (Reinhardt 
et al., 2011) to 8.6 mg/dL (Martinez et al., 2012) are con
sidered subclinically hypocalcemic. Cows with subclinical 
hypocalcemia are at increased risk for immune dysfunction, 
metritis, displacement of the abomasum, retained placenta, 
mastitis, and ketosis (Daniel, 1983; Massey et al., 1993; 
Kimura et al., 2006; Martinez et al., 2012; Chamberlin et al., 
2013; Neves et al., 2018; McArl and Neves, 2020). However, 
time of sampling relative to calving has a marked effect on 
plasma concentrations of Ca, and the health risks associated 
with low plasma Ca depend on when (relative to calving) the 
sample was taken (Neves et a l. , 2018; McArt et al., 2020). 
For example, low plasma Ca I day postpartum was not re
lated to inc reased risk of cows developing health problems, 
but cows with low plasma Ca on day 2, 3, or4 postpartum had 
increased risk for metritis and displaced abomasum (Neves 
et al., 2018). Furthermore, the concentration of plasma Ca at 
which a statistically increased risk of other health disorders 
occurs differs between primiparous and multiparous cows 
(Neves et al., 2018). 

Hypophosphatemia and hypomagnesemia can also be pre
sent in cows with hypocalcemia and can complicate response 
to treatment. 

Calcium Dynamics of the Periparturient Cow 

During the last weeks of gestation, based on the require
ments outlined in Chapter 7, a 650-kg dairy cow consuming 
12 kg of DM needs to absorb about 24 g Ca each day for 
body maintenance ( 11 g) and for feta! development ( 13 g 
Ca/d). The average Holstein cow produces about 7 kg of 
first-milking colostrum (Mann et a l. , 2016) with 2. 1 g Ca/kg 
(see Table 12-1 ), representing 16 g Ca removed from the 
plasma. The Ca concentration in colostrum and transition 
milk exceeds 2 g/L for at least the first five milkings post
partum (Abd El-Fattah et al., 2012), which, combined with a 
first five milking yield of about 44 kg (Andree O' Hara et al., 
2019), represents a removal of about 88 g of Ca or 35 g/d 
with twice-daily milking. This equals a 4-fold increase in Ca 
requirements compared to the immediate prepartum cow. The 
exchangeable plasma pool of Ca in an early lactation cow is 
about 10 mg/kg BW (Ramberg et al., 1970). In a 650-kg BW 
cow, that pool must be turned over more than five times daily 
during the first 2 or 3 days o f lactation to meet the increased 
demand created by the mammary g land. As a result, most 
cows will experience a decline in blood Ca at the onset of 
lactation, but most cows successfully activate Ca homeostatic 
mechanisms to return blood Ca concentration back to normal 
levels shortly after calving. 
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Ca homeostasis is mediated primarily by the parathy
roid gland, which secretes parathyroid hormone (PTH) in re
sponse to any reduction in blood Ca concentration. The PTH 
stimulates release o r Ca from bone stores, reduces the amount 
of Ca lost via urine, and activates the renal enzyme that pro
duces the vitamin D hormone, 1,25-dihydroxyvitamin D. 
That hormone stimulates transcellular absorption of Ca 
across the intestinal epithelium to greatly increase uptake 
or dietary Ca (Gorr, 2018). Serotonin is also involved with 
Ca metabolism perhaps via effects on PTH-related peptide 
(Hernandez et a l. , 2012). Infusing serotonin intravenously 
into prepartum cows increased concentrations or blood Ca 
postpartum and improved some other measures of calcium 
s tatus (Weaver et al., 2016), A reduced abili ty of bone 
and kidney cells to respond to PTH s timulation has been 
implicated as the defect in Ca homeostasis that results in 
prolonged or severe hypocalcemia (Martig and Mayer, 
1973). Several factors can interfere with Ca homeostasis, 
causing more drastic and longer-lasting declines in blood 
Ca, including age or the cow and breed (Lean et al. , 2006; 
Roche and Berry, 2006; Chiwome et al., 2017). 

He ifers rarely develop clinical milk fever, although 
25 percent may experience subclinical hypocalcemia. The 
incidence or clinical and subclinical hypocalcemia increases 
with each subsequent lactation (Reinhardt et al., 2011; Ven
jakob et al. , 2017). Ca homeostasis in heifers is more robust 
than in older cows because they are still growing and their 
bones contain more osteoclasts; hence, PTH only needs to 
activate the cells. This provides them a larger pool or ex
changeable bone Ca on the first day or lactat ion (Ramberg, 
1995). In older cows, the PTH must first induce osteoclast 
production and then activate the cells to resorb bone Ca. Also, 
as cows age, there is a reduction in the number o r intestinal 
receptors for 1,25-dihydroxyvitamin D, which may translate 
into s lower activation of intestinal Ca transcellular absorption 
(Horst et al., 1990). 

The Channel Island breeds (Jersey, Guernsey) and, to a 
lesser extent, Swedish Red and White and Norwegian Red 
breeds have a higher incidence of milk fever than Ho lsteins 
(Lean et al., 2006; Chiwome et al. , 201 7). The reasons re
main unclear, but Jerseys may have greater Ca stress because 
their colostrum has about 20 percent greater Ca concentra
tion than that from Holsteins. 

Oiet Cation-Anion Difference and Acid-Base Status 

Dietary cations, such as K+,Na+, ea++, and Mg++, will raise 
blood pH when they are absorbed into the blood, and anions, 
such as chloride(CI-), sulfate (S04 

2 ), and phosphate (P04
3-), 

have the opposite effect. The difference in the number of 
milliequivalents of cations and anions absorbed from the 
diet helps determine blood pH (Stewart, 1983; Goff, 2018). 
Cows are typically in a state or compensated metabolic alka
losis as their die t consists of forages that are typically high 
in K. K is absorbed from the diet with nearly I 00 percent 
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efficiency, and because forage K often has an organic acid 
as the counterion, it is strongly alkalinizing. Grasses and 
legumes, especially those grown on soils where manure 
or potash has been applied, are usually major sources or 
dietary K (Pehrson et a l. , 1999). Na from compounds that 
lack an inorganic counterion (e.g., sodium bicarbonate) 
is also highly alkalinizing as it is absorbed with nearly 
100 percent efficiency. Dietary concentrations of Ca and 
magnesium (Mg) can be high, but they are absorbed with 
much lower efficiency than K and Na (see Chapter 7) and 
therefore are less alkalinizing. 

Adding Cl and SO/ without Na or K to the precalving 
diet can greatly reduce the degree or hypocalcemia at calving 
(Ender et al., 1971; Block, 1984; Oetzel et al. , 1988). Cows 
in a state of compensated metabolic alkalosis do not respond 
to PTH stimulation as well as cows placed in a state of com
pensated metabolic acidosis (Goff and Horst, 1997b; Gorr 
et al., 2014). Metabolic alkalosis impairs bone Ca resorption 
(Abu Damiretal., 1994;Block, 1994)andtheabilityof PTH 
to stimulate timely production o r 1,25-dihydroxyvitamin D 
(Goff et al., 1991; Phillippo et al. , 1994). 

Dietary Cl is absorbed with nearly I 00 percent efficiency. 
Sul fate anions can also acidiry the blood but, because or lower 
absorption SO/,.., hasjust60 percent of the acidifying activity 
of Cl (Spears et al., 1985; Tucker e t a l., 1991; Gorr et al., 
2004). When suffic ie nt anions are added to the precalving 
diet, they induce a compensated metabolic acidosis (Ender 
et al. , 1971; Block, 1984), improving tissue sensitivity to 
PTH. This restores the competency of Ca homeostatic mecha
nisms and facilitates a rapid return to normocalcemia after 
the onset of lactation. Blood pH is difficult and expensive to 
measw·e, but urine pH generally reflects blood pH and can be 
measured on farm to determine the degree or compensated 
metabolic acidosis experienced by the cow. Diets that reduce 
urine pH values below 7.0 and usually closer to 6.0 generally 
improve Ca status (Charbonneau et al., 2006). 

Several diet cation-anion difference (DCAD) equations 
(units of milliequivalents per kilogram o r diet DM) have 
been developed (see Chapter 7). One meta-analysis fou nd 
that the equation, DCAD =(Na+ K) - (Cl+ 0.6 S), was best 
to predict urine pH and had the strongest association with 
milk fever incidence (Charbonneau et al., 2006). However, 
the equation, DCAD = (Na + K) - (Cl + S), is probably the 
most widely used (DeGaris and Lean, 2008). Based on the 
meta-analysis or Charbonneau et a l. (2006), a DCAD or 
about -200 mEq/kg (expressed as (Na+K) - (Cl+S)) is 
needed to achieve urinary pH of 6.5. 

As DCAD decreases, the degree of hypocalcemia will also 
generally decrease (Moore et al. , 2000; Charbonneau et al., 
2006; Lean et al., 2006). ff the addition of anions fails to 
acidify the blood enough to cause urine pH to be <7.0, there 
will be no improvement in periparturient Ca status (Moore 
e t al., 2000; DeGaris and Lean, 2008; Leno e t al., 2017; Gorr 
and Koszewski, 2018). ff the DCAD is too low, the cow can 
e nter a state of uncompensated metabolic acidosis. As DCAD 
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is reduced, the net amount of acid excreted into the urine will 
also increase until tu"ine pH reaches about 6.3, but when w"ine 
pH is below 6.3, the net acid excretion in urine is no longer 
well correlated to DCAD (Constable et al., 2009). When urine 
pH falls below 6.3, the kidney begins to excrete NH/ into the 
urine, slowing a further decline in urine and blood pH. The 
NH/ arises from thecombiningofH+ with ammonia that dif
fuses into the tubular nu id as urine pH is reduced below 5.9. 
This ability of the kidney to neutralize the excess H+ allows 
the cow to remain in a state of compensated metabolic aci
dosis until urine pH reaches approximately 5.5 (Teloh et al., 
2017). Urine pH below 5.3 is indicative of uncompensated 
metabolic acidosis (Berend, 20 17), which will greatly reduce 
DMI (Goff, 2014). There is evidence that dry cows with urine 
pH of7.3 will be less hypocalcemic than cows with urine pH 
of 7.9 but will exhibit more hypocalcemia than cows with 
urine pH of 6.0 (Moore et al., 2000). There is little practical 
difference in the degree ofhypocalcemia experienced by cows 
with urine pH of 5.5 versus 6.7 (Charbonneau et al. , 2006; 
Lean et al., 2006; Melendez and Poock, 20 17). 

The proper concentration of dietary Ca when cows are 
fed negative DCAD diets is not known. Successfu l anionic 
diets have contained between 0.65 and 1.7 percent Ca (Ender 
et al., 1971; Block, 1984; Gaynor et al., 1989; Joyce et al., 
1997). Once the dietary Ca requirement of the cow has been 
met, the addition of Ca to precalving diets has little effect on 
periparturient Ca status if blood has been acidified to the same 
extent. Dietary Ca, especially when added as Ca carbonate, 
has a mild alkal inizing effect that will necessitate addition 
of more anions to achieve the same degree of acidification, 
which may decrease DMI (Goff and Horst, I 997a; Goff 
and Koszewski, 2018). DMI is often reduced by low DCAD 
because of palatability (Oetzel et al., 1991) or by metabolic 
effects (Zimpel et al., 2018). Commercial anion supplements 
have been developed that are more palatable than traditional 
chloride or sulfate salts (Strydom et al., 2016). 

Low-Calcium Diets to Prevent Hypocalcemia 

This strategy involves limiting absorbed Ca so that the 
cow is in negative Ca balance for al least 7 to 14 days be
fore calving. Negative Ca balance stimulates secretion of 
PTH within 3 to 4 days of the dietary Ca reduction, and 
PTH concentrations will remain elevated until after calving 
(Goings et al., 1974). Prolonged exposure to high concentra
tions of PTH overcomes any tissue resis tance to PTH caused 
by metabolic alkalosis (Goff et al., 1986; Liesegang et al., 
1998). Ca conservation and Ca mobilization mechanisms, 
such as renal production of 1,25-dihydroxyvitamin D and 
bone Ca resorption, are activated prior to the onset of lacta
tion (Boda and Cole, 1954; Go ings et al., 1974; Green et al., 
198 1) so that homeostatic mechanisms are primed and ready 
to respond to the Ca demands of lactation. 

Based on current Ca requirements and an availabil ity 
coefficient of 0.44 for a high-forage diet (see Chapter 7), to 
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meet the needs of a late-gestation 650-kg cow, the diet would 
have to contain about 52 g of Ca or 0.43 percent Ca (based 
on an intake of 12 kg). The studies in which milk fever was 
effectively prevented using the low dietary Ca approach had 
dietary Ca below 18 g/d (Boda and Cole, 1954; Goings et al., 
1974; Green et al., 1981; Kichura et al., 1982) and likely 
supplied just 5 to 9 g of absorbable Ca each day. Based on 
feedstuffs typically available, feeding prepartum diets that 
are truly deficient in Ca is extremely difficult. 

Substances that bind dietary Ca preventing absorption can 
cause a Ca deficiency and reduce periparturient hypocalcemia. 
ZeoliteA, a sodium-alum in um silicate, binds Ca preventing 
absorption and can prevent hypocalcemia in cows fed diets 
with 0.6 to 0.7 percent Ca during the late dry period (Thilsing
Hansen et al., 2002; Pallesen et al., 2008; Kerwin et al., 2019). 
It also binds phosphate (P04 

3) (Pallesen et al., 2008), which 
may help prevent hypocalcemia (see below). Zeolite A also 
may bind Mg in the d iet, resulting in lower plasma Mg con
centrations (Thilsing-Hansen et al. , 2002). However, when the 
prepartum diet contained more than 0.21 percent Mg, zeoli te 
did not affect plasma Mg (Pallesen et al., 2008). Phytic acid 
in rice bran treated with formaldehyde is able to escape the 
rumen and bind Ca within the lumen of the small intestine, 
preventing it from being absorbed and improving periparturi
ent Ca status (Martin-Tereso et al., 2016). However, average 
blood Ca concentrations the first 12 hours postcalving were 
still generally less than about 2.1 mmol/L. 

Effect of Dietary Phosphorus on Hypocalcemia 

Because it is an anion, absorbed dietary phosphate (PO 4 
3) 

will acidify the blood; however, excess dietary phosphoms (P) 
in the prepartum period increases the degree of hypocalcemia 
(Kichura et al., 1982; Barton et al., 1987). Serum P0

4 
- 3 gener

ally increases as dietary P increases (Lopez et al., 2004), and 
this causes bone cells to secrete a P0 4 

3 regulating hormone, 
fibroblast growth factor23 (FGF23), to reduce blood P0 4- 3. The 
FGF23 circulates in the blood and binds to itS receptor on kid
ney cells and inhibits renal synthesis of 1,25-dihydroxyvitamin 
D, which then reduces intestinal P0 4 

3 absorption, causing 
blood P04- 3 to decline. Unfortunately, lesser production of 
1,25-dihydroxyvitamin D also reduces diet Ca absorption, 
impairing Ca homeostasis (Martin and Quarles, 2012). Restrict
ing P intake to just meet requirement can aid Ca homeostasis. 
Cows fed an anionic precalving diet that was 0.21 percent P 
(approximately equal to requirement) had a lower incidence of 
hypocalcemia than cows fed a 0.44 percent P diet, and the low 
P diet maintained serum P concentrations that were within the 
no1mal range for cows ( 4 to 6 mg P/dL or 1.23 to 1.86 mmol/L) 
(Peterson et al., 2005). In a limited study, dairy cows fed P
deficient diets (i.e., plasma inorganic P concenu·ations were 
<1.0 mmoVL) the last 4 weeks of gestation had less clinical 
hypocalcemia than cows fed adequate P (Cohrs et al., 2018). 

Dairy cows can develop a condition known as the 
hypophosphatemic downer cow. These cows exhibit a very 
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low serum P0 4- 3 concentration-often below I .5 mg/dL 
(0.46 mmol/L). It is generally a complication associated 
with milk fever and is not a consequence of low dietary P 
concentrations. The mechanism is not well understood. It 
could involve reduced P intake because of low DMI that oc
curs during clinical hypocalcemia or perhaps sequestration 
of salivary phosphate in the rumen because of the reduced 
mmen motility that occurs dur ing hypocalcemia. Secretion 
of PTH caused by low blood Ca increases loss of P via urine 
but can also increase P mobilization from bone and enhance 
gut absorption, so normally elevated PTH does not markedly 
reduce blood P concentrations. Steps taken to reduce milk 
fever incide nce reduce incidence of the hypophosphatemic 
downer cow as well (Goff, 2014). 

Dietary Magnesium and Hypocalcemia 

Hypomagnesemia can contribute to hypocalcemia (Al
len and Davies, 1981; Van de Braak et a l., 1987). Blood Mg 
concentration is normally 1.9 to 2.4 mg/dL (0.8 to I mmol/L), 
but if blood Mg concentration falls below 1.25 mg/dL 
(0.5 mmol/L), the ability of the parathyroid g land to secrete 
PTH is compromised and blood Ca concentration rapidly 
decreases (Littledike and Goff, I 987). The effect of low Mg 
on PTH secretion is likely via M g e lTects on guanosine di
phosphate (GDP) dissociation from receptor proteins (Vetter 
and Lohse, 2002). This is most common in lactating dairy 
and beef caule on pasture and is often referred to as lactation 
tetany or grass tetany. A less severe decline in blood Mg below 
1.7 mg/dL (0.7 mmol/L) can alter the responsiveness of tis
sues to PTH (Contreras et al. , 1982; Liuledikeand Go IT, 1987; 
Rude et al., 2009). Cows fed adequate dietary Mg in the pre
fresh period will be slightly hypermagnesemic the day after 
parturition because of the actions of PTH on reabsorption of 
Mg from renal tubular fluid. Blood Mg concentration within 
24 hours after calving that is equal to or less than 2.0 mg/dL 
(0.83 mmol/L) suggests inadequate dietary Mg (Goff, 2014). 
Based on a meta-analysis, an increase in dietary Mg con
centration from 0.3 to 0.4 percent of DM, while maintain
ing DCAD and Ca constant, could result in an approximate 
62 percent decrease in milk fever risk (Lean et al., 2006). 

Vitamin D and Its Metabolites and Hypoca/cemia 

Meeting recommendations for dietary vitamin D (see Chap
ter 8) provides all of the substrate needed for adequate renal 
synthesis of 1,25-dihydroxyvitamin D. Feeding or injecting up 
to 10 million units of vitamin D between 4 and 14 days prior 
to calving can have a pharmacologic elTect on Ca and P me
tabolism and prevent milk fever (Yamagishi et al., 2000). The 
bulk of the vitamin Dis converted to 25-hydroxyvitamin Dand 
other 24-hydroxylated vitamin D metabolites. The greatly el
evated concentrations of 25-hydroxyvitamin D allow it to enter 
target cells. The 25-hydroxyvitamin D has much lower affinity 
for the vitamin D receptor than does 1,25-dihydroxyvitamin 
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D; however, at greatly elevated concentrations, it will activate 
the receptor. The elevated 25-hydroxyvitamin D concentra
tions also displace 1,25-dihydroxyvitamin D from plasma 
vitamin D binding protein, raising the concentration of free 
1,25-dihydroxyvitamin D (Jones, 2008). This will increase 
intestinal Ca absorption and can help prevent milk fever. 
Unfortunately, the dose of vitamin D that effectively prevents 
milk fever is very close to the toxicity level causing metastatic 
calcification of soft tissues. Lower doses may induce milk 
fever because the high levels of 25-hydroxyvitamin D and re
sulting hypercalcemia and hyperphosphatemia suppress renal 
synthesis of endogenous 1,25-dihydroxyvitamin D (Liuledike 
and Horst, 1982). Several auempts have been made to feed or 
inject 25-hydroxyvitamin D p rior to calving to prevent hypo
calcemia, but they have not been consistently elTective (Olson 
et al., 1973; Taylor et al., 2008; Weiss et al., 2015; Martinez 
et al., 2018; Rodney et al., 2018). 

Experimental treatment with 1,25-dihydroxyvitamin D 
and its synthetic analogues can be more elTective than using 
the less active vitamin D metabolites, but problems with tim
ing of administration make these treatments impractical (Gast 
et al., 1977; Hove and Kristiansen, 1982). For effective pre
vention of milk fever, 1,25-dihydroxyvitamin D had to be ad
ministered between 7 and 3 days before calving. However, re
cently, a single dose of 1,25-dihydroxyvitamin D given within 
a few hours of calving improved periparturient Ca status when 
cows were fed an acidifying die t prior Lo calving (Viera-Neto, 
2017). Exogenous 1,25-dihydroxyvitamin D also may have in
hibited endogenous production of 1,25-dihydroxyvitamin D, 
so some cows developed hypocalcemia 5 to 12 days after 
calving (Horst et al. , 2003). Continuous parenteral or oral 
administration o f smaller doses of 1,25-dihydroxyvitamin D 
analogues prior to calving and for several days after calving 
can elTectively prevent milk fever (GolT and Horst, 1990; 
Junichiro et al., 2015; Bachmann et al., 2017). A key to the 
success of these studies was that the daily hormone dose was 
reduced slowly after calving, allowing the cow to begin to 
make her own 1,25-dihydroxyvitamin D. 

Displaced Abomasum 

Displacement of the abomasum (DA) is a costly (Liang 
et al., 2017) multi factorial disorder and is diagnosed almost 
exclusively in adult dairy caule but may occur in calves 
and young caule (Zerbin e t al., 2015; Biggs and Harvey, 
2016; Caixeta et al., 2018). Average herd incidence rate is 
2.2 percem (NA HMS-USDA, 2018), but individual herds can 
have rates as high as 20 percent (Doll et al., 2009). The tran
s ition period and several weeks subsequent to calving is the 
major risk period for development of displaced abomasum 
(Sten garde et al. , 20 I 0). About 80 percent of cases involve 
displacement to the left side o f the cow and generally occur 
within the first 4 weeks following parturition (Radostits and 
Done, 2007). Only about 50 percent of the right DA occurs 
during this time (Zerbin et al. , 20 I 5). The causes of left 
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and right DA are thought to be similar (Doll et al., 2009). 
Although the nature of relationships and associations is not 
well defined, twins, dystocia, milk fever, retained placenta, 
metritis, ketosis, and fatty liver are among the risk factors 
commonly identified for DA (Geishauser et al., 2000; Van 
Winden et al., 2003; LeBlanc et al., 2005). 

Abomasal Physiology 

In the nonpregnant cow, the abomasum occupies the ven
tral ponion of the abdomen, very nearly on the mid line, with 
the pylorus extending to the right side of the cow caudal to 
the omasum (Dyce et al., 1987; Radostits and Done, 2007). 
As pregnancy progresses, the growing uterus occupies an 
increasing volume of the abdominal cavity. The uterus begins 
to slide under the caudal aspect of the rumen, reducing mmen 
volume by one-third by the end of gestation. This forces the 
abomasum forward and slightly lo the left side of the cow, 
although the pylorus continues to extend across the abdomen 
to the right side of the cow. After calving, the uterus retracts 
back toward the pelvic inlet, which, under normal condi
tions, allows the abomasum to return to its original position. 
In the case of a left DA, the pyloric end of the abomasum 
slides completely under the rumen to the left side of the cow 
(Van Winden et al., 2002). Three major factors thought to be 
responsible for DA are (I) the rumen fails to take up the void 
left by the retracting uterus, and if the rumen moves into its 
normal position on the left ventral floor of the abdomen, the 
abomasum is not able to slide under it; (2) the omentum at
tached to the abomasum is stretched, permitting movement 
of the abomasum to the left side; and (3) abomasal atony. 
Normally, gases produced in the abomasum (mostly carbon 
dioxide released when bicarbonate from the rumen meets 
the hydrochloric acid of the abomasum) are expelled back 
into the rumen as a result of abomasal contractions. These 
contractions are thought to be impaired in cows developing 
DA (Breu kink and de Ruyter, 1976; Goff and Horst, I 997b; 
Doll et al., 2009). The exact causes of abomasal atony have 
not been fully established. Overconditioned cows at dry-off 
are at greater risk of DA likely because of low DMI around 
parturition (Cameron et al., 1998). In addition, excess loss of 
body condition from calving to 4 weeks postpartum is a risk 
factor for DA (Hoedemaker et al., 2009). 

Nutrition and Abomasal Displacement 

Reduced DMI before and after calving is likely a cause of 
DA, although direct evidence is limited (Shaver, 1997). Cows 
that eventually develop a DA have lower DMI a few days 
prior to clinical diagnosis (Van Winden et al., 2003). Poor 
feed bunk management (defined as <30 cm of bunk space 
per cow, feed refusal not removed daily, and empty feed 
bunks for a portion of the day) prepartum increased the risk 
of DA and also likely reduced DMI, but that was not mea
sured (Cameron et al., 1998). Shaver ( 1997) outlined several 
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factors that can increase the risk ofDA and also likely limit or 
reduce DMI. These include limited feed availability, crowded 
pens and feed bunks, improperly mixed total mixed ration 
(TMR), sorting, and inclusion of unpalatable ingredients in 
the diet, among other factors. 

Ca is needed for proper smooth muscle contractility and 
neuromuscular transmission (Caixeta et al., 2018); therefore, 
hypocalcemia is a risk factor for DA (Curtis et al., 1983; 
Rodriguez et al., 2017). Experimental induction of hypo
calcemia reduced the rate of abomasal contractions, which 
may lead to atony and distension of the abomasum (Daniel, 
1983). When plasma Ca levels were reduced from about 9.5 to 
7.5 mg/dL, abomasal motility was reduced by 30 percent and 
strength of contractions was reduced by 35 percent, and when 
plasma Ca was reduced to 5 mg/dL, these responses were 
reduced to 70 percent and 50 percent, respectively (Daniel, 
1983). Subclinical hypocalcemia increased the likelihood of 
DA 3.7 times (Rodriguez et al., 20 17). The administration 
of oral CaCl

2 
at calving to reduce subclinical hypocalcemia 

decreased the incidence of DA (Oetzel, 1996). However, the 
association between hypocalcemia and DA has not always 
been observed (LeBlanc et al., 2005; Chamberlin et al., 2013). 

Increasing the proportion of grain in the diet fed to cows in 
late gestation and early lactation may increase the incidence 
of displaced abomasum (Coppock, 1974; Van Winden et al., 
2004). This may be caused by increased volatile FAs within 
the abomasum, which can reduce abomasal contractility 
(Lester and Bolton, 1994). Elevated osmolality of rumen 
contents when high-grain diets are fed may contribute lo 
paralysis and ultimately displacement of the abomasum 
(Van Winden et al., 2004). In addition, higher-grain diets 
may not supply adequate effective fiber needed to stimulate 
nnnination activity, maintain the consistency and depth of 
the rumen mat, and illicit rumen contractions. Inadequate 
supply of effective fiber is likely a risk factor for DA. In an 
observational study, reduced rumination time both prior to 
and after calving was associated with greater incidence of 
DA (Stangaferro et al., 2016); however, controlled research 
with adequate statistical power evaluating the influence of 
effective fiber on incidence of DA is lacking. Direct research 
on the influence ofTMR particle size, forage fiber, and fiber 
concentrations on rumen contractility and DA, especially 
during the transition period, is needed (Caixeta et al., 2018). 
For further information on effective fiber, see Chapter 5. 
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Dairy Cattle Nutrition and the Environment 

INTRODUCTION 
Agriculture has seen a tremendous increase in productiv

ity over the past century in the United States through the use 
of various technologies. Improved housing facilities, waste 
handling, breeding, and feeding balanced rations a.llowed 
livestock to be raised in increasingly larger and more con
centrated animal feeding operations. The intensification in 
the U.S. dairy industry is such that farms with more than SOO 
milking cows accounted for 63 percent of the milk supply 
in 2012 (USDA, NASS, 2013), up from 45 percent a decade 
before (USDA, 2005). Consolidation of large numbers of 
dairy cattle into small land areas to improve the efficiency of 
milk production may contribute to environmental problems 
unless animals are fed and managed properly, including con
sideration of number of animals per unit of land available for 
manure application. From an environmental standpoint, the 
primary concerns are the nutrients nitrogen (N ) and phospho
rus (P); the greenhouse gases carbon dioxide (C02), methane 

(CH ) and nitrous oxide (N,0); and other odorous com-
4 , -

pounds such as ammonia (NH~, volatile organic compounds 
(VOCs), and hydrogen sulfide (NRC, 2003). Excretion or 
excess minerals in manure and their application in soil raises 
salinity and toxicity concerns, particularly in irrigated fields. 

Dairy caule play a key role in human food production by 
converting forages and poor-quality feeds into human edible 
products. However, this conversion is associated with an 
environmental cost, which can be unavoidable, that is, as a 
by-product of a necessary fermentation process or avoidable, 
for example, nutrients consumed in excess of requirement 
(Dijkstra et al., 20 l 3a). Dairy cattle must be fed to meet 
their requirements with minimal excesses o f nutrients in the 
diet if the efficiency of nutrient use and milk production by 
dairy cows are to be maximized and nutrient losses to the 
environment reduced. ln 2008, the contribution of the entire 
dairy sector to the U .S. greenhouse gas (GHG) emissions was 
estimated to be 134 Tg C02 equivalents (C02e)or 1.9 percent 
of the U.S. 1otal , with CH4, N20, and C02 contributing 44, 13, 

and 41 percent, respectively (Thoma et al., 2013). A lthough 
the dairy industry's environmental footprint is small com
pared to other industries (e.g., oil and gas), there has been 
continued pressure to reduce its footprint through national and 
state regulations. Reducing dairy production's impact on the 
environment such as air, soil, and water quality will contrib
ute to the industry's long-term environmental sustainability 
(Kebreab. 2013; von Keyserlingk et al., 201 3 ). 

300 

METHANE 
CH

4
, which has a global warming potential 28 Ii.mes 

that of CO, over a l 00-year horizon (IPCC, 2013), emitted 
from dairy- operations is a significant conu·ibutor to GHG 
emissions. In 2014, dairy caule contributed 25 percent of 
total enteric CH

4 
emissions from livestock (USEPA, 2014). 

CH emissions represent a loss of about 3.8 to 7 .4 percent 
(S.6 percent on average) of gross energy intake (GET) in U.S. 
dairy cattle (Kebreab et al., 2008a). Most CH4 production oc
curs in the reticulorumen, with only 13 percent produced in 
the lower tract (Murray et al., 1976), and with rectal emissions 
accounting for about 2 to 3 percent of the total CH4 emissions 
from the animal (Murray et al., 1976; Muno.i: et al., 2012). 

Factors Affecting Methane Em issions 

CH production is positively and linearly related to the 
amoun~ of feed consumed. Feed intake accounts for 60 to 
80 percent of the variation in CH4 production (Mills et al., 
2003: Ellis et al., 2007; Moraes et al .. 20 14). The rest of 
the variation could be accounted for by differences in nutri
ent composition, uptake and utilization, and other factors. 
Although absolute CH

4 
production (g/d) varies by breed, 

several studies have shown that breed has little impact on CH4 

produced per unit of intake (CH
4 

yield) or per unit of product 
(CH

4 
intensity) in ruminants (Fraser et al., 20.14; Moraes 

et al., 2014). Ellis et al. (20 10) evaluated entenc CH4 pro
duction equations used in whole-farm models and concluded 
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that the simple, more generalized equations performed worse 
than those that allempted to represent important aspects of 
diet composition. The type of dietary carbohydrates (fiber 
versus nonfiber) fermented in the rumen plays a major role in 
determining the profile of rumen volatile fatty acid production 
(Murphy et al. , 1982; Mills et al., 2001) and consequently 
CH4 production (Moe and Tyrrell, 1979). Fe1mentation of 
fibercompared to starch results in greater acetate production, 
which increases hydrogen production and, consequently, 
enteric CH

4 
production (Bannink et al., 2008). The same 

authors reported a shift toward production of propionate as 
pH in the rumen decreased, which uses hydrogen in the ru
men and reduces enteric CH4 production. Thermal stress may 
influence CH

4 
production. Under prolonged cold conditions, 

Bernier et al. (2012) reported CH
4 

yield of 5 .2 percent of 
GET compared to 7. I percent of GET under thennoneutral 
conditions. This is related to increased rumen rate of pas
sage, which ultimately reduces the extent and rate of rumen 
fermentation (see Chapter 5). Heat stress, on the other hand, 
may increase CH4 yield due to longer retention of feed in 
the rumen or may decrease CH

4 
yield because of lower feed 

intake and reduced rumen pH levels in response to reduced 
cation availability, as well as a consequent rise in the acetate 
to propionate ratio. Further research is required to quantify 
the effect of heat stress on enteric CH

4 
emissions. 

Mitigation Options to Reduce Enteric Methane Emissions 

Hristov et al. (20 l 3a) extensively reviewed enteric CH
4 

mitigation options and identified several opportunities. The 
mitigation strategies can be classified into ( I) feed ma
nipulation, (2) 111men modifiers, and (3) increasing animal 
production through genetics and management (Knapp et al., 
2014). Feed manipulation through nitrate (N03) inclusion 
was considered to have the highest potential mitigation effect 
because up to 50 pe11::enl reduction in enteric CH4 production 
in sheep and callle has been observed due to N0

3 
provision 

as an alternative electron acceptor (van Zijderveld et al., 20 I 0, 
2011; Hristov et al., 2013a). Several studies have shown that 
lipids have a suppressive elTect on rumen microbes and CH

4 
production (Martin et al. , 20 I 0; Grainger and Beauchemin, 
2011 ). Eugene et al. (2008) reported a 9 percent reduction in 
CH4 production in dairy cows due to lipid supplementation, 
but dry matter intake (DMI) was reduced, so there was no dif
ference in CH4 yield (i.e., CH4 production/kg DMI). Moraes 
et al. (2014) quantified the response to dietary fat and, with 
all dietary factors being equal, observed an average decrease 
of 0.045 lo 0.09 Meal (0. 19 lo 0.38 MJ) of CH

4 
for every per

centage increase in dietary fat. A meta-analysis by Knapp et al. 
(2014) on the effect of lipid soun::e showed that each percent
age unit of diet ether extract from rumen-inert, seed, oil, and 
endogenous lipid sources decreased CH4 intensity (i.e., CH4 

per unit of energy-corrected milk) by 0.78 ±0.20, 0.71 ±0.20, 
1. 12±0.20, and 1.01±0.38 g/kg, respectively. Greater DMI, 
feeding nonstructural carbohydrates, and improving forage 
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quality have low to medium potential impacts (Hristov et al., 
2013a) and were expected to reduce enteric fermentation by 5 
to 15 percent (Knapp et al., 2014). In view of competition with 
human edible feed resources, Hristov et al. (20 l 3a) recom
mended increasing forage digestibility and digestible forage 
intake among the major CH4 mitigation practices. 

Rumen modifiers considered to have low potential effects 
include ionophores and tannins (Hristov et al., 2013a). Ap
puhamy et al. (2013) quantified the elTect of an ionophore 
(monensin) in dairy cows to be - 12±6 g CH/d (mean CH

4 

production=338 g/d) when adjusted for dose, DMI, and 
lipid intake. Care should be taken in extending CH4 reduc
tion results from in vitro studies to the commen::ial fann. For 
example, supplementing tea saponin (0.52 pen::ent dry mauer 
[DM)) reduced methanogenesis in vitro but increased CH

4 
yield in vivo (Guyader et al., 2017). Until recently, the use of 
mmen modifiers or additives to reduce CH4 production has 
been less successful compared to diet manipulation. However, 
several experiments have shown the potential for an inhibi
tor, 3-nitrooxypropanol, to reduce enteric CH4 production in 
beef and dairy callle (e.g., Hristov et al., 2015). Dijkstra et al. 
(2018) conducted a meta-analysis using 11 published stud
ies and reported that at an average dose of 81 mg/kg of DM, 
3-nitrooxypropanol reduced methane production 39 pen::ent in 
dairy caule. Bromofonn and chlorofonn are halogens that have 
been found to interfere direct.ly with the methanogenesis path
way (Goel et al., 2009). The red microalgae (Asparagopsis spp.) 
bromoform and other halogens, which have antimethanogenic 
properties, reduced enteric CH

4 
emissions in vitro (Kinley et al., 

2016) and in vivo (Roque et al., 2019). Up to 60 percent reduc
tion in enteric CH

4 
production has been observed at I percent 

of organic matter (OM) inclusion rate, but the authors caution 
that further work is needed to detennine the long-term effects 
on productivity and animal health (Roque et al., 2019). EITects 
of these and other mmen modifiers on methane production have 
been recently reviewed (Honan et al., 2021). 

Management strategies to reduce CH
4 

emissions were 
reviewed by Hristov et al. (2013b). Increased productivity is 
considered as having greatest potential because of dilution 
of maintenance. From 1990 to 2012, enteric CH

4 
emissions 

from dairy call le increased 6 percent, cow numbers decreased 
2 percent, and milk production increased 36 percent, indi
cating that while emissions per head increased, there was a 
22 percent decline per unit of milk produced (USEPA, 2014). 
Capper et al. (2009) estimated that the total carbon footprint 
for the entire dairy industry was reduced by 41 percent in 
2007 compared to 1944 in the United States. In the Nether
lands, from 1990 to 2008, yield of fat- and protein-corrected 
milk (FPCM) increased by 34 percent and CH4 production 
increased by 16 percent per cow, but CH

4 
intensity per unit 

FPCM decreased by 13 percent (Bannink et al., 20 I I). Based 
on modeling projections, precision diet formulation on a 
weekly and monthly basis may improve animal performance 
and consequently CH

4 
emission intensity (White and Capper, 

2014). Other management strategies with low to medium 
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potential to mitigate enteric CH
4 

emissions include use of re
combinant bovine somatotropin, growth promoters, genetic 
selection, improved animal health, reduced animal mortality, 
fibrolytic enzymes, and reduced forage maturity (Hristov 
et al., 2013b; Tewoldebrhan et al., 2017). Mitigation op
tions that can be implemented in intensively managed dairy 
production systems currently (2020) may have a combined 
potential to reduce enteric CH

4 
intensity by 15 to 30 percent 

(Knapp et al., 2014). However, using effective feed additives 
may reduce CH

4 
intensity by more than 50 percent. 

Enteric Methane Prediction Equations 

Assessment of the efficiency of animal production and its 
subsequent environmental footprint requires quantification of 
each nutrient consumed, used, excreted, or lost to tlhe environ
ment. Mathematical models are widely used to predict the 
environmental impact of livestock operations and can be used 
to assess mitigation options and policy decisions. Appuhamy 
et al. (2016) evaluated 38 extant models developed to predict 
enteric CH

4 
emissions from lactating dairy cows. T he authors 

collected an extensive data set from around the world and 
evaluated each model with regional data. For North America, 
the highest-ranked model (which is also the recommended 
equation for dairy cows) was a modified version of a model 
developed by Nielsen et al. (2013) that uses DMT (kg/d), 
estimated digestible neutral detergent fiber (dNDF, percent
age of DM), and fatty acid (FA, percentage of DM) contents: 

Methane (Mcal/d) = 0.294 (+0.019) x DMI 
-0.347 (+0.093) x FA+0.0409 (+0.012) x dNDF 

(Equation 14-1 a) 

Appuhamy et al. (2016) also evaluated previous and up
dated versions of the models (tier 2) recommended by the 
intergovernmental Panel on Climate Change (lPCC, 1997, 
2006). The earlier version of the lPCC model uses CH

4 
con

version factor (Y m, percent of GEI) of 6.0 percent, which is 
more in agreement with literature data from North America 
(5.7±0.9; Appuhamy et al., 2016; Jayasundara et al., 2016) 
and also in agreement with Kebreab et al. (2008a), who 
reported 5.6 percent compared to the updated lPCC Ym of 
6.5 percent. Similarly, in their evaluation of CH4 prediction 
equations used in whole-farm models, Ellis et al. (2010) 
reported better predictive capacity of the tier 2 method using 
Ym of 6.0 percent compared with Ym of 6.5 percent. 

Moraes et al. (2014) developed equations to estimate 
methane production for heifers and non lactating dairy cattle 
based on indirect calorimetry measurements containing 414 
and 591 records, respectively. The recommended equation 
for heifers is as follows: 

Methane (Mcal/d) = -0.038 (0.071)+0.051 (0.001) GEi 
+0.0091 (0.0014) NDF 

(Equation 14- lb) 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

For nonlactating dairy cows, the recommended equation is 
the following: 

Methane (Mcal/d) = 0.69 (0.048)+0.053 (0.001) GET 
-0.045 (0.012) EE 

(Equation 14- lc) 

In both equations, GET is in Mcal/d, and NDF and EE are in 
percentages of DM. 

Manure Methane and Volatile Solids Prediction Equations 

According to lPCC (2006) tier 2 guidelines, CH4 emis
sions from manure are determined based on estimated 
volatile solids and emission factors for various manure 
management systems. OM in livestock manure consisting of 
biodegradable and nonbiodegradable fractions are known as 
volatile solids. Using an extensive data set, Appuhamy et al. 
(2014) and Appuhamy et al. (2018) developed prediction 
equations to calculate volatile solids: 

Volatile solids (kg/d) = 0.364 (±0.007) DMT 
+0.026 (±0.004) NDF -0.078 (±0.008) CP 

(Equation 14-2) 

where DMI is in kg/d, and CP and NDF contents are in 
percentages of DM. 

However, only digestible OM generates CH
4

; therefore, 
CH4 emissions should be based on digestible volatile solids 
(i.e., volatile solids-lignin). Appuhamy et al. (2018) devel
oped a mathematical model for estimating digestible volatile 
solids outputs by lactating dairy cows: 

Digestible volati le solids (kg/d) = 0.334 (±0.007) DMI 
+0.029 (±0.006) HC -0.058 (±0.008) CP 

(Equation 14-3) 

where DMI is in kg/d, and CP and hemicellulose (HC = neu
tral detergent fiber-acid detergent fiber contents) are in 
percentages of DM. 

It is recommended to use the volatile solids prediction 
equations given above when predicting methane from manure 
management using the TPCC (2006) methodology. 

NITROGEN 
N is of primary environmental concern because of losses 

of organic N and ammonium via wind and water erosion, NH
3 

through volatilization, N03 through leaching and denitrifica
tion, and oxides of N as a result of nitrification-denitri fication 
processes (Eckard et al., 201 O; Cavigelli et al., 2012). The 
main causes of N loss from the animal are inefficient utiliza
tion of feed Nin the rumen, undigested feed and microbial tme 
protein, microbial nucleic acids synthesized in the rumen, N 
use inefficiency for maintenance and milk protein synthesis, 
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and amino acids (AAs) absorbed in excess of requirement 
(Dijkstra e t al., 2013c; Hristov et al. , 2013b). The impact 
of these N losses from agricultural systems on surface- and 
groundwater quality, soil pH, biodiversity, and pathogens has 
been well documented (Tamminga, 1992). 

Factors Affecting Nitrogen Excretion 

The main driver ofN losses from cattle is N consumed in 
feed. Dairy cows secrete in milk, on average, 2 1 to 33 percent 
of the N theyconsume(Calsamigliaet al., 2010), with almost 
all of the remaining N excreted in feces and urine. Using a 
large database, Reed et al. (2015) calculated an average total 
manure N excretion of 69 percent of N intake. In a meta
analysis, Huhtanen and Hristov (2009) concluded that dietary 
crude protein (CP) concentration is the most important dietary 
factor influencing milk N efficiency, with ruminal degrada
tion of CP being of lesser importance. Similarly, o f all single 
dietary and animal factors evaluated in a meta-analysis by 
Spek et a l. (2013c) to predict N excretion in urine, dietary 
CP concentration and milk urea N level were by far the best 
predictors. Differences in amount and, to a smaller extent, 
digestibility of N in feed affect not only the total amount 
excreted but also the partitioning o f N into milk, urine, and 
feces (Castillo et al., 2001 b; Kebreab e t al., 2002). Such a 
distinction of manure N excretion into fecal and urinary N 
excretion is of s ignificance, because variation in die tary N 
supply will affect urinary N output, which is more suscep
tible to leaching and volatile losses than fecal N and of larger 
importance to reduce environmental impact (Dijkstra et al., 
2013b). Dijkstra et al. (2013c) calculated the theore tical upper 
limit of N use efficiency to be 43 percent at maximal milk 
secretion for a cow weighing 650 kg and producing 40 kg/d 
of fat- and protein-corrected milk. 

Mitigation of Nitrogen Losses from Cattle Operations 

The wide variation in efficiency o f conversion of feed N 
into products suggests that major improvements in reducing 
N excretion are possible (Dijkstra et al., 20 13c). There is 
little opportunity to reduce N losses related to incomplete 
digestion of microbial protein, synthesis of microbial nucleic 
acids, and animal maintenance requirements (Dijkstra et al., 
2013c). The most effective strategy to reduce N excretion and 
limit impact on the environment is to decrease the dietary 
CP content (Castillo et al., 2000; Kebreab et al., 2001; Spek 
et al., 2013c). Several studies have shown that total N ex
cretion increases as die tary N intake increases, w ith urinary 
N excretion increasing at a greater rate than fecal excretion 
(Castillo et al., 2000; Huhtanen and Hristov, 2009; Kebreab 
et al. , 20 I 0). Feeding a diet that contains CP above the 
requirement will also increase energy expenditure s lightly 
to cover the cost of urea synthesis. Because CP is usually 
a costly nutrient, feeding excess CP also inflates feed costs 
Lo producers. Reduction of N intake decreases the amount 
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of N excreted (Huhtanen et al. , 2008) and may improve N 
use efficiency (Kebreab et al., 2010). Furthermore, as milk 
production per cow increases, because of dilution of mainte
nance N use, efficiency should increase with a concomitant 
reduction in N excretion per unit of product (Capper, 201 I}. 
However, reduc ing dietary N below requirement will impair 
productivity (Law et al. , 2009). In addition to reduction 
of CP content, other dietary strategies such as optimizing 
rumen fermentation and microbial protein synthesis, pas
sage of nutrients to the small intes tine, and efficiency of 
absorbed AA utilization for milk protein synthesis can all 
be effective mitigation options (NRC, 2001). Efficiency of 
N utilization is affected by availability of energy, and gener
ally milk production is increased with greater concentration 
of energy in the diet. In a multivariate analysis, Reed et al. 
(2014) showed that as the metabolizable energy content of 
the diet increases, efficiency o f N use increased with dimin
ishing returns. Modifying rumen microflora, particularly 
those involved in peptide degradation and AA deamina
tion, may increase efficiency of N utilization (Calsamiglia 
et al., 2010). Further work is needed to better understand 
factors controlling urea transport across the rumen wall 
and take advantage o f ruminants' abi lity to recycle urea 
(Calsamig lia et al., 2010). However, when N intake is low 
and rumen microorganisms might benefit from additional 
supply of N, close to 100 percent of urea synthesized in the 
liver is recycled to the gastro intestinal tract (Reynolds and 
Kristensen, 2008), and consequently, there is little potential 
for urea recycling to compensate low CP diets. Postrumen 
metabolism of AAs in the portal-drained viscera and the liver 
contributes to N excretion. Lapierre et al. (2005) estimated, 
on average, 35 percent of AAs are lost during absorption, 
and the liver removes 45 percent of absorbed AAs, giving 
1ise to significant amounts of urea excreted in urine. Further 
opportunities to decrease N losses postrumen also arise from 
proper balancing of diets for individual AAs (Haque et al., 
20 I 2). Feeding diets that contain lower concentrations of CP 
supplemented with balanced quantities of rumen-protected 
AAs should reduce excretion o f N in urine. Milk protein 
yield is partic ularly responsive to essential AA supply to the 
mammary g land, and improvements in our abil ity to model 
AA supply and use should improve Nuse efficiency. 

Nitrogen Excretion Prediction Equations 

Precise estimates o f N excretion from livestock lead 
to better quantification of manure N, which is a basis for 
estimating N volatilization, leaching, runoff, and emission. 
Several models have been developed to predict N excretion 
from lactating dairy cattle and heifers to assess the efficiency 
of cattle production and calculate national inventories of NP 
emissions. Although the accompanying model will calculate 
N excretion based on the mass-balance approach, some equa
tions are provided here to aid input-output type of analysis. 
For lactating cows, if DMI, dietary CP concentration, milk 
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yield, and milk protein concentrations are known, mass bal
ance can be used lo estimate manure: 

Manure N (g/d) = (DMI x D ietCP) I 0.625 
- (MilkxMilkCP) /0.638 - 5 

(Equation 14-4) 

whereDMI and Milk are in kg/d, and DietCP and M ilkCPare 
in percentages. The 5 is an estimate of body growth over three 
lactations (assumed to be 150 kg of growth over 915 days). 

Johnson el al. (2016) evaluated 45 models to predict N 
excretion when milk protein yield is not known. The follow
ing equations were recommended for lactating dairy cows: 

Urine N (g/d) = 12.0 (±5.80) 
+0.333 (±0.011) N intake (g/d) 

(Equation 14-5) 

Fecal N (g/d) = -18.5 (± 3 .59) 
+ I 0.1 (± 0.169) DMI (kg/d) 

(Equation 14-6) 

Total Manure N (g/d) = 20.3 (±4.72) 
+ 0.654 (± 0.009) N intake (g/d) 

(Equation 14-7) 

M ilk N (g/d) =-19.0 (± 3.21) 
+ 8.13 (± 0.245) DMI (kg/d) 

(Equation 14-8) 

For heifers and nonlactating cows, lhe following equations 
were recommended: 

Urine N (g/d) = 14.3 (±3.18) 
+0.51 (±0.12) N Intake (g/d) 

(Equation 14-9) 

Feces N (g/d)=0.35 (± l.73) 
+ 0.32 (± 0.0064) N Intake (g/d) 

(Equation 14-10) 

Total Manure N (g/d) = 15. l (± 2.50) 
+0.83 (±0.018) N Intake (g/d) 

(Equation 14-11) 

The root mean square prediction error (as a percentage of 
mean observed values), which measures the prediction per
formance, was 25, 16, 11, 14, 36, 17, and 13 percent for 
Equations 14-5 to 14-1 l, respectively. 

Ammonia 

Dairy production contributes lo NH3 emission, which can 
create human respiratory problems by forming fine particulate 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

mauer with other compounds and animal health hazards when 
concentrations reach critical levels in confined spaces. NH

3 
emission can also cause regional degradation of terrestrial and 
aquatic ecosystems (NRC, 2003; Kampa and Castanas, 2008) 
and represents a net loss of manure fertilizer value. NH3 emis
sion is regulated by the U.S. Environmental Protection Agency 
(EPA) through the Clean Air Act Amendments of 1990 (Pub. 
L. I 0 l-549). About 90 percent of NH

3
-N originates from 

urine N and the rest from feces within a 10-day period after 
excretion (Lee et al., 2011). Large variation in NH

3 
emission 

estimates is reported mainly due Lo several factors affecting 
measurement, including wind, temperature, time of day, and 
year. In a recent meta-analysis, Bougouin et al. (2016) identi
fied housing system, season, diet composition, and milk pro
duction as major factors affecting~ emissions from dairy 
caule. Hrislov el al. (2011) calculated a daily average of 59 g 
of NH

3 
emission per cow based on a compilation of studies, 

with a large standard deviation of 65 g/d. However, when 
averaged over a year, NH

3 
emissions measured in open-lot 

dairy housing systems in Idaho, Texas, and California were 
more consistent and ranged between 120 and 150 g/d per cow 
(Leylem et al., 201 1). Emissions from freestall and open
freestall dairies were lower al I 0 to I 00 g/d per cow (Leytem 
et al., 2013). In general, stall NH3 emissions are much higher 
than pasture NH

3 
emissions (McQuilling and Adams, 2015). 

On average for grazing cows, 25 percent of the N excreted in 
manure(Hristov et al., 2011) and 3 to 15 percentofurineN in 
the field or 4 lo 52 percent from urine patches (Oenema el al., 
2008) may be lost as NH3 depending on soil type, moisture, 
temperature, wind speed, and urine N concentration and urine 
composition. NH3 emission can be reduced by dietary manipu
lation, increasing milk yield , manure treatment, and capture 
and treatment of emiued gases (Hristov et al., 201 I; Bougouin 
et al., 2016). Decreasing the dietary CPconlent is probably the 
most effective strategy lo decrease NH

3 
emission from dairy 

manure (Bougouin et al., 2016) due to reduced N substrate in 
the excreta, particularly urine N, and as a consequence reduces 
the environmental impact (Frank et al., 2002; Frank and Sw
ensson, 2002; Agle et al., 2010). Urine N, because it is 52 to 
94 percent urea, is more susceptible to leaching and volati le 
losses than fecal N (Reyna! and Broderick, 2005; Dijkstra 
el al., 2013b). Thus, reducing urinary N excretion will greatly 
reduce environmental impact. However, a trade-off with 
other losses of N may occur. If a smaller fraction of manure 
N is emiued as~, losses ofN0

3 
or Np may increase (van 

Groenigen et al., 2008), and simultaneously, lowering all of 
these losses is a challenge. 

Milk urea N has been used as a proxy for urine urea N 
because the two are correlated (Burgos et al., 2007; Powell 
et al., 2011, 2014). A number of factors, includ ing body 
weight, urine production, and time and frequency of feed
ing and milking, have been shown lo affect the relationship 
between milk urea N and urinary N excretion (Spek et al., 
2013b). Powell et al. (2014) calculated that each 1-mg/dL 
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decrease in milk urea N was associated with a reduction in 
NH3 emissions from manure of 7 to 12 percent. However, 
the relationship between milk and urine urea N is affected by 
mineral concentration of the diet, which negatively affected 
milk urea N but not urine urea N (Spek et al., 2012, 2013a; 
Eriksson and Rustas, 2014). Variation in urine volume also 
affected the relationship between milk urea and! urinary N 
excretion. Care should therefore be taken when using milk 
urea N as a proxy for urine urea N (Spek et al., 2013b). 

Nitrous Oxide 

Nitrogenous excretions from dairy cattle can directly 
contribute to overall N?O emissions (Hristov et al., 2011), 
which have a global waiming potential 265 times that ofC0

2 
over a 100-year horizon (IPCC, 2013). In addition, indirect 
emissions of N20 occur after atmospheric deposition of NH3 
and nitrogen oxides (NOx) from animal housing and manure 
storage and various N sources from leaching a nd runoff 
(IPCC, 2006). In 2012, about 4 percent of N?O emissions in 
the United States were attributed to the breakdown of N in 
livestock manure (USEPA, 2014). For N

2
0 to occur, manure 

must undergo several transformations mediated by microbes: 
hydrolysis and mineralization of organically bound N into 
ammonium (NH/), nitrification to nitrite (N02), and N03 in 
the aerobic environment followed by anaerobic reduction to 
elemental N, with intermediate production of N20 and nitric 
oxide (NO) through denitrification (Li et al., 2012). Factors 
affecting N

2
0 emissions include temperature, moisture con

tent, avai lability of easily degradable organic carbon, and 
oxidation status of the environment (Montes et al., 2013). 
Because of environmental conditions, the fraction of manure 
N lost as Np is generally below 2 to 3 percent, with a few 
s tudies reporting up to IO percent (Groenigen et al., 2005; 
Luo et al., 2010). In open-lot dairies, Leytem et al. (2011) 
measured N

2
0 emissions ranging from 19 to 33 g/d per cow 

over a year, which were greater than for open-frees tall dairies 
measuring 5 to 37 g/d per cow (Leytem et al., 2013). Urine is 
the main source of volatile N emissions; therefore, manipu
lating the route of N excretion is an important N?O mitiga
tion tool. The portion of urine N released as N/) depends 
on the urinary N composition, soil type, soil wetness, and 
soil temperature. Emissions are relatively low when the soil 
is dry or very wet and relatively high when the water-filled 
pore space in soil ranges from 60 to 80 percent (Dijkstra 
et al., 20 I 3b). In soil, urinary hippuric acid, creatine, and 
creatinine decompose more slowly than urea, and hippuric 
acid may act as a natural inhibitor of N

2
0 emissions (Dijks

tra et al., 20 I 3b). About 92 percent of Np emissions occur 
in cropping systems, and mitigation options related to such 
systems are reviewed by Cavigelli et a l. (2012). Successful 
mitigation options in cropping systems such as adding urease 
and artificial nitrification inhibitors (e.g., dicyandiamide)are 
generally effective in controlling Np emissions (Clough 
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et al., 2009). Manure storage and treatment-based mitigation 
options for reducing N

2
0 emissions have been extensively re

viewed by Montes et al. (2013). Prediction ofN20 emissions 
is challenging because of the various factors involved that 
have an impact on N

2
0 formation. Most of the quantification 

methods of N
2
0 emissions from the dairy sector are based 

on static emission factors from IPCC (2006), which do not 
account for the wide range of variability inherent in the dairy 
industry. As a result, the methodology is associated with a 
high degree of uncertainty and will not be appropriate to use 
ror assessment of mitigation options. Additional research on 
quantification and impact of dairy production on N

2
0 and 

other GHG emissions in the United States is warranted. 

Water Quality 

Dairy operations tend to be concentrated in certain regions 
of the country, which results in long-distance redistributions 
of substantial amounts of N and other nutrients (Kellogg 
et al., 2000). Nutrients accumulate near dairy operations, 
often in quantities that exceed the nutrient needs of the 
crops being grown within reasonable transportation distance 
(Rosenstock et al., 2014). T hese nutrients contribute to 
hypereutrophication of estuaries and N leaching to ground
water (Kellogg et al., 2000). Contamination of groundwater 
can have negative consequences on water supplies and their 
suitability for human consumption and use (Townsend et al., 
2003). For example, excessive consumption of N03 in drink
ing water has been associated with methemoglobinemia or 
"blue baby syndrome" in humans, stomach cancer, and N03 
poisoning in animals (Pasten-Zapata et al., 2014). It also 
contributes to sw·face-water contamination over longer time 
frames as groundwater reenters surface drainage networks 
(Meals et al., 2010; Wick et al., 2012). N03 export into ad
jacent surface water bodies may induce an increased level of 
nutrients (eutrophication) affecting biodiversity, mammals, 
birds, and fish adversely by producing toxins and reducing 
oxygen levels (Pasten-Zapataetal., 2014). Harteret al. (2002) 
assessed N03 and salt leaching to shallow groundwater near 
dairies in San Joaquin Valley, California. They estimated 
minimum average annual groundwater N0

3
-N and salt load

ing from manure-treated forage fields to be 280 and 4,300 kg/ 
ha, respectively. Leaching rates for ponds were estimated to 
be about 0.8 m/year, at least locally. Over six decades, there 
was over a IO-fold increase in N0

3 
loading in two agricultural 

areas in California. Meeting safe drinking water standards 
would require leaching reductions of over 70 percent from 
current levels through reductions in excess manure applica
tion, which accounts for nearly half of all groundwater N 
loading, and through synthetic N management improvements 
(Rosenstock et al., 2014). In manure-u·eated fields, proper 
nutrient management will be a key to protecting groundwater 
quality, particularly in regions overlying alluvial aquifers 
(Harter et al., 2002). 
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VOLATILE ORGANIC COMPOUNDS 

YOCs are defined as any carbonaceous compounds that 
participate in atmospheric photochemical reactions, exclud
ing CO, , carbon monoxide, carbonic acids, metallic carbides, 
or carbOnates (US EPA, 2011 ). Some of the common VOCs 
include alcohols, aldehydes, ketones, esters, ethers, aromatic 
hydrocarbons, and halogenated hydrocarbons (Filipy et al., 
2006). These gases are important air pollutants because they 
contribute to the formation of ozone, which is a constituent of 
photochemical smog in the presence of oxygen and sunlight 
(Carter, 1994). Some of the common VOCs emitted from 
dairy production include acetic acid from fermented feeds and 
manure (Shaw et al., 2007; Alanis et al., 2008); acetaldehyde 
from fermented feeds (Howard et al., 2010); ethanol from 
fermented feeds, manure lagoons, and housing (Filipy et al., 
2006; Chung et al., 2010; Howard et al., 2010); methanol 
from enteric fermentation and manure (Shaw et al., 2007); 
and acetone from manure lagoons and housing (Filipy et al., 
2006; Chung et al., 20 LO). 

Good silage-making practices such as rapid filling, ad
equate packing, and the use of inoculants and preservatives 
can reduce YOC emissions from fermented feeds (Muck, 
1988; Place and Mitloehner, 2013). Minimizing the exposed 
surface area of silos reduces emissions substantia'lly because 
greater emissions occur within the first 12 hours of silage be
ing exposed to air (Hafner et al., 2010). Water-soluble VOCs 
from animal housing could be reduced by flushing the barn 
floors with water (Chung et al., 20 LO); however, this may 
increase VOC concentrations in the lagoon (Place and Mit
loehner, 2013). Biofiltration systems also have the potential 
to reduce VOC emissions by passing exhaust air from housing 
or manure storage systems through a filter containing micro
organisms and "trapping" emissions (Martens e t al., 2001; 
Pagans et al., 2007). More research is required to understand 
and quantify the sources and the factors influencing the VOC 
emissions in dairy operations. 

INTEGRATED APPROACHES 

The ultimate objective in reducing the environmental bur
den of dairy production should be focused on net reduction 
because mitigation options that have one environmental ben
efit may negatively impact another. In this respect, the level of 
analysis (at animal, fann, or food chain levels) is of large sig
nificance. For example, van Middelaaret al. (2013) evaluated 
the elTect of replacing grass silage with corn silage on GHG 
emissions at all three levels using a linear programming model 
in combination with a mechanistic model of enteric fermenta
tion and life cycle assessment. Although at animal, farm, and 
food chain levels, this strategy reduced annual GHG emissions 
by 12.8, 17.8 and 20.9 kg C02e per ton FPCM, converting 
grassland into corn land resulted in nonrecurrent emissions 
of more than 900 kg CO,e per ton FPCM. Although enteric 
CH4 emi~ions contribute the greatest to whole-farm emis-
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sions (Thoma et al., 2013), manure management, particularly 
N

2
0 emissions, is also a significant contributor, mainly due 

to greater global warming potential. The processes involved 
in CH

4 
and N

2
0 production are often antagonistic because 

the former is produced under anaerobic conditions, whereas 
the latter requires oxygen; therefore, some practices such as 
composting that result in the reduction ofCH4 production may 
increase subsequent N,O emissions (Montes et al., 2013). Ellis 
et al. (2012) showed t-hat mitigation options aimed at reduc
ing urinary N excretion may result in e levated CH

4 
emissions 

depending largely on the type or carbohydrate consumed. CH4 

production declines if starch or digestible nutrients escaping 
mmen fermentation replace protein in the diet but rises if 
dietary fiber levels increase. Reducing dietary CP by increas
ing fiber will likely increase CH

4 
production while decreas

ing N20. Dijkstra et al. (2011) estimated an increase of on 
average 0.30 g CH4 per gram urinary N decrease for various 
nutritional interventions with grass silage-based diets aimed 
to improve milk N efficiency. Using standard emission factors 
for direct and indirect N, Oemissions, the estimated N, Oemis
sion reduction (in co2 equivalents) resulting from decreased 
manure N output was more than offset by a rise in enteric 
CH4 production. S imilarly, Sauvant e t al. (2014) reported 
that CH4 production per kilogram digested OM decreased in a 
linear fashion with increasing dietary CP concentration, which 
will likely increase Np emissions. Analysis of I, 111 records 
from calorimetry chambers at USDA Beltsville, Maryland, 
using Holstein and Jersey cows also showed a weak negative 
relationship, possibly because degradation of OM may be en
hanced by greater dietary CP concentration (Colmenero and 
Broderick, 2006; Nousiainen e t al., 2009). As expected, CH

4 

production showed a positive linear relationship with neutral 
detergent fiber (NDF) content and negative linear relation
ship with metabolizable energy intake. Animals fed low CP 
diets produced manure with a slower mineralization rate of 
N, which reduced N

2
0 emissions when land applied (Powell 

and Broderick, 2011); however, CH
4 

emissions may increase 
because of higher OM content. If the amount of N is not suf
ficient for crop growth, the need for higher rate of inorganic N 
fertilizer inclusion might also increase overall N,O emi~ions. 
Moraes et al. (2012) developed a linear progra~ming model 
to formulate minimum-cost diets when environmental policies 
are present. In their evaluations, imposing CH4 restrictions in
creased N losses from the animal. Van Middelaaret al. (2014) 
repo11ed extruded linseed or N03 supplementation to reduce 
CH

4 
intensity by 42 and 33 kg/ton FPCM at the animal level, 

respectively, but total GHG emission at the food chain level 
was reduced by only 9 and 32 kg/ton FPCM, respectively. Jn 
view of these results, a major challenge in reducing N losses 
from dairy cattle is to find an optimal nutritional balance with
out increasing ente1ic CH4 production. 

The relationship between manure NH3 volatilization and 
N,O emission is a lso complex because if a mitigation technol
ogy reduces NH3 losses, the preserved ammonium may later 
increase soil Np emissions (Petersen and Sommer, 20 11 ). 
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On the other hand, losses of N as NH3 reduce the availabil
ity of N for nitrification and denitrification processes and, 
consequently, N20 fonnation. In their review, Montes et al. 
(2013) listed several opportunities for mitigation; however, 
only decreasing manure storage time was recommended for 
reducing both GHG and N~ emissions. In pasture-based 
production systems, improving forage quality is often ac
complished by increasing N fertilizer application rates, which 
can have a negative impact on urinary N excretion and thus 
NH3 and N20 emissions. 

MINERALS 

Phosphorus 

P is an essential mineral for mminants (see Chapter 7). In 
dairy cattle, more than 55 percent of the P consumed may be 
excreted in manure depending on P availabil ity, efficiency 
of feed conversion, and the amount of P consumed in excess 
of the animal's requirement (Kebreab et al., 20051>; Villi and 
Kebreab, 2010; Klop et al., 2013). The rest is excreted mostly 
in feces with less than I g P/d in urine unless cows are fed 20 
to 30 percent in excess of requirement (Wu et al., 2000). Apart 
from P being a finite resource, manure P has a potential to con
tribute 10 environmental degradation, particularly degradation 
of water quality. Manure phosphate applied to land is usually 
adsorbed onto soil particles, so it does not leach into water 
tables or wate1ways but builds up in the soil (Pierzynski et al., 
1994). This becomes a problem when the P-laden soil particles 
are washed into surface water. In the United States, the median 
contribution of P from animal agricultural sources to the na
tion's watersheds is 26 percent, compared to 17 percent from 
commercial fertilizer and 3 percent for point sources (Smith 
and Alexander, 2000). Due to environmental impact, there 
have been substantial public interest and policies to reduce 
P excretion and manure P applied to agricultural soils. For 
example, the U.S . EPA is mandated to enforce P reductions of 
at least 0.6 million kg/year in the Chesapeake Bay watershed 
to maintain water qual ity (USEPA, 2009). 

There are several ways to reduce P excretion from dairy 
cattle. Kebreab et al. (2012) broadly divided mitigation options 
for P excretion into I wo categories: (I) increasing efficiency of 
P utilization and (2) improving or optimizing P availability in 
feed. Several surveys revealed that dairy ca11le in the United 
States (Dou etal., 2003; Castillo et al., 2013) and Canada (Ke
breab et al., 2008b) were routinely fed diets that include 0.45 
to 0.50 percent P, which is in excess of animal requirements 
(NRC, 2001; Wu et al., 2001; Valk et al., 2002). Castillo et al. 
(2013) reported that the median P concentration in a typical 
California dairy diet was 1.3 times the NRC (2001) require
ments. Excess P is excreted mainly in feces, and there is a 
positive linear relationship between P intake and P in excreta 
(Kebreab et al., 2005b; Kl op et al., 2013). Using a mechanistic 
model, Hill et al. (2008) predicted that total P in the diet had 
a greater e!Tect on P excretion than any other diet fraction. In 
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a meta-analysis of dairy caule data, Klop et al. (2013) found 
P intake to be the major predictor of P excreted in feces, and 
small but significant effects of dietary NDF content, which 
increased fecal P excretion, and of dietary CP content and 
milk production level, which decreased fecal P excretion, were 
also found. Therefore, reducing P intake by matching animal 
P requirement with available Pin the diet is the most effective 
way of mitigating P excretion in dairy ca11Ie. Recent advances 
in biotechnology, such as nutritional genomics, may oITer 
genome-tailored individual animal requirements to closely 
match up with dietary supply (Kebreab et al., 2012). 

Availability of dietary P can be increased when nonrumi
nants are fed exogenous phytase; however, because rumen 
bacteria synthesize phytase, exogenous phytase does not 
greatly a!Tect P availability to ruminants (see Chapter 7 for 
additional discussion). Continued development of phytase 
through improved understanding of its ability to break down 
organic P may produce more effective classes of phytases, 
which could increase P availability, which should reduce the 
need for dietary P and decrease fecal P (Kebreab et al., 2013). 

The amount and type of carbohydrate in diet can a!Tect P 
use efficiency. Kebreab et al. (2005a) reported that dairy cows 
excreted up to 15 percent less P when fed readily available 
carbohydrate sources such as starch compared to structural 
carbohydrate sources. Using a greater amount of starch rather 
than fiber may have led to greater incorporation of nutrients 
by microbes, including P. Hill et al. (2008) showed that the 
efficiency of using P increased when the energy content of 
the diet increased due to greater P incorporation in milk. In 
animals on pasture, rotational grazing has reduced total P 
load in runoff by 64 percent and improved soil infiltration 
compared to traditional grazing (Haan et al. , 2006). A survey 
of the northeastern United Sta tes showed that 13 percent of 
dairy producers use this method and had belier economic and 
environmental performance than producers using traditional 
grazing systems (Winsten et al., 2010). 

Phosphorus Excretion Prediction Equations 

Alvarez-Fuentes et al. (2016) evaluated I 0 extant models 
and developed empirical models to predict P output in feces. 
The authors developed two sets of models, using all variables 
that are correlated with P output in one set and, in the second, 
selecting variables that are routinely available in commercial 
dairies. Among the extant models, those developed by Weiss 
and Wyall (2004) and Klop etal. (2013) performed best when 
evaluated with data collected from published studies con
ducted after 2000 (Equations 14-12 and 14-13, respectively). 

Fecal P (g/d)=-2.3 (±4.2)+0.63 (±0.046) 
x P intake (g/d) (Equation 14- 12) 

Fecal P (g/d) = 19.9 (±5.07)+0.79 (±0.060) 
x P intake (g/d)- 1.04 (± 0.127) x Milk yield (kg/d) 

(Equation 14- 13) 
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Among the new models developed by Alvarez-Fuentes et al. 
(2016), the following model had the best performance: 

Fecat P (g/d) = 0.73 (± 0.03) x P intake (g/d) 
-0.37 (±0.08)xMilk yield (kg/d) 

(Equation 14-14) 

Comparing the three models (Equations 14-12 to 14-14), 
the more complex models that use P intake and milk yield 
had similar performances, which was s lightly better than 
the simplest model requiring only P intake. Therefore, de
pending on availability or data, any or the three models are 
recommended for use. 

Other Minerals 

The limited land base or intensive dairy production neces
sitates importation of nutrients, including minerals in reed. If 
imported minerals do not leave the farm, mineral accumula
tion occurs, which has a negative impact on soil and water 
qual ity. Surveys have shown substantial mineral surpluses in 
dairy operations (Hristov et al., 2007; Castillo et al., 2013). 
Jn general, most dairy diets provide more mineral than NRC 
(2001) requirements. A survey or 39 commercia.I dairies in 
California showed that the median concentrations or miner
als in diets above NRC (2001) requirements were l.4x for 
calcium, I0.6x for magnesium, I0.5x for sodium, 13.6x 
for chlorine, I .6x for potassium, l .4x ror sulfur, I .8x for 
copper, 24.7x for iron, 42.0x for manganese, l.5x for sele
nium, and l.6x for zinc (Castillo et al., 2013). D epending 
on the source, drinking water can also add to total mineral 
consumption (Castillo et al., 2013), which, when excreted 
and applied to soil, can contribute to salini ty problems, par
ticularly in irrigated fields. The efficiency or uti lization and 
excretion of minerals varies widely depending on the amount, 
requirement of the animal, the form or mineral (bioavail
ability), and interaction or coavailability between the miner
als consumed. Excretion of minerals rrom various practical 
diets consumed by dairy cows ranges from 68 to 85 percent 
of intake for calcium (Meyer and Robinson, 2007), 86 to 
93 percent for potassium (Meyer and Robinson, 2007), 95 to 
98 percent for magnesium (Meyer and Robinson, 2007), 45 
to 94 percent for sodium (Meyer and Robinson, 2007), and 
58 to 87 percent for chlorine (Meyer and Robinson, 2007). 
Taylor et al. (2018) developed models to predict calcium, 
magnesium, and selenium excretion. The authors reported 
that DMJ and mineral concentrations are strong predictors of 
mineral excretion. 

Minerals such as copper and zinc are less mobile in 
soil and may accumulate over time (Brock et al., 2006) 
and can be toxic to plants and forag ing animals (Ferkel 
et al., 2002). High magnesium concentration in manure 
has been reported to inhibit crystallization or stable phos
phate forms in sandy soils, enhancing the release of P to 
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the environment (Josan et al. , 2005). Manure sulrur can be 
a significant source of sul rur emissions and odor because 
it is a precursor of hydrogen sulfide (NRC, 2003). Dietary 
manipulation to reduce mineral consumption and more 
precise formulat ion or rations to meet animal mineral 
requirements are the most likely mitigation strategies to 
reduce mineral excretions from livestock operations (Hris
tov et al. , 2007). 

TOTAL MANURE 
Several equations have been developed to estimate urine 

and total manure (urine plus wet reces) output by dairy cows 
(Wilkerson et al., 1997; Bannink et al. , 1999; Wauiaux and 
Karg, 2004; Nennich et al., 2005; van der Stell e t al. , 2008; 
Weiss et al., 2009). Manure is mostly water with DM con
centrations usually less than 15 percent. The major factors 
influencing output of manure are DMJ, diet digestibility, 
and intake of certain minerals, most important, sodium 
and potassium. N (CP) intake also has some effect. Intake 
or indigestible DM, rather than DMI, should be a better 
predictor or manure output. However, equations are usually 
developed for practical application, and in the field, diet in
digestibility cannot be measured. Sodium and potassium are 
major drivers or water flux (see Chapter 7), and increasing 
intake of those minerals usually increases intake of water, 
which increases urine output and the water concentration or 
feces. Most of the published equations were derived from 
lactating cow data; however, Nennich et al. (2005) inc ludes 
equations for heifers and dry cows that were derived from 
limited data. The equations used in the model were chosen 
because they included independent variables that are major 
sources or variation in manure output and readily available 
in most situations. Because of numerous other variables 
influencing manure output, these equations are not adequate 
for regulatory purposes. The fo llowing equations are used 
in the model to estimate manure output in kg/d for various 
classes of animals: 

Growing heifers: Manure output= 4.16 x DMI 
- BWx0.0246 (Equation 14-15a) 

(Nennich et al., 2005) 

Dry cows: 0.007 11 x BW +0.324 x CP+ 0.259 
xNDF+8.05 (Equation 14-15b) 

(Wilkerson et al., 1997) 

Lactating cows: 2.63 x DMI + 9.4 (Equation l 4- l 5c) 

(Nennich et a l. , 2005) where DMJ is in kg/d, BW is in kg, 
and CP and NDF are percentages of diet DM. 
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Nutrient Composition of Feeds 

INTRODUCTION 
The historical background for systems of naming feeds and 

describing their chemical composition and nutritive value has 
been reviewed (Tyler, 1975; Harris Cl al., 1980). In the 1950s, 
the NRC began publishing tables of nutrient composition 
of feeds (NRC, 1945, 1956) and cereals and forages (NRC, 
1945, 1958). Additional publications followed that auempled 
10 standardi.re nomenclature and update nutrient composition 
data (NRC, 1971, 1982; Fontenot et al., 1995). Data for this 
report were prepared in collaboration w ith the Feed Composi
tion Commiueeofthe National Animal Nutrition Program,1 a 
National Research Support Project (NRSP-9).2 

SOURCE OF DATA 
Numerous feeds are incorporated into diets for dairy 

caule. For example, in 1978, the International Network of 
Information Cemres listed 17,000 registered feedstuffs (T ran 
and L apierre, 1997). The commiuee auempted to construct 
tables of reliable data on the composition of common feeds 
fed 10 dairy call le in North America. Where appl icable, varia
tions in moislllre, processing, grade, and harvest practices are 
renected in the name. FeedsllllTs are also further assigned a 
classification (animal protein, calf feed, by-product/other, 
energy source, grain crop forage, grass/legume forage, cal
cium soaps. oil, nonprotein nitrogen, plant protein, pasture, 
and vitamin/mineral) and type (dry forage, wet forage, and 
concentrate). This classification scheme is used in various 
equations w ithin the model. All names and classifications are 
unique to this report and do not follow the International Feed 

1 See https://animalnutri1ion.org. 
' The Kational Research Support Project (NRSP-9) was smned in 2010 

and is supported b) the Experimen1 Sta1ion Committee on Organi.za1ion 
and Policy. the Siate Agriculrural Experimen1 Siation>. and Hatch Funds 
provided by the Nmional frn,ti1u1e of Food and Agricuhurc. U.S. Department 

of Agriculture. 

Name and Number system (Harris et al., 1980); however, the 
commiuee auempled 10 use feed names that are consistent 
with national feed control officials (AAFCO, 2016). 

Data summarized in Table 19-1 later in this chapter were 
derived from data graciously donated by the following com
mercial laboratories: Cumberland Valley Analytical Services 
(Waynesboro, PA, bul formerly Hagerstown, MD), Rock 
River Laboratory (Watertown, WI), Dairyland Laboratories 
(Arcadia, WI), and Dairy One (Ithaca, NY). Five years of feed 
composition data were requested from each lab in the spring 
of 20 15 and received soon after this request. The individual 
fally acid (FA; not total fauy acids (TFAsl) and amino acid 
(AA) data presented in Table 19-2 later in this chapter were 
provided by Cornell University (Higgs et al., 2015). AA data 
were not corrected for microbial contamination that may 
exist in residues isolated to estimate rumen escape of feed 
protein (Paz et al., 2014). Tables 19-1 and 19-2 contain a 
small number of values that originated from other sources, 
including literature data, the eighth rev ised edition of the 
Nutrient Requirements of Beef Cattle (NASEM, 2016), and 
unpublished data provided by university researchers. These 
values can be identi fied in the tables when a mean is reported 
but the corresponding number of observations (N) and stan
dard deviation (SD) are not reported. Feed composition listed 
in this report renects data available from the listed sources, 
and methods to generate them may nol necessari ly follow 
all analytical methods described in Chapter 18. Table 19-1 
includes the mean, N, and SD, and when no data were avail
able, these estimates are blank, but a value of zero indicates 
that the analyte was measured but the concentration was zero 
(or below detection limits). Based on SD, some nutrients do 
not follow a normal distribution, and the mean may not be 
the best indicator of central tendency, but to be consistent, 
means were used for all nutrients and feeds. Aside from dry 
mailer (DM), all data are presented on a moisture-free or DM 
basis. Data that were generated from wet chemistry could 
not be differentiated from data derived from near-infrared 
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renectance spectroscopy, and as a consequence, both sources 
of data were used. Mineral data, however, were only from wet 
chemistry analyses. 

STATISTICAL ANALYSIS AND GENERATION OF DATA 

The number of observations used for each nutrient and 
each feed can vary; consequently, variations in reliability 
or confidence also exist. Data in tables mostly renect broad 
populations, and users should use data from more specific 
populations (e.g., specific production process or geographic 
area) when available. Mean values are estimates of central 
tendency of a population; a specific sample may di fTer greatly 
from the mean. Ranges and SD should be used to evaluate the 
reliability of the mean value to reflect the value of a specific 
sample. Means with a large N will better renect the total 
population (but not necessarily a specific sample). A mean 
with a large SD may represent the total population but may 
be a poor estimate for a specific sample. New to this report 
is the greater detail provided regarding statistica l variation, 
namely, minimum, maximum, I Oth percentile, and 90th per
centile. When the minimum or maximum differs greatly from 
the lOth percentile and 90th percentile values, respectively, 
the data likely do not follow a normal distribution, and the 
mean and SD may not be the appropriate statistics for central 
tendency and dispersion. For example, in Table 19-1, alfalfa 
meal has a mean Fe concentration of95 l mg/kg with an SD of 
680. The minimum value is 1.4 SD units from the mean, but 
the maximum concentration is 4.1 SD units from the mean. 
These data are clearly skewed, with a few samples having 
very high concentrations of Fe; the median is 726 mg/kg or 
almost 24 percent less than the mean. Users are encouraged to 
evaluate all of the statistics (mean, SD, minimum, maximum, 
and IOth and 90th percentiles) before deciding whether the 
use of the mean is appropriate. Within feeds, the number of 
observations can differ across analytes, and this may represent 
a source of inconsistency when working with mean values 
because of covariance (Sauvant and Ponter, 2004). Sources of 
variation include analytical methodology and variation, sub
sampling practices, and factors such as crop variety, climate, 
soil type, length of storage, or method of processing (St-Pierre 
and Cobanov, 2007; St-Pierre and Weiss, 2015). Data from the 
tables are not intended to replace proper analytical testing and 
optimal sampling frequency but to serve as a reference on the 
nutrient composition for populations of feedstuffs. 

Data generated from commercial testing laboratories 
generally classify feeds based on the feed name provided 
by the user, and because of ambiguities in feed names and 
other issues, feeds are often misclassified. Because of this 
problem, a statistical method developed to screen and clas
sify feed data (Yoder et al., 2014) was used. The method 
was modified to operate on Python (Python Programming 
Language, v. 2.7; Tran et al., 2020). A total of 2.761x106 

records received from the four labs were used to develop 
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the procedures and to construct the table summarizing feed 
composition. Feed names and variables across labs were 
standardized, and obvious erroneous data points and du
plicated samples were removed. Histograms and univariate 
analysis were used to identify and remove outliers having key 
nutrients outside of mean± (3.5 x SD). Key nutrients were 
theanalytes used for within-laboratory clustering analysis to 
identify groups of feeds within a named feedstufT. Typically, 
the key nutrients were DM, crude protein (CP), neutral de
tergent fiber (NDF), ash, and sometimes lignin, starch, crude 
rat, and hemicellulose. In addition, although water-soluble 
carbohydrates (WSCs) are listed in Table 19-1, ethanol 
soluble carbohydrates (80 percent ethanol extraction) were 
used in the cluster analysis for some feeds. Two multivariate 
analyses (principal component analysis and clustering) were 
used to eliminate additional outliers and to identify potential 
subpopulations. Samples with a principal component score 
greater than 3.5 x SD from the mean score were removed. 
Clustering analysis was conducted to identify the existence 
of subpopulations of feeds within a feed name. In a few cases, 
expertise of several committee members was relied on to 
identify subpopulations. Analytes used in the clustering steps 
are described in Tran et al. (2020). Aside from the clustering 
step that was programmed in Python to automatically run 
SAS (SAS Institute, Cary, NC) underneath, a ll steps were 
programmed automatically, followed by a manual evaluation 
step of the resulting Pearson correlation matrix and clusters. 
The input data of each of the four labs contained 42, 94, 162, 
and 270 feeds and were made up of 28 to 37 nutrients. The 
resulting database contains 173 feeds ( 1.489 x 106 records), 
and 111 feeds had more than one c luster or subpopulation. 
The sum of analytes will not necessarily total I 00 percent 
because of analytical (e.g., ash contamination of NDF) and 
statistical (e.g., different sample size for different nutrients) 
issues. Nutrients listed in animal protein sources, which are 
high in CP, often sum to more than JOO percent. For these 
animal protein sources, the use of a nitrogen-to-CP conver
sion factor of 6.25 usually leads to an overestimation of the 
actual protein content (Mariotti et al., 2008). Residual or
ganic matter (ROM), which is used in energy calculations of 
this report, is determined as I 00 minus the sum of ash, FAs, 
CP, NDF, and starch. In rare situations, ROM was negative, 
but that was left in to partially compensate for the energy 
provided by the calculated excess nutrients. For convenience, 
the electronic feed library associated with the model contains 
some commonly commercially available supplements such 
as rumen-protected AAs and organic trace minerals, but 
fields are blank, and the user will have to use their own data, 
expertise, and judgment to populate these. 

Energy 

Table 19- 1 lists the base digestible energy (DE), which 
was calculated from the mean nutrient data for each entry (see 
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below and Chapter 3 for more detail). The computer model 
will generate DE. metaboliable energy (ME). and net energy 
for lactation (NEL ) values for the diet based on user inputs 
of specific nutrients and equations outlined in Chapter 3. 
Energy values depend on diet (not ingredient) composition 
and feed intake; therefore, the DE values in Table 19-1 are 
standardized to a base value. These values were calculated 
a~suming a DM intake (DMJ) of 3.5 percent of body weight, 
dietary starch concentration of 26 percent, and a diet NDF 
content of 30 percent so that endogenous fecal CP was equal 

to 15 .6 g/kg DM or 0.088 McaVkg DM. Undigested bacterial 
CP was assumed to be 16.5 g/kg DM or 0.093 Meal/kg based 
on the average quantity of microbial protein synthesized in 
the data set used to derive the microbial protein synthesis 
equation (1,875 g/d and average DMI was 22.7 kg/d), and 
endogenous ROM was assumed to be 34.3 g/kg DM or 0.137 
Meal/kg DMI. Total endogenous energy was calculated as 
0.088+0.093+0.137=0.318 Meal/kg DMT. 

For fat supplements, the digestion coefficients are listed 
in Chapter 4. For fat supplements that contain essentially 
onl y FAs (not triglycerides). base DE is calculated using the 
following equation: 

Total FA (TFA) x (Fat digestibility coefficient I 100) 

x0.094-0.318 (Equation 19-1) 

For fat supplements that are made up of mostly triglycer
ides, the base DE is calculated using the following equation: 

(TFA x (Fat digestibility coefficient I 100) x 0.094) 
+ [(100-Ash-(TFA/l.06)) x0.96x0.043]-0.318 

(Equation 19-2) 

For feedstulTs made up of animal proteins, base DE is 
calculated using the base energy equations (see Chapter 3) 
except that the starch and NDF terms were deleted because 
animal products do not contain those compounds: 

(0.73xTFA x0.094)+((CPx (RDP / 100) 
+(CPx(RUP I lOO)xdRUP))x0.056) 

+ (0.96 x ( 100-TFA/ l .06-CP-Ash) x0.04) -0.3 18 

(Equation 19-3) 

Note:TFA and CP are percent ofDM while rumen-degradable 
protein (RDP) and rumen-undegradable protein (RUP) are 
percent of CP and dRUP (percentage of RUP). 

For sugars, crude glycerol and other sugar alcohols, base 
DE i s calculated as follows: 

( 100-Ash)x 0.040x0.96-0.3 l 8 (Equation 19-4) 

Note: The enthalpy of sugars and glycerol differs slightly 
(e.g., pure glycerol =4.3 Meal/kg and sucrose=4.0 M eal/kg), 
but for simp licity, the same enthalpy was used (4 M eal/kg). 
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Total Fatty Acids 

Crude fat values represent the total ether-soluble content 
of a feed but are a poor index of the true FA content of many 
feeds. Crude fat values are reported but not used in this edi
tion because the concentration of FAs in a feed is the better 
measure of the tnre fat content of a feedstulT (Sukhija and 
Palmquist, 1988) and results in more accurate energy val
ues. When available, the TFA value in the tables was from 
data collected from commercial laboratories; however, when 
actual TFA data were unavailable, FA was usually estimated 
as crude fat - 1, and neither N nor SO were reported. For for
ages, this estimate is not accurate, and a regression equation 
was used: TFA =Crude fat x 0.5678 (Daley et al., 2018) to 
generate estimated TFA concentrations. When this equation 
was used to estimate TFA, a mean TFA is reported, but N or 
SD is not reported. 

Carbohydrates and Lignin 

In some cases. data that were derived with dilTerent ana
lytical techniques were used. L ignin and ash concentrations are 
only used to estimate energy values, and most lignin values were 
detennined using sulfuric acid detergent lignin (ADL). Crude 
fiber concentrations are not presented because the values have 
linle meaning nutritionally. WSCs are not used in any calcula
tions contained in this report and are listed in Table 19-1 for 
reference purposes only but do comprise a portion of the ROM 
fraction. In viu·o rumen NDF digestibility ( IVNDFD48) is 
reported, and 48-hour incubations were used. Values of various 
carbohydrate fractions (acid detergent fiber f ADF], NDF, WSC, 
and starch) and lignin for animal proteins were set to zero as 
any detection of these analytes represents artifacts of the assay 
and not the nutritive entities intended to be described by the 
assays (see Chapter 18). Values may dilTer when the chemical 
composition of a feed mixture containing animal proteins is 
determined through direct chemical analysis and when chemical 
composition is detennined thmugh computation using values 
from Table 19- 1. 

Minerals 

Mean concentrations of minerals are in Table 19-1; how
ever, before using these values, the reader should examine the 
SD. Soi l concenu·ations of minerals are highly variable, and 
geographic dilTerences exist for the mineral concentrations of 
many feeds. For most trace minerals, the SD is high and data 
generally fit a nonnormal distribution. Variable contamination 
with soil likely contributes Lo the high variation. A substantial 
source of variat ion is sampling error (St-Pierre and Weiss, 
~01 5). When evaluating single sample results for copper (Cu), 
iron (Fe), manganese (Mn). and zinc (Zn), caution should be 
exercised, especially for forages. Reliable data were not avail
able for cobal t, chromium, and iodine in feedstuffs; thus, they 
are not included in Table 19-l. Concentrations of molybdenum 
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NUTRIENT COMPOSITION OF FEEDS 

(Mo) are provided only in reference to Cu availability. Compo
sition of common mineral supplements is listed in Table 19-3 
later in this chapter. 

Protein 

Soluble protein is listed in Table I 9-1 for reference pur
poses only, and values were not used in any model calcula
tions. Oil from soybeans may be obtained through mechanical 
processes (extrusion/expelling) or through sol vent extraction. 
These processes result in meals of different chemical compo
sition and nutrient availability (Karr-Lilienthal el al., 2006). 
Extrusion is a process in which material is placed under 
pressure and is pressed, pushed, or protruded through a small 
orifice (Jiang et al., 2011; AAFCO, 2016). The resulting meal 
has a much higher fat content than solvent-extract·ed soybean 
meal (Giallongo et al., 2015). When oil is removed by grind
ing the soybean and then pressing the oil out under high 
pressure, the product is called soybean meal, expel lers. In the 
current feed library, feedstuff.5 resulting from soybean pro
cessing are referred to as (I) soy bean meal, solvent extracted, 
48 percent CP; (2) soybean meal, extruded; and (3) soybean 
meal, expellers. A number of different branded products are 
considered soybean meal, expellers, 48 percent CP, but they 
are not differentiated in this report. 

The RUP content of diets was determined by calculations 
outlined in Chapter 6. This method was also used to calculate 
the RUP content of individual feeds listed in Table 19- I, 
assuming a standard cow weighing 650 kg and consuming 
23 kg of feed (i.e., 3.5 percent of body weight). This method 
uses different calculations based on feed classification. Par
ameters for rumen disappearance (A, B, and C) and coeffi
cients for the digestibility of RUP (dRUP) were determined 
from values compiled from literature data and other sources. 
When data on protein fractions were not available, fractions 
from comparable feeds were assigned. Although differences 
in maturity of forages may affect these fractions, data were 
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not always avai lable, so the same values were assigned across 
maturity classes. 

Feed Names and Maturity Classes 

Common names were used to designate feeds. As in the 
previous edition, data for different species of cool-season 
grasses (i.e., C3 grasses) were combined into a single 
classification (cool-season grasses). The classification is 
appropriate because macronutrient composition does not 
vary greatly among different perennial cool-season grass 
species (Cherney et al., I 993). Similarly, common legumes 
such as alfalfa, clover, and trefoil were combined into a 
single classification ( legume hay or legume s ilage). Where 
possible, maturity classifications as determined through 
cluster analysis were added. Within forages, entries were 
classified as immature, mid-maturity, and mature. Typi
cally, less mature forages contain a lower concentration of 
NDF, but growing conditions may alter that relationship. 
Mean NDF concentrations included in each entry are in 
Table 19- 1; however, unlike in the last edition, distinct 
NDF cutoff values were not used. With clustering analysis, 
some overlap of NDF (and other analytes) concentrations 
between different forage maturity classes occurs. Because 
of the widespread use of mixed legume and grass forages, 
entries were included for this type of forage. The differ
ence in hemicellulose concentrations, estimated as the NDF 
minus ADF (Van Soest et al., 1991), between legumes and 
grasses was used to partition some forages into mostly 
(> 70 percent) grass mixtures ( 17 to 22 percent hemicellu
lose), mixtures with approximately equal amounts of grass 
and legume ( 12 to 15 percent hemicellulose), and mostly 
(>70 percent) legume mixtures (10 to I 3 percent hemicel
lulose). Maturity classification for mixed forages was also 
based on NDF concentrations. Maturity of corn silage was 
estimated from DM content. Generally, as corn plants ma
ture, DM increases (Wiersma et al., 1993). 
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364 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE I 9-1 Nutrient Composition, Digestibility, and Variability of Some Feedstuffs Commonly Fed to Dairy Cattle" 

Name 

Feed ID Code 

DM. % as fed 
Ash, % DM 
CP. % DM 
A fraction. % of CP• 
B frac1ion, % o f CP• 

c frac1ion, % of cp• 
Kdof B. %th• 
RUP, % CP' 
dRUP. % of RUPd 
Soluble pro1ein. % CP 
AD!P. % DM' 
NDIP. % DMf 
ADF. % DM 
NDF. % DM 
JVNDFD48. % of NDF• 
Lignin. % DM 
Starch. % DM 
WSC. % OM• 
TFAs, % DM 
Crude fat. % DM 
DE base, Mcallkg1 

Ca. % DM 
P. % DM 
Mg, % DM 
K. % DM 
Na. % OM 
Cl. % DM 
S, % DM 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg DM 
Mo. mg/kg OM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP, % DM 
A frac1ion. % of CP• 
B fraction. % of CP' 
C frac1ion. % of CP' 
Kd o f B. %th• 
RUP, % CP' 
dRUP. % of RU Pd 

Soluble protein. % CP 
ADIP. % DM' 
NDIP. % DMf 
ADF. % DM 
NDF. % DM 
IVNOFD48. % of NOF< 
Lignin. % DM 

Mean 

90.7 
I 1.7 
19.5 
28 
66 
6 
6 .7 

36 
75 
37.0 

1.62 
3.97 

33.9 
42.9 
49.I 
7 .55 
1.8 
8.3 
1.61 
2 .35 
2.50 
1.50 
0 .27 
0 .30 
2 .33 
0 .12 
0 .67 
0 .26 
8 .83 

951 
50 
23 

1.71 

Alfalfa Meal 

NRCl6FI 

SD N 

1.88 707 
2.06 707 
1.99 705 

5.72 602 
0. 16 1 69 
0.406 67 
3.29 688 
4.66 707 
3.69 12 
1.104 689 
0.97 660 
1.84 561 
0.276 82 
0.460 699 

0.295 6 19 
0.054 6 18 
0.059 621 
0.450 622 
0.069 283 
0.240 513 
0.042 560 
2.803 289 

680.4 288 
19.6 283 
5.7 283 
0.886 226 

Bakery By-producl. Cereal 

NRCl6F6 

Mean 

9 1.1 
3 .5 
9 .2 

34 
63 
4 

200 
19 

75 
18.2 

1.07 
1.53 
3 .1 
7 .2 

52.0 
1.49 

SD N 

2.61 236 
1.62 145 
2.01 238 

8.72 139 
0.375 105 
0.518 104 
1.74 227 
3.67 238 

0.756 116 

Mean 

88.2 
7 .6 
5.3 

30 
35 

35 
5.3 

54 
50 
37.0 

1.45 
1.94 

27.6 
33.0 
43.9 
9.53 
0.9 

36.4 
1.26 
2.52 
2.44 
0.27 
0. 12 
0 .12 
2.82 
0.02 
0.08 
0.04 
5.80 

291 
17 

16 
1.06 

Almond Hulls 

NRCl6F2 

SD N 

4.05 878 
1.54 672 
1.06 869 

11.24 543 
0.525 2 13 
0.586 I 73 
7. 16 874 
7.90 869 

15.09 5 
2.955 335 
0.72 202 
6.76 37 

1.034 459 

0.055 743 
0.031 743 
0.026 741 
0.425 745 
0.0 1 I 723 
0.069 163 
0.013 420 
2.684 721 

169.4 721 
6.3 723 
8.7 7 16 
0.307 20 

Apple Pomace/ 
By-produc1. Wei 

Mean 

18.2 
2.9 
6.4 

42 

53 

5 
7.4 

30 
80 
19.7 

1.98 
3.38 

38.6 
45.7 

66.3 
15.95 
3.5 

25.5 
1.88 
5.97 
2.29 
0.15 
0.14 
0.08 
0.84 
0.02 
0.04 
0.08 
8.9 1 

172 
12 

8 
1.00 

NRCl6F3 

SD N 

4.64 129 
1.2 1 38 
1.64 129 

8.80 8 1 

8.10 113 
8.47 129 
8.39 3 
5.586 27 
4.37 42 

17.85 12 

2.928 38 

0.057 96 
0.035 97 
0.023 97 
0.313 97 
0.030 94 
0.028 15 
0.0 19 78 
2.382 98 

24 1.7 97 
6.0 % 
4.0 97 
0.000 15 

Bakery By-product Cookies 

NRCl6F7 

Bakery By-produc1 Meal 

NRC l6F4 

Mean 

89.3 
4.6 

12.9 

48 
44 

8 
16.2 
22 
90 
22.3 

1.1 3 
2. 11 
7.6 

14.4 
52.0 
2. 17 

SD N Mean 

2.59 1.24 I 90. I 
1.52 797 4.4 
2.26 I .250 12.8 

48 
44 

8 
16.2 
22 
90 

8.35 764 I 8.0 
0.485 259 0.46 
1.033 262 1.06 
4.68 1, 123 5.6 
7.23 1.257 12.7 

52.0 
1.252 428 1.69 

so N 

2.42 149 
1.54 150 

1.90 149 

13.65 18 
0.425 92 
0.756 82 
2.88 126 
4.84 149 

1.168 102 

Bakery By-produc1, 
Bread Waste 

Mean 

67.4 
3.6 

14.9 
48 
44 

8 
16.2 
22 
90 
20.6 

0.62 
1.04 
3.2 
6.3 

52.0 
1.29 

53.5 
11.4 
4.76 
5.76 
3.66 
0.22 
0.26 
0.09 
0.33 
0.65 
0.93 
0.21 
4. 19 

125 
2 1 

25 
1.05 

NRCl6F5 

SD N 

4.85 230 
1.16 183 
I .91 230 

8 .10 140 
0.274 73 
0.488 72 
2.39 208 
4.47 230 

0.896 130 
8.23 144 
4.74 24 

2.730 229 

0.119 190 
0.125 19 1 
0.062 190 
0.235 19 I 
0.175 173 
0.229 7 1 
0.096 109 
3.379 165 

102.9 165 
17.6 167 

13.9 165 
0.229 19 

Barley Gr:iin. Dry. Ground 

Mean 

88.7 
2.8 

11.8 

30 
6 1 
9 

22.7 
22 
85 
25.3 

0.70 
1.38 
7.3 

18.6 
51.5 

1.72 

NRCl6F8 

so N 

2.43 2.404 
0.58 2.075 
1.74 2.421 

7.48 1.979 
0.264 539 
0.289 524 
1.83 2.351 
3.42 2,400 

13.35 22 
0.528 1.745 
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NUTRIENT COMPOS!T!ON OF FEEDS 

TABLE 19-1 Continued 

Name Bakery By-product, Cereal Bakery By-product. Cookies Bakery By-product Meal 

Feed ID Code 

Starch. % OM 
WSC, % OM• 
TFAs, % OM 
Crude fat. % OM 
DE base, Meal/kg' 
Ca. % OM 
P, % 0M 
Mg. % OM 
K. % 0M 
Na. % OM 
Cl, % 0M 
S,% DM 
Cu. mg/kg DM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn, mg/kg OM 
Mo. mg/kg DM 

Name 

Feed ID Code 

OM, % a5 fed 
Ash,% DM 
CP, % DM 
A fraction. % of CPh 
B fraction. % o f CPb 
C fmction, % of CPb 
KdofB, %/hb 

RUP, % CP' 
dRUP. % of RUPJ 
Soluble protein. % CP 
ADIP, % DM' 
NDIP. % DMf 
AOF. % OM 
NOF. % OM 
IYNOF048, % of NOP 
Lignin. % OM 
Starch. % DM 
WSC. % OM• 
TFAs, % 0M 
Crude fat. % OM 
DE base, Meallkg1 

Ca. % OM 
P. % 0M 
Mg, % OM 
K. % DM 
Na. % OM 
Cl. % 0M 
S. % 0M 
Cu, mg/kg OM 
Fe. mglkgDM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo. mg/kg DM 

Mean 

47.6 
28.1 

1.95 
2 .95 
3.44 
0 .22 

0.28 
0 .08 
0 .31 
0.59 
0 .79 
0 .12 
3.33 

189 
22 
55 

1.00 

NRC16F6 

so N 

9.94 182 
9.71 82 

1.306 236 

0.206 158 
0. 102 157 
0.039 158 
0. 123 159 
0.271 224 
0.282 114 
0.027 128 
1.645 154 

201.6 156 
12. 1 157 
39.8 146 
0.000 19 

Mean 

36.2 
18.2 
9.04 

10.04 
3.59 
0.24 
0.42 
0.1 7 
0.57 
0.59 
0.80 
0.17 
6.57 

172 
40 
41 

1.08 

Barley Gra in. Steam Rolled 

NRC l6F1074 

Mean 

88.7 
2.8 

11.8 
30 
6 1 
9 

22.7 
22 
85 
25.3 

0.70 
1.38 
7.3 

18.6 
5 1.5 

1.72 
56.7 
4.9 
1.31 
2.31 
3.44 
0. 12 
0.38 
0. 14 
0.59 
0.02 
0.15 
0. 14 
5.53 

89 
20 
34 

1.05 

so 
2.43 
0.58 
1.74 

7.48 
0.264 
0.289 
1.83 
3.42 

13.35 
0.528 
4.32 
1.67 

0.334 

0.188 
0.064 
0.027 
0.3 14 
0.0 17 
0.049 
0.030 
2.625 

54.2 
5.9 
9.4 
0.2 11 

N Mean 

2.404 89.4 
2,075 8.6 
2.421 10.8 

57 
33 
10 
7.0 

27 
83 

1.979 44.8 
539 0.65 
524 2.24 

2.351 34. 1 
2.400 54.5 

22 6 1.3 
1,745 4.07 
2.4 17 7 .3 

100 14.8 
1.40 

1,948 2 .74 
2.62 

1.780 0.38 
1.862 0.25 
1,795 0 .17 
1.786 1.96 

559 0.38 
257 0.95 

1,377 0 .17 
7 16 6 .78 
7 16 422 
7 14 36 
7 14 30 
173 1.32 

NRC16F7 

so 
10.33 
6.55 

2.837 

0.224 
0. 174 
0.089 
0.269 
0.270 
0.323 
0.039 
4. 129 

12 1.2 
22.8 
20.8 

0.269 

N Mean 

8 17 51.7 
388 

7.68 
1.244 8.68 

3.60 
889 0.37 
895 0.35 
889 0. 15 
889 0.47 
943 0.60 
491 0.62 
674 0.17 
903 6. 17 
895 237 
905 30 
900 31 
407 

NRC16F4 

so N 

7.81 107 

2.278 149 

0.303 125 
0.1 11 126 
0.082 125 
0.152 125 
0.224 100 
0.154 14 
0.040 111 
2.558 89 

133.2 90 
12.4 90 
14.7 90 

Barley Hay Barley Malt Sprouts 

NRC16F9 

so N Mean 

2.55 1,096 81.2 
2.33 849 5.9 
2.95 I.I 05 23.9 

47 
45 

8 
13.3 
24 
64 

12.91 1.089 39.9 
0.86 
5.13 

4.34 I.I 05 18.3 
5.75 1.106 40.5 
9.32 32 
1.293 846 2.61 
6.64 791 8.6 
7.46 760 15.9 
0.449 63 1.46 
0.870 848 2.73 

3.13 
0. 192 1.088 0.19 
0.070 1.093 0.61 
0.058 1,093 0.18 
0.622 I .096 I. I I 
0.338 237 0.05 
0.533 766 0.36 
0.052 1.091 0.33 
2.953 228 9. 93 

524.9 227 180 
22.4 225 46 
19. 1 192 65 
0.642 145 I. 36 

NRC16FIO 

so 
27.84 

1.41 
5.08 

13.54 

4.16 
7.35 

1.590 
6 .38 
4.81 

2.050 

0.079 
0 .153 
0.037 
0 .522 
0.037 
0. 125 
0 .09 1 
3.270 

78.8 
12.4 
16 .3 
0.515 

N 

145 
145 
145 

61 

107 
145 

70 
73 
36 

119 

94 
94 
94 
94 
78 
62 
80 
68 
68 
69 
62 
64 

365 

Barley Grain. Dry. Ground 

Mean 

56.7 
4.9 
1.31 
2.31 
3.36 
0.12 

0.38 
0.14 
0.59 
0.02 
0.15 
0.14 
5.53 

89 
20 
34 

1.05 

NRC16F8 

so 
4.32 
1.67 

0.334 

0.1 88 
0.064 
0.027 
0.314 
0.017 
0.049 
0.030 
2.625 

54.2 
5.9 
9.4 
0.21 1 

N 

2.417 
100 

1.948 

1.780 
1.862 
1.795 
1.786 

559 
257 

1.377 
716 
716 
714 
714 
173 

Barley Si !age. Headed 

Mean 

37.0 
5.9 

10.9 
57 
33 
10 
7.0 

27 
83 
6 1.4 

0.95 
1.30 

26.3 
44.8 

3.8 1 
23.9 

2.06 
3.08 
2.86 
0.32 
0.29 
0. 18 
1.57 
0.11 
0.47 
0. 18 
5.96 

172 
31 
26 

0.77 

NRC16FI I 

so N 

5.40 1.266 
1.33 1.276 
1.72 1.277 

12.35 1,277 
0.197 1.274 
0.412 1.272 
2.65 1.274 
3.67 1.276 

0.488 1.275 
6.05 1.277 

0.288 887 
0.534 1.271 

0.070 273 
0.044 272 
0.030 272 
0.249 272 
0.073 272 
0.269 271 
0.034 268 
1.669 583 

111.3 573 
10.6 579 
6.7 580 
0.148 2 

cominued 
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366 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed fD Code 

DM, % as fed 
Ash, % OM 
CP. % DM 
A fraction. % of CP• 
B fraction. % of C P• 

c fraction, % of cp• 
Kdof B. %th• 
RUP, % CP' 
dRUP. % of RU Pd 
Soluble protein, % CP 
AD!P. % OM' 
NDIP. % DMf 
ADF. % DM 
NDF. % DM 
IVNDFD48. % of NOP 
Lignin. % DM 
Starch. % DM 
WSC. % DM• 
T FAs, % OM 
Crude fat. % DM 
DE base, Mcallkg1 

Ca. % OM 
P. % 0 M 
Mg, % OM 
K. % DM 
Na. % OM 
Cl. % 0 M 
S, % 0 M 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg OM 
Zn, mg/kg OM 
Mo. mg/kg DM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % 0M 
CP, % OM 
A fraction, % of cp• 
B fraction. % of cp• 
c fo1ction. % of cp• 
Kdof B, %th• 
RUP, % CP' 
dRUP. % of RU Pd 

Soluble protein. % C P 
A D!P, % OM' 
ND!P. % DMf 
ADF. % DM 
NOF. % OM 
IVNOF048. % of NOP 
Lig nin, % DM 

Barley Silage. Mid-Maturity 

Mean 

36.1 
7 .9 

11.4 
57 
33 
10 
7 .0 

27 
83 
59 .9 

I.I I 
1.60 

34.1 
52.9 
52.I 
4 .% 

12 .3 
5.9 
1.70 
3.13 
2.62 
0 .46 
0 .31 
0 .19 
2 .00 
0 .1 8 
0 .65 
0 .18 
7 .88 

272 
40 
30 

1.43 

Mean 

22.7 
7 .3 
9 .1 
5 

90 
5 
2 .0 

71 

80 
16 .3 
0 .88 
2 .22 

27.2 
44 .1 
78.3 

3.18 

NRCl6F l2 

so N 

7.99 4,993 
2.01 5,016 
2.36 5.030 

11.57 
0.225 
0.456 
4.13 
5.1 9 
4.8 1 
0.858 
6.9 1 
2.44 
0.379 
0.575 

0.25 1 
0.053 
0.052 
0.575 
0.23 1 
0.524 
0.034 
2.8 15 

227.6 
17.5 
8.1 
0.753 

Beet Pulp, Wet 

NRC l6F l6 

so 

5,030 
3.666 
3.655 
5.034 
5,033 

253 
5.032 
5.033 

482 
2,808 
5.023 

1.661 
1.666 
1,660 
1.667 

549 
% 1 

1,663 
1,616 
1.61 1 
1.6 16 
1.6 16 

62 

N 

3.36 629 
2.06 630 
1.08 63 1 

7.73 249 
0.201 50 
0.706 50 
2.92 329 
6.49 632 
3.58 10 
2.334 16 1 

Barley S ilage. Vegetative 

NRC l6Fl3 

Mean 

33.0 
10 .7 
14.2 
57 
33 
10 
7 .0 

27 
83 
65.0 

1.39 
2.00 

37.7 
56.6 
57.5 

5. 19 
3.0 
6 .9 
2 .07 
3.65 
2.52 
0.53 
0 .35 
0 .19 
2.72 
0. 16 
0 .87 
0 .20 
9.24 

663 
48 
32 

1.40 

so 
9.03 
2.58 
2.84 

8.38 

3.79 
5.42 
6. 19 
1.209 
2.39 
3.59 

0.6 12 

0.228 
0.061 
0.050 
0.642 
0. 184 
0.388 
0.038 
3.546 

675.9 
22.8 
10.6 
0.752 

N 

1.277 
1,282 
1.28 1 

1,278 

1.282 
1.280 

193 
1,28 1 
1.282 

756 

1.278 

1.275 
1.280 
1,277 
1.279 

203 
739 

1,278 
168 
167 
169 
166 
124 

Bermudagra~s Hay 

Mean 

93.4 
8.0 

11.0 
36 
52 
12 
8.1 

34 
65 
33.0 
0.84 
4.16 

34.9 
65.4 
54.2 

5.4 1 

NRC l6Fl7 

so 
1.15 
1.31 
2.56 

4.99 

3.42 
3.79 
7.89 
1.199 

N 

10.059 
10.053 
10,071 

8.9 17 

10.056 
10.064 

383 
10,073 

Beet Pulp. Dry 

Mean 

92.3 
5.2 
9.9 
5 

90 
5 
2.0 

71 

80 
20.6 

1.30 
5.46 

28.2 
46.9 
79.0 

3.88 
0.6 
5.7 
0.63 
1.06 
2.75 
0.77 
0.08 
0.26 
0.49 
0.1 1 
0.08 
0.20 
8.10 

588 
78 
2 1 

1.00 

NRCl6Fl4 

so N 

1.24 53 
1.50 54 
1.36 54 

8.10 50 

2.37 54 
4.27 54 

2.128 49 
0.44 48 
1.55 3 

0.308 49 

0.252 5 1 
0.0 14 50 
0.039 5 1 
0.229 50 
0.057 50 
0.059 47 
0.097 50 
2.492 5 1 

262.2 50 
19.3 5 1 
6.0 49 
0.000 4 

Bermudagrass Silage. 

Mean 

45.3 
6.2 

10.3 
37 
5 1 
12 
8. 1 

34 
65 
47.0 

1.15 
2.44 

42.8 
70.8 
52.3 

7.69 

Maiure 

NRCl6Fl8 

SD N 

10.51 128 
1.65 130 
1.64 130 

10.09 130 

2.64 130 
3.28 130 
2.29 7 
1.091 130 

Beet Pulp. Dry. Mola~ses 
Added 

Mean 

90.6 
7.5 
8.9 
5 

90 
5 
2.0 

71 

80 
19.3 

1.79 
4.23 

26.1 
39.7 
74.0 

3.53 
I. I 

13.8 
0.63 
1.19 
2.74 
1.1 8 
O.o9 
0.25 
0.59 
0.14 
0.09 
0.30 
8.56 

614 
63 
24 

1.03 

NRC l6Fl5 

so N 

1.84 549 
1.% 542 
1.00 547 

9.14 440 
0.772 112 
0.985 112 
3.06 516 
3.47 547 

1.840 317 
1. 12 289 
4.42 23 

0.374 400 

0.332 504 
0.035 50 1 
0.046 506 
0.386 503 
0. 142 427 
0.11 4 294 
0.092 385 
2.959 450 

308. 1 45 1 
17.3 449 
7.0 45 1 
0. 169 35 

Bemmdagrass Silage. 

Mean 

38.4 
9.1 

14.6 
37 
5 1 
12 
8.1 

34 
65 
54.5 

1.64 
3.46 

39.0 
64.1 
63.5 

5.90 

Mid-Maturity 

NRC l6Fl9 

so N 

9.66 693 
2.13 695 
2.56 696 

9.75 697 
0.484 32 
1.141 32 
3. 10 695 
4.57 697 
4.84 110 
1.261 696 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

Starch. % OM 
WSC, % OM• 
TFAs. % OM 
Crude fat % OM 
DE base, Meal/kg; 

Ca, % OM 
P. % 0M 
Mg. % OM 
K. % 0M 
Na. % OM 
Cl. % 0M 
S. % 0M 
Cu. mglkg OM 
Fe. mglkg OM 
Mn, mg/kg OM 
Zn, mg/kg OM 
Mo. mg/kg OM 

Name 

Feed ID Code 

OM, % as fed 
Ash,% OM 
CP. % OM 
A fraction. % of CPb 
B fraction. % o f CP' 
C frnciion. % of CP' 
KdofB,%/11b 
RUP, % CP' 
dRUP, % of RUPd 
Soluble protein, % CP 
ADIP, % OM' 
NDIP. % OMf 
AOF. % OM 
NOF. % OM 
IYNOF048, % of NOP 
Lignin. % OM 
Starch. % OM 
WSC, % OM' 
TFAs, % OM 
Crude fat % OM 
DE base, Meal/kg; 

Ca. % OM 
P, % 0M 
Mg, % OM 
K. % 0M 
Na. % OM 
Cl. % DM 
S, % 0M 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn, mg/kg OM 
Zn, mg/kg OM 
Mo. mg/kg OM 

Mean 

0 .9 
3.0 
0 .64 
0.99 
2.73 

1.12 
0 .13 
0 .26 
0.57 
0 .10 
0 .11 
0 .24 
9.40 

699 
60 
26 

1.00 

Beet Pulp, Wei 

NRCl6Fl6 

so N 

0.64 174 
1.90 37 

0.373 492 

0.349 3 14 
0.120 3 18 
0.048 321 
0.366 320 
0.071 243 
0.199 I 34 
0.108 199 
4.876 224 

354.7 226 
14.2 224 
7.8 226 
0.000 4 

Blood Meal. High dRUP 

NRC16FIOOO 

Mean 

90.9 
3.3 

95.J 
JO 
61 
29 

1.9 
85 
85 
19 .5 
4.25 
5.67 
0.0 
0.0 

0 .00 
0 .0 
0.0 
1.31 
1.69 
4.56 
0.13 
0.28 
0.05 
0.43 
0.42 
0.35 
0.74 
6 .05 

2267 
4 

33 

so N 

3.1 0 870 
1.74 183 
3.15 845 

20.96 135 
4.211 31 
4.497 30 
0.00 0.00 
0.00 0.00 

0.00 0.00 
0.00 0.00 
0.00 0.00 

1.458 171 

0.158 166 
0.159 172 
0.036 140 
0.309 143 
0.198 I 33 
0.127 67 
0.225 137 
4.309 134 

476.5 I 33 
3.5 125 

14.0 131 

Bermudagrass Hay 
Bermudagrass Silage, 

Marure 

NRC J6Fl7 NRCl6Fl8 

Mean so N Mean so N 

4.9 3.05 9,869 3.4 1.87 127 
7 .7 I .69 9,776 4.0 2.17 128 
1.25 0 .441 169 1.35 
1.93 0.335 10,026 2.38 0.662 130 
2.40 2.26 

0.49 0.09 1 10,038 0.47 0.101 129 
0 .19 0 .047 10,023 0.24 0.053 I 30 
0.21 0.045 10,032 0.20 0.047 129 
1.71 0.378 10,043 1.52 0.428 130 
0 .15 0 .112 3,814 0.03 0.017 17 
0 .74 0.239 8,238 0.55 0.217 120 
0.40 0.1 I I 9,098 0.2 1 0.042 I 30 
9.76 2.947 3.823 9.00 4.256 18 

221 93.5 3.813 206 118.1 18 
59 27.2 3,788 86 59.3 18 
34 8.8 3.800 32 12.7 18 

I. 12 0.324 2.406 1.13 0.354 8 

Blood Meal. Low dRUP Brewers Grains, Dry 

Mean 

90.9 
3.3 

95. J 
JO 
61 
29 

1.9 
75 
65 
19.5 
4.25 
5.67 
0.0 
0.0 

0.00 
0.0 
0.0 
1.31 
1.69 
3.82 
0.13 
0.28 
0.05 
0.43 
0.42 
0.35 
0.74 
6.05 

2267 
4 

33 

NRC16F20 

so N 

3.10 870 
1.74 183 
3. 15 845 

20.96 135 
4.211 31 
4.497 30 
0.00 0.00 
0.00 0.00 

0.00 0.00 
0.00 0.00 
0.00 0.00 

1.458 171 

0. 158 166 
0.159 172 
0.036 140 
0.309 143 
0. 198 I 33 
0. 127 67 
0.225 137 
4.309 134 

476.5 I 33 
3.5 125 

14.0 131 

Mean 

93.1 
4.6 

25.3 
18 
67 
15 
4.5 

52 
74 
17.7 
3.12 
8.60 

24.7 
51.8 
51.5 
6.66 
6.5 
3.8 
8.31 
9.02 
2.98 
0.30 
0.64 
0.23 
0.23 
0.02 
0.09 
0.30 

15.97 
350 

54 
86 

J.92 

NRCl6F21 

so 
2.34 
1.06 
4.56 

13.47 

5.61 
10.59 
4.43 
2.133 
2.76 
3.87 

2.270 

0.131 
0.136 
0.059 
0.306 
0.012 
0.075 
0.059 
7.000 

315.0 
12.5 
13.3 
0.885 

N 

139 
139 
139 

136 

139 
139 

4 
136 
126 

13 

139 

138 
135 
137 
136 
77 
46 

134 
77 
78 
78 
49 
77 

367 

Bem1udagrass S ii age, 
Mid-Maturity 

NRCl6Fl9 

Mean so N 

2.4 1.50 620 
5.0 2.04 573 
I .44 0.568 92 
3.37 0.703 685 
2.39 

0.51 0.120 663 
0.3 I 0.057 666 
0.24 0.05 I 660 
2.41 0.575 665 
0.06 0.046 134 
0.75 0.285 566 
0.25 0.063 650 

12.71 6.212 143 
386 328.5 137 
75 43.6 149 
44 15.0 143 

I .27 0.466 98 

Brewers Grains. Wei 

Mean 

22.5 
4.6 

28. I 
47 
44 

9 
3.9 

37 
83 
11 .2 
2.94 
3.95 

23.8 
49.3 
47.3 

6.64 
5.2 
2.0 
7.61 
9.52 
3.11 
0.36 
0.69 
0.23 
0.12 
0.02 
0.06 
0.32 

10.38 
223 

53 
94 
2.34 

NRCl6F22 

so 
3.56 
0.63 
4.00 

4.85 
1.249 
1.334 
2.66 
4.94 
8.58 
I.I 12 
3.88 
1.20 

1.248 

0.1 II 
0.095 
0.033 
0.080 
0.017 
0.043 
0.056 
5.401 

82.0 
I 1.8 
17.9 
0.861 

N 

2.427 
2.423 
2.441 

1,842 
317 
299 

2.292 
2.439 

8 
2.179 
1,966 

23 

2,436 

2.035 
2.045 
2.038 
2.016 

699 
306 

1.853 
766 
764 
769 
662 
300 

cominued 
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368 NUTRIENT REQU!RFMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP. % DM 
A fraction. % of CP• 
B fraction. % o f CP• 

c fraction, % of cp• 
Kdof B. %th• 
RUP. % CP' 
dRUP. % of RUP d 
Soluble protein. % CP 
AD!P. % DM' 
NDIP. % DMI 
AOF. % OM 
NOF. % OM 
IVNDFD48. % of NDF' 
Lignin. % DM 
Starch. % OM 
WSC. % OM• 
T FAs, % OM 
Crude fat % DM 
DE base, Mcallkg1 

Ca. % OM 
P. % 0M 
Mg, % DM 
K. % DM 
Na. % OM 
Cl. % 0M 
S, % 0M 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo. mg/kg DM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP, % DM 
A fraction, % of cp• 
B fraction. % of cp• 
c fo1ction, % o f cp• 
Kdof B, %/h• 
RUP. % CP' 
dRUP. % of RU Pd 
Soluble protein. % CP 
AD!P, % DM' 
ND!P. % DMI 
ADF. % DM 
NDF. % DM 
IVNDFD48. % of NOP 
Lig nin, % DM 

Brewers Yeast. Dry 

Mean 

92.8 
8 .6 

50.7 
9 

9 1 

0 
2.4 

63 
93 
45.3 

0.56 
2 .73 
3 .6 
1.6 

NRC 16F23 

SD N 

1.66 43 
1.6 1 43 
6.86 43 

16.44 38 

3.68 11 
2. 14 38 

1.82 1.650 9 
4. 1 6.78 11 
4 .1 1.69 33 
0 .1 1 
I.I I 0.774 42 
3.94 
0 .1 2 0.099 14 
1.19 0.288 14 
0 .2 1 0.078 14 
I .38 0.469 14 
0.08 0.072 14 
0 .20 0.090 I 0 
0 .86 1.644 13 

10 1.14 254.822 14 
135 13 1.6 14 
26 39.0 14 
60 34.4 9 

1.25 0.622 12 

Cand y By-product. High 
Protein 

Mean 

88.9 
56 

14 .6 
74 
26 
0 
3 .2 

21 

90 
26.9 

2.76 
3.97 

19 .5 
29.7 

5 .16 

NRC 16F27 

SD N 

2.25 162 
1.07 157 
1.67 160 

7.32 32 
1.231 17 
1.725 17 
4.48 93 
5.37 162 

2.784 23 

Brewers Yeast Wet 

NRC l 6F24 

Mean SD N 

13.4 3 .99 233 
231 
234 

6 .3 1.43 
43.3 8.36 
9 

9 1 

0 
2.4 

63 
93 
59 .4 27.34 12 
0.48 
2 .33 
5.6 4.51 12 

12 11.5 9.33 

1.25 
4.4 

14.0 
2 .34 
3.34 
3.85 
0.37 
1.49 
0 .2 1 
1.76 
0 .08 
0 .79 
0.47 

19.25 
100 

7 
60 

3.32 

0.630 
1.00 
7.78 

2. 143 

0. 147 
0.464 
0.064 
0.549 
0.065 
0.456 
0.072 

17.550 
56.2 
2.9 

17.6 
1.701 

12 
4 
2 

231 

20 
20 
20 
20 
20 

3 
18 
20 
20 
20 
16 
19 

Cano la Meal. Solvent 
Extracted 

Mean 

89. 1 
7.9 

4 1.5 
22 
7 1 
7 

10.5 
32 
74 
25.0 

2.50 
4.75 

20.3 
29.0 
49.4 

8.51 

NRC l 6F28 

SD N 

1.15 3.293 
0 .53 2,967 
1.55 3.437 

5.84 895 
0.789 478 
1.6 14 452 
2.17 1.367 
2.78 1.503 
7.48 14 

1.968 686 

Mean 

95.3 
15.5 
0.0 
0 
0 

0 
0.0 
0 
0 
0 .0 
0.00 
0.00 
0.0 
0.0 

0.00 

84.50 
84.50 
5.42 

Calcium Soaps 

NRC16F25 

SD N 

Canola Seed. Ground 

Mean 

95.0 
4 .5 

23.4 
35 
60 

5 
20. 1 
20 
50 
49.3 

2.79 
4.53 

20.2 
28.7 

6.0 1 

NRC16F29 

SD N 

1.35 14 1 
1.45 19 
2.70 143 

19.83 25 

7.32 3 1 
9.07 3 1 

2.325 11 

Candy (Not Chocolate) 
By-product 

Mean 

90.1 
1.0 
2.4 

74 

26 

0 
3.2 

21 

90 
26.2 

0.46 
0.84 
1.5 
2 .3 

0.57 
23.5 

0 .25 
1.25 
3.48 
0.06 
0 .03 
0.04 
0.09 
0. 15 
0 . 15 
0.04 
1.46 

37 
4 

8 

NRC 16F26 

SD 

5.1 7 
1.28 
1.53 

26.48 
0.4 10 
0 .783 
1.8 1 
1.40 

0 .571 
11.41 

1.308 

0 .076 
0 .0 15 
0 .048 
0 .095 
0 .150 
0 .1 45 
0 .021 
0 .660 

45.4 
4 .5 

12.8 

N 

17 
17 
17 

16 
16 
16 
16 
16 

16 
17 

17 

16 
16 
14 
17 
17 
15 
16 
13 
17 
16 
16 

Chocolate By-product 

Mean 

94.3 
2.6 

10.0 
74 
26 

0 
3.2 

2 1 

90 
27. 1 

1.0 1 
1.92 
8.3 

13.2 

1.43 

NRC 16 F30 

SD N 

1.97 37 
0.85 II 
1.84 37 

12.99 29 
0 .497 9 
1.060 9 
3.04 37 
4 .20 37 

0 .4 18 10 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed fD Code 

Siarch, % OM 
WSC, % DM• 
TFAs. % DM 
Crude fat % OM 
DE base, Meal/kg; 

Ca, % DM 
P. % DM 
Mg. % OM 
K. % 0M 
Na. % OM 
Cl. % DM 
S. % DM 
Cu. mglkg OM 
Fe. mglkg DM 
Mn, mg/kg DM 
Zn. mg/kg DM 
Mo. mg/kg DM 

Name 

Feed fD Code 

DM, % as fed 
Ash. % DM 
CP. % DM 
A fraction. % of CPb 
B fmction, % of CP' 
C fraction. % of CP' 
Kdof B. %1h' 
RUP, % CP' 
dRUP. % of RUPJ 
Soluble prmein, % CP 
ADrP. % DM' 
NDIP. % DMI 
ADF. % DM 
NDF, % DM 
IVNDFD48. % of NDFc 
Lignin. % DM 
Starch. % DM 
WSC, % DM' 
TFAs, % DM 
Crude fat % DM 
DE base, Meal/kg; 
Ca. % DM 
P, % DM 

Mg. % DM 
K. % DM 
Na. % DM 
Cl, % 0M 
S, % DM 
Cu, mg/kg DM 
Fe. mglkg DM 
Mn, mg/kg DM 
Zn, mg/kg DM 
Mo. mg/kg DM 

Candy By-product, High 
Protein 

Mean 

16 .1 

I I.I I 
12.1 1 
3.31 

0.32 
0.49 
0.30 
1.22 
0.23 
0 .2 1 
0 .23 

16.03 
269 

57 
53 

1.00 

NRC l6F27 

SD N 

6.47 104 

2.697 163 

0.306 35 
0.177 35 
0.102 35 
0.423 35 
0.548 34 
0.1 15 16 
0.212 18 
6.323 35 

142.2 34 
22.8 35 
19.0 35 
0.000 4 

Citrus Pulp. Dry 

Mean 

88.2 
7 .1 
7.2 

42 

53 
5 
7.4 

30 

80 
40.3 

1.03 
1.78 

20. 1 
24.1 
86.5 
2.49 
1.3 

23.0 
1.72 
2 .55 
3.02 

1.86 
0. 12 
0 .14 
1.06 
0.06 
0 .11 
0. 10 
6 .85 

108 
10 
13 

1.37 

NRC l6F3 1 

SD 

1.35 
1.40 
I. II 

10.95 
0.386 
0.692 
3.3 1 
2.90 

1.369 
1.28 
7.44 

0.710 

0.553 
0.029 
0.023 
0.193 
0.039 
0.048 

0.036 
2.504 

106.7 
4.8 
5.8 
1.469 

N 

354 
2 19 
508 

236 
53 
51 

464 
506 

107 
175 
147 

159 

330 
329 
323 
324 
3 17 

92 
169 
3 14 
3 13 
3 14 
308 
23 

Canola Meal, Solvent 
Extracted Canola Seed. Ground 

Mean 

1.6 
11.0 
2.51 
3.51 
3. 14 

0.79 
1.1 5 
0.62 
1.36 
0.08 
0.10 
0.77 
5.78 

253 
73 
64 

1.12 

NRCl6F28 

SD 

0.85 
1.41 

0.856 

0. 116 
0. 107 
0.058 
0. 136 
0.074 
0.050 
0.086 
1.986 

%.3 
8.0 
8.1 
0.328 

Citrus Pulp. Wet 

Mean 

18.3 
6.8 
8.7 

42 

53 
5 
7.4 

30 

80 
56.7 
0.68 
1.20 

23.2 
25.9 

3.61 
0.9 

11.5 
1.72 
3.42 
2.97 
1.27 
0. 16 
0.12 
1.25 
0.05 
0. 12 
0.11 
5.48 

153 
12 
II 

1.07 

NRCl6F32 

SD 

5.49 
1.90 
1.56 

8.68 

3.86 
4. 16 

3.055 
0.95 
9.23 

2.129 

0.669 
0.044 
0.026 
0.304 
0.074 
0.060 

0.026 
2.132 

183.9 
8.2 
4.2 
0.267 

NRCl6F29 

N Mean SD N 

554 2.4 3.40 16 
5 1 

39.46 
3.389 40.46 3.990 142 

4.31 

1,211 0.44 0.098 22 
1.212 0.69 0.098 22 
1.1 85 0.33 0.055 23 
1.185 0.85 0. 15 1 23 

923 0.01 0.010 15 
532 0.08 0.042 9 
879 0.43 0.077 2 1 
884 3.94 1.697 18 
894 298 373.2 18 
895 47 11.8 18 
891 40 6.0 18 
237 1.40 0.966 10 

Cool-Season Grass Hay. 

N 

158 
73 

159 

9 1 

158 
159 

38 
65 
46 

79 

141 
118 
117 
118 
11 5 
34 
98 

116 
I 15 
116 
118 

14 

Mean 

89.8 
6.7 
9.2 

30 
56 
14 
5.5 

42 

60 
29.3 

1.48 
3.79 

41.4 
66.7 
55.8 

5.97 
2.0 

10.8 

0.95 
2.35 
2.34 

0.44 
0.21 
0.20 
1.63 
0.06 
0.58 
0. 15 
8.33 

196 

93 
26 

1.53 

Mature 

NRCl6F33 

SD 

2.86 
1.79 
2.49 

6.30 
0.250 
0.974 
3.5 1 
4.29 
9.04 
1.238 
0.90 
4.39 
0.359 
0.534 

0. 15 1 
0.070 
0.074 
0.574 
0.095 
0.4 12 
0.057 
3.473 

163.5 
63.0 
9.3 
0.982 

N 

27,990 
28,264 
28.463 

24,383 
12.1 11 
12.11 8 
28,385 
28,429 

1,031 
28.462 
27.342 
15.366 
11 ,89 1 
27.946 

16.249 
16,242 
16.2 19 
16.425 
6.824 

12,555 
12,997 
11,150 

11.060 
11,070 
11 ,036 
4.464 

369 

Chocolate By-product 

Mean 

11.2 
39.6 
20.68 
21.68 

4.05 

0. 15 

0.28 
0. 12 
0.51 
0. 16 
0.2 1 
0. 10 
7.65 

90 
20 
23 

1.00 

NRCl6F30 

SD 

4.45 
5.46 

3.457 

0.079 
0.094 
0.035 
0. 162 
0.088 
0.112 
0.026 
3.071 

77.1 
10.8 
7.7 
0.000 

N 

32 

8 

36 

32 
32 
31 
32 
31 
10 
29 
31 
32 
31 
32 
14 

Cool-Season Grass Hay. 

Mean 

88.3 
8.6 

13.3 
30 
56 
14 
5.5 

42 

60 
30.5 

1.43 
4.85 

35.5 
58.0 
67.8 

4.17 
2.2 

15.2 
1.58 
3.23 
2.53 

0.48 
0.28 
0.23 
2.26 
0.10 
0.78 
0.20 
9.21 

217 

86 
27 

1.69 

Mid-Maturity 

NRCl6F34 

SD 

4.24 
1.76 
2.22 

8.20 
0.256 
1.292 
2.68 
4.08 
8.16 
0.786 
0.98 
3.99 
0.372 
0.646 

0.155 
0.078 
0.064 
0.625 
0.132 
0.483 

0.049 
3.1 15 

167.3 
47.8 

8.2 
1.100 

N 

6.033 
6.032 
6.035 

4,974 
3.380 
3.389 
6.050 
6,049 

82 
6,052 
5.956 
2.618 
3,213 
5.987 

2.709 
2,709 
2.693 
2.707 
1.560 
1.705 
1,717 
2,601 
2.577 
2.583 
2,580 
1.211 

continued 
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370 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

DM, % as fed 
Ash. % DM 
CP. % DM 
A fraction. % of CP• 

B fraction, % of CP• 
C fraction. % of CP' 
Kd of B. %111• 

RUP, % CP' 
dRUP. % of RUPd 
Soluble protein, % CP 
ADIP. % DM' 
NDTP. % DMf 
ADF. % DM 
NDF, % DM 
!VNDFD48. % of NDF< 
Lignin. % DM 
Starch, % DM 
WSC, % DM• 
TFAs, % DM 

Crude fat % DM 
DE base, Mcallkg1 

C:1. % DM 
P, % DM 
Mg. % DM 
K. % DM 
Na, % DM 
Cl, % DM 
S,% DM 
Cu. mg/kg DM 
Fe. mg/kg DM 
Mn, mglkg DM 
Zn, mg/kg DM 
Mo. mglkg DM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP, % DM 
A fraction, % of cp• 
B fraction. % of cp• 
c fo1ction. % o f cp• 
Kd of B, %th• 
RUP, % CP' 
dRUP. % of RUPJ 
Soluble protein. % CP 
ADIP, % DM' 
ND!P. % DMf 
ADF. % DM 
NDF. % DM 
!VNDFD48. % of NDF< 
Lig nin, % DM 
Starch. % DM 
WSC. % DM• 

Cool-Season Grass Silage 

NRC 16F35 

Mean SD 

38.8 13.09 
8. 1 1.85 

13.4 2.72 
52 
34 
13 
5.7 

32 
60 
48.0 10.53 

1.60 0.333 
3.69 0.961 

39.0 3.63 
62. 1 4.90 
63.6 5.7 1 

5.82 1.263 
1.9 1.07 
7.3 3.75 
1.84 0.406 
3.63 0.742 
2.44 
0.55 0.174 
0 .3 1 0.061 
0 .2 1 0.052 
2 .29 0.615 
0 .08 0.084 
0 .67 0.286 
0 .20 0.041 
9.46 3.266 

450 465.3 
95 52.8 
33 I I.I 

1.87 1.243 

Corn Cobs 

NRC l6F37 

Mean SD 

N 

19,740 
19.391 
19.702 

19,674 
6.946 
6.961 

19.734 
19,702 

790 
19.730 
18.982 
12, 179 
6.5 11 

19.140 

12,844 
12,850 
12.809 
12.860 
2.233 

12, 119 
12.550 
3.474 
3.462 
3.479 
3,472 
1.7 12 

N 

89.8 
2 .8 
3.0 

45 
49 

8.06 143 

6 
2 .8 

41 

60 
36.0 
0.35 
0.85 

46.3 
83.8 
65.0 
4 .20 
I.I 
I. I 

1.00 97 
0.77 144 

10.60 91 

6.32 144 
5.28 142 

1.793 123 
0.83 70 
0.25 3 

Corn. Ear with Husk 
and Some Stalk, Ensiled. 

Mean 

58.0 
2.1 
7.9 

30 
68 

2 
5.0 

39 
6 1 
43.8 

0.6 1 
0.92 

12.3 
24.9 
46.8 

2.0 1 
56.7 

1.8 
2.89 
3.37 
3.26 
om 
0.26 
0.12 
0.52 
0.0 1 
0.14 
0.10 
3.34 

85 
12 
25 

1.00 

Mean 

High Fiber 

NRC l6F53 

SD 

7. 11 
0.35 
0.82 

15.85 
0. 173 
0.313 
2.22 
4.07 

11.98 
0.446 
4.17 
0.80 
0.488 
0.456 

0.029 
0.032 
0.019 
0. 104 
0.009 
0.034 
0.012 
1.424 

57.9 
4.7 
5.2 
0.079 

Corn Germ 

NRC l6F38 

SD 

90.2 2.04 
5.9 1.55 

15.4 1.57 
4 1 
45 
14 
10.0 
32 
73 
35.4 14.25 

0.78 0.612 
2.67 1.767 

10.I 4.82 
27.0 6.62 

2.69 2.014 
27.6 10.46 

N 

8,618 
8.593 
8.607 

8,584 
4.863 
4.843 
8.595 
8,584 

893 
8.238 
8.582 

18 
3,712 
8.283 

4.75 1 
4,780 
4.774 
4.767 

797 
274 

4.434 
1. 19 1 
1. 192 
I , 198 
1,198 

50 

N 

107 
106 
107 

18 
27 
26 

108 
109 

102 
45 

Corn. Ear with Husk 
and Some Stalk. Ensiled. 

Mean 

64.8 
1.7 
7.8 

30 
68 
2 
5.0 

39 
6 1 
37.9 

0.60 
0.86 
8.4 

18. 1 
50.6 

1.75 
64.6 

1.9 
3. 11 
3.56 
3.36 
0.04 
0.28 
0. 11 
0.45 
0.0 1 
0.13 
0. 10 
2.46 

56 
8 

23 
1.00 

Low Fiber 

NRCl6F54 

SD 

6.6 1 
0.22 
0.69 

14.55 
0.149 
0.320 
1.66 
3.08 

15.62 
0.386 
3.2 1 
1. 16 
0.398 
0.425 

0.0 17 
0.032 
0.0 13 
0.047 
0.0 13 
0.033 
0.0 10 
I. IOI 

35.8 
3.0 
4.8 
0.000 

N 

6.2 11 
6.203 
6.209 

6.200 
3.169 
3.157 
6.201 
6,205 

182 
6.122 
6.202 

8 
2.7 13 
6.131 

3.404 
3,407 
3.405 
3.409 

232 
69 

3.359 
575 
581 
588 
587 

22 

Corn Germ Meal 

NRCl6F39 

Mean SD 

90.2 1. 17 
3.7 0.78 

26. I 1.76 
14 
50 
36 
12.0 
52 

73 
24.5 4.76 
4.15 1.051 
9.88 1. 153 

15.2 2.06 
44.8 3.39 
74.0 

2.92 1.536 
19.4 2.69 
3.9 0.87 

N 

19 1 
128 
192 

46 
3 
3 

186 
192 

25 
40 
15 

Com and Cob Meal. Dry 

Mean 

86.3 
1.9 
8.4 

30 
68 

2 
5.0 

39 
6 1 
2 1. 1 

0.67 
1.24 
8.8 

19.0 
30.5 

1.86 
62.1 

4.5 
3.26 
3.69 
3.35 
0.05 
0.29 
0.12 
0.46 
0.0 1 
0.1 0 
0.10 
3.88 

114 

II 
27 

1.00 

NRCl6F36 

SD N 

3.36 448 
0.45 421 
1.12 444 

6.24 423 
0.1 20 173 
0.496 173 
2.34 449 
4.28 449 
4.95 2 
0.425 401 
5.23 425 
0.2 1 2 
0.536 166 
0.726 405 

0.031 267 
0.062 269 
0.031 272 
0.071 271 
0.0 12 6 1 
0.033 11 
0.0 14 237 
4.434 86 

153.3 85 
11.5 87 
17.2 87 
0.000 8 

Corn G luten Feed. Dry 

NRCl6F40 

Mean SD 

89.2 1.77 
7.5 1.75 

23.2 2.48 
5 1 
39 
10 
7.0 

29 
79 
45.7 10.77 

4.44 3.256 
9.88 6.279 

11.5 2.1 1 
35.7 4.62 
74.1 12.12 

2.3 1 1.218 
15.5 4.63 
5.8 2.23 

N 

1.6 15 
1.353 
1,621 

920 
407 
342 

1.581 
1.6 19 

93 
578 
485 

26 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

TFAs. % OM 
Crude fat, % OM 
DE bt1se, Mcallkg' 
Ca. % OM 
P. % DM 
Mg. o/o DM 

K. % 0M 
Na, % OM 
Cl. % DM 
S. % DM 
Cu. mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo. mg/kg DM 

Mean 

0.35 
0.62 
2.41 
0.04 
0.06 
004 
0.96 
0 .01 
0.28 
0.04 
5.60 

188 
8 

22 
1.00 

Corn Cobs 

NRC 16F37 

so 

0.292 

0.032 
0.019 
0.010 
0.355 
0.0 11 
0.073 
0.0 11 
2.556 

238.5 
5.2 

11.7 
0.000 

N 

73 

92 
93 
92 
93 
91 
68 
88 
90 
91 
91 
91 
12 

Name Corn Gluten Feed. Wei 

Feed ID Code 

OM. % as fed 
Ash. % OM 
CP. % OM 
A fraction, % of CP• 
B fraction. % of cp• 
c fraction. % of cp• 
Kd of B. %n1• 
RUP. % CP' 
dRUP, % of RU Pd 
Soluble protein. % CP 
ADIP. % OM' 
NDIP, % DMf 
AOF,% OM 
NOP. % OM 
IVNDFD48. % of NDFg 
Lignin. % OM 
Starch,% OM 
WSC. % OM• 
TFAs . % OM 
Crude fol. % OM 
DE base, Mwllkg' 
Ca, % OM 
P. % 0M 
Mg. % DM 
K. % DM 
Na, % OM 

Cl. % 0M 
S. % 0M 
Cu. mg/kg OM 
Fe, mg/kg OM 
Mn. mg/kg OM 
Zn, mg/kg OM 
Mo. mg/kg OM 

NRCJ6F41 

Mean so 
45.6 5.51 

7.2 1.42 
23.1 2.64 
51 
39 
10 
7.0 

25 

79 
57.0 8.92 
0.89 0.630 
2.04 0.800 

12. I I.91 
36.9 4.80 
76.7 10.44 

1.89 1.178 
15.3 4.70 
4 .0 0.86 
3.09 0.000 
3.8 1 1.128 
3.23 
0. 10 0. 123 
1.07 0.240 
0.45 0.097 
1.57 0.38 1 
0.20 0. 142 
0.25 0. 102 
0.50 0.088 
6.54 2.592 

179 91.0 
23 9.4 
77 16.8 

1.30 0.474 

N 

1.001 
683 

1.00 1 

473 
309 
284 
918 

1.006 
23 

39 1 
530 
9 1 

I 
686 

839 
85 1 
848 
849 
742 
212 
685 
694 
697 
700 
68 1 
173 

Mean 

16.89 
17.89 
3.63 
0.03 
1.17 
0.43 
1.22 
0.01 
0.12 
0.17 
5.63 

99 
16 
72 

1.00 

Corn Germ 

NRC 16F38 

so 

3.417 

0.029 
0.381 
0. 159 
0.453 
0.007 
0.023 
0.049 
1.811 

51.5 
5.2 

20.4 
0.000 

N 

107 

37 
38 
38 
38 
33 

7 
36 
36 
38 
38 
36 
14 

Corn Gluten Meal 

NRCI6F42 

Mean so N 

90.5 1.64 221 
2.8 0.95 130 

68.5 3.52 220 
8 

72 
20 

2.5 
69 
92 
7 .5 3.03 124 
I.II 0.773 35 
I.96 1.449 51 
3.7 2.02 205 
6 .8 3.58 221 

73.0 
1.79 1.241 65 

16.4 4 .19 56 
1.6 0.77 18 
1.44 
2.44 1.058 182 
4.33 
0.04 0.07 1 125 
0.49 0. 106 126 
0.07 0.039 123 
0 .22 0. 130 123 
0.05 0.039 I 10 
0 .08 0.030 80 
0 .97 0. 113 100 
5.23 3 .534 I 00 

122 66.8 112 
6 3.5 112 

29 10.9 112 
1.13 0.341 31 

371 

Corn Germ Meal Corn G luten Feed. Dry 

Mean 

2.11 
3.11 
3.12 
0.04 
0.83 
025 
0.46 
0.04 
0.06 
0.33 
6.46 

135 
16 
79 

1.06 

NRC16F39 

so 

1.5 16 

0.027 
0.147 
0.073 
0.124 
0.033 
0.034 
0.038 
2.471 

33.6 
5.4 

25.5 
0.242 

N 

190 

135 
137 
137 
134 
123 

18 
89 

11 6 
122 
122 
54 
81 

Mean 

3.38 
3.91 
3.21 
0.07 
1.07 
0.43 
1.47 
0.33 
0.29 
0.50 
5.57 

146 
21 
74 

1.24 

NRCI6F40 

so 

1. 112 

0.045 
0.203 
0.080 
0.3 12 
0.232 
0.108 
0.144 
2.1 09 

62.2 
5.2 

17.1 
0.475 

N 

I.305 

1.338 
1.431 
1.230 
1,232 
1.050 

269 
870 

1,032 
1,038 
1.040 
1.029 

332 

Corn Grain Dry. 

Mean 

86.9 
1.5 
8.5 

23 
70 

7 
5.4 

43 
73 
22.I 

0.52 
0.9 1 
3.6 
9.8 

62.3 
1.37 

70.4 
2.9 
3.84 
3.84 
3.10 

0.04 
0.3 1 
0.13 
0.56 
0.02 
0.10 
0.10 
2.07 

39 
7 

23 
0.91 

Coarse Grind 

NRCI6FI071 

so 
2.04 
0.23 
0.83 

5.79 
0.129 
0.292 
0.72 
1.50 

17.61 
1.972 
2.59 
0.84 
0.536 
0.454 

0.045 
0.041 
0.058 
0.524 
0.027 
0.043 
0.015 
0.951 

18.3 
3.5 
6.6 
0.040 

Corn Grain Dry. Fine Grind 

N Mean 

11 .264 86.9 
9.972 1.5 

11.326 8.5 
23 
70 
7 
5.4 

43 
73 

11.087 22.I 
3.572 0.52 
3.583 0.91 

11,282 3.6 
11.326 9.8 

27 62.3 
7.195 1.37 

11,331 70.4 
201 2.9 

1.847 3.84 
2.50 1 3.84 

3.55 

8,532 0.04 
9.185 0.31 
9.15 1 0.13 
9.150 0.56 
1,321 0.02 

828 0.10 
5.343 0.10 
1.264 2.07 
1,274 39 
1.347 7 
1.357 23 

122 0.91 

NRCI6Fl070 

so 
2.04 
0.23 
0.83 

5.79 
0.129 
0.292 
0.72 
1.50 

17.61 
1.972 
2.59 
0.84 
0.536 
0.454 

0.045 
O.Q41 
0.058 
0.524 
0.027 
0.043 
0.0 15 
0.951 

18.3 
3.5 
6.6 
0.040 

N 

11.264 
9.972 

11,326 

11.087 
3.572 
3.583 

11 ,282 
11.326 

27 
7.195 

11.331 
201 

1.847 
2.50 1 

8,532 
9. 185 
9.15 1 
9.150 
1.321 

828 
5.343 
1.264 
1.274 
1.347 
1.357 

122 
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372 NUTRIENT REQU!RFMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

OM. % as fed 
Ash, % OM 
CP. % OM 
A fraction. % of C P• 
B fraction. % o f CP• 

c fraction, % of cp• 
Kdof B. %th• 

Mean 

86.9 
1.5 
8.5 

23 
70 

7 

5.4 
RUP, % CP' 43 
dRUP. % of RU Pd 73 
Soluble protein. % CP 22.1 
AD!P, % OM' 0.52 
NDIP. % DMI 0.91 
AOF. % OM 3.6 
NOF. % OM 9.8 
IVNDFD48, % of NDF' 62.3 
Lignin. % DM 1.37 
Starch. % OM 70.4 
WSC. % OM• 2.9 
TFAs, % OM 3.84 
Crude fat % DM 3.84 
DE base, Mcallkg1 3.46 
Ca. % OM 0.04 
P. % OM 0.31 
Mg, % OM 0.13 
K. % DM 0.56 
Na. % OM 0.02 
Cl. % OM 0.10 
S, % 0M 0.1 0 
Cu, mg/kg OM 2.07 
Fe. mg/kg OM 39 
Mn. mg/kg OM 7 
Zn, mg/kg OM 23 
Mo. mg/kg OM 0.9 1 

Com Grain Dry, 
Medium Grind 

NRCl6F44 

so 
2.04 
0.23 
0.83 

5.79 
0. 129 
0.292 
0.72 
1.50 

17.61 
1.972 
2.59 
0.84 
0.536 
0.454 

0.045 
0.04 1 
0.058 
0.524 
0.027 
0.043 
0.0 15 
0.95 1 

18.3 
3.5 
6.6 
0.040 

N 

11.264 

9.972 
11.326 

11,087 
3.572 
3,583 

11.282 
11.326 

27 
7.195 

11.331 
201 

1,847 
2.501 

8.532 
9.1 85 
9, 151 
9.150 
1.321 

828 
5,343 

1.264 
1.274 
1.347 
1,357 

122 

Name Com Grain, Steam-Flaked 

Feed ID Code 

OM. % as fed 
Ash, % OM 
CP, % OM 
A fraction. % of CP• 
B fraction. % of cp• 
c fraction. % of cp• 
Kd of B. %th• 
RUP, % CP' 
dRUP. % of RU Pd 
Soluble protein. % CP 
AOIP, % OM' 
NDIP, % OMf 
ADF. % OM 
NDF. % DM 
IVNOF048. % of NOF< 
Lignin. % DM 

Mean 

85.7 
1.3 

8.0 
2 

83 
16 
3.0 

69 

90 
13.9 
0.63 
1.28 
3.4 
8.6 

55.7 
1.26 

NRCl6F46 

so 
2.36 
0.29 
0.65 

5.30 

0.72 
1.34 

11.72 

0.330 

N 

1.045 
1.0 10 
1,050 

564 

588 
591 

3 
454 

Corn Grain High Moisture, Com Grain High MoL~ture, 
Coarse Grind Fine Grind 

NRCl6FI072 NRCl6F45 

Mean SO 

72.3 
1.6 
8.5 

28 
71 

I 
5. 1 

39 
90 

5.28 
0.24 
0.8 1 

33.1 11.78 
0.44 0.135 
0.77 0.304 
3.5 0.75 
9.6 1.65 

50.9 23.35 
1.21 0.684 

70.9 2.40 
3.0 071 
3.57 0.475 

3.58 0.466 
3.52 
0.04 0.020 
0 .31 0.032 
0. 13 0.023 
0.44 0.227 
0.02 0.019 
0 .12 0.050 
0.11 0.011 

1.60 0.784 
38 16. 1 
6 1.8 

23 4.6 
1.00 0.000 

N Mean SO 

71.104 72.3 5.28 
0.24 
0.8 1 

6 1,5 15 1.6 
71.052 8.5 

70,804 
27,705 
27,925 
70.657 
70.894 

2 12 
42,520 
71.054 

540 
14,298 

61.070 

53.%0 
55.837 
55,212 
55.006 
2.354 
1.228 

28,478 
3,13 1 
3.687 
3.843 
3,864 

104 

28 
7 1 

I 
5. 1 

39 
90 
33. 1 11.78 

0.44 0.135 
0.77 0.304 
3.5 0.75 
9.6 1.65 

50.9 23.35 
1.21 0.684 

70.9 2.40 
3.0 0.7 1 
3.57 0.475 

3.58 0.466 
3.70 
0.04 0.020 
0.31 0.032 
0.13 0.023 
0.44 0.227 
O.o2 0.0 19 
0. 12 0.050 
0.11 0.0 II 
1.60 0.784 

38 16.1 
6 1.8 

23 4.6 
1.00 0.000 

N 

7 1, 104 
6 1.5 15 
7 1.052 

70,804 
27.705 
27.925 
70.657 
70,894 

2 12 
42.520 
7 1.054 

540 
14.298 
6 1.070 

53.960 
55.837 
55.2 12 
55.006 
2.354 
1.228 

28.478 
3. 131 
3.687 
3.843 
3.864 

104 

Com Grain Screenings 

Mean 

86.9 

1.8 
8.6 

23 
70 

7 
5.4 

43 
73 
25.0 

0.63 
1.02 
4.4 

11.7 

1.46 
65.6 

2.8 
3.1 8 
3.19 
3.46 
0.18 
0.32 
0.15 
0.67 
0.02 
0.09 
0.11 
3.2 1 

165 
12 

30 

NRCl6F43 

so 
2.42 
0.51 
0.94 

6.20 
0 .198 
0.331 
1.66 
2 .59 

0 .582 
3 .93 
0.59 
0.316 
0.576 

0 .3% 
0 .043 
0 .049 
0 .602 
0 .032 
0.056 
0.020 
1.675 

145.9 
7.1 

10.5 

N 

622 
316 
623 

603 
47 
47 

6 10 
620 

52 
60 1 

14 
15 

280 

599 
597 
597 
596 
68 
20 
36 
66 
67 
66 
66 

Corn Hominy Corn Silage. Immature Com Silage, Mature 

NRCl6F47 

Mean SO N 

89.I 
2.6 

10.1 
45 

49 
6 
7.0 

30 

90 
28.3 

0.51 
1.07 
5.7 

16.9 
75.0 

1.59 

1.85 
0.76 
1.62 

80 1 
557 

803 

8.00 423 
0.289 135 
0.530 132 
1.97 735 
5.22 802 
0.00 I 
0.824 249 

NRCl6F49 

Mean SO 

31.3 
4.0 
7.9 

58 
24 
16 
4.0 

33 
70 

2.70 
0.95 
0.97 

52.7 11.63 
0.84 0.143 
1.26 0.301 

25.5 3.05 
42.6 4.45 
53.4 6.07 

3.15 0.569 

N Mean 

267 .615 39.6 
267.%2 3.7 
267.% 1 7.5 

267.910 
137.979 
138,093 
267 ,953 
267.954 

58.478 
268.063 

49 
28 
24 

3.0 
44 
70 
51.3 

0.80 
1. 19 

23.2 
39.3 
50.8 

2.97 

NRCl6F50 

so N 

3.86 247.483 
0.80 248.1 73 
0.85 248. 152 

12.31 248. 144 
0.129 134.544 
0.265 134.562 
2.83 248.237 
4.14 248. 167 
6.09 69.227 
0.528 248.304 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

Starch. % OM 
WSC, % OM• 
TFAs, % DM 
Crude fat. % DM 
DE base, Meal/kg' 
Ca. % OM 

P, % DM 
Mg. % DM 
K. % 0M 
Na. % OM 
Cl, % 0M 
S, % DM 
Cu. mg/kg DM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn, mg/kg DM 
Mo. mg/kg DM 

Name 

Feed ID Code 

DM, % as fed 
Ash. % DM 
CP. % OM 
A fraction. % of CP• 
B fmction, % of CP• 
c fraction, % of cp• 
KdofB. %/Jt• 
RUP, % CP' 
dRUP. % of RUPd 
Soluble protein, % CP 
AD!P. % OM' 
NOIP. % OMI 
AOF. % OM 
NDF,% DM 
IVNDFD48. % of NOP 
Lignin. % DM 
Starch. % DM 
WSC, % DM• 
TFAs, % DM 
Crude fat. % DM 
DE base, Meal/kg' 
Ca. % DM 
P, % DM 

Mg. % DM 
K. % DM 
Na. % DM 
Cl, % DM 
S. % DM 
Cu. mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg DM 
Zn, mg/kg DM 
Mo. mg/kg DM 

Com Grain, Steam-Flaked 

Mean 

7 1.7 
1.8 
3.14 
3.14 
3.63 
0.06 
0.24 

0.10 
0.40 
0.00 
0.08 
0.09 
2.08 

32 
5 

17 
1.00 

NRC16F46 

so 
2.81 
0.58 

0.808 

0.209 

0.055 
0.034 
0.342 
0.005 
0.021 
0.01 I 
0.758 

17.6 
1.7 
3.9 
0.000 

N 

578 
79 

1.013 

540 

578 
575 
574 
161 
102 
449 
168 
169 
170 

169 
32 

Corn Silage. 'fypical 

NRCl6F48 

Mean SD N 

35.4 
3.8 
7.7 

60 
24 
16 
4.1 

33 
70 
51.8 
0.82 
1.23 

24.3 
40.9 
52.0 

3.05 
32.9 

3.0 
2.35 
2.92 
2.93 
0.24 
0.23 
0.17 
0.99 
0.03 
0.26 
0.10 
6.22 

165 
30 
27 
I.II 

5.38 535.422 
0.91 535.923 
0.94 536.303 

12.03 537,150 
0. 14 1 288.591 
0.293 288.614 
3.27 537.131 
4.75 536,939 
6.25 130.789 
0.564 537 .082 
6.42 536.5 I 9 
I .22 70,737 
0.394 370.294 
0.390 535.609 

0.048 336,426 
0.029 337,092 
0.036 335.977 
0.222 337.045 
0.020 29.854 
0. 120 87,922 
0.014 336.1 15 
I .909 60.9 14 

108.4 60.879 
12.3 60.745 

7.9 60,836 
0.317 4.238 

Corn Hominy 

NRC16F47 

Mean SO N 

55.6 
4.8 
5.38 
7.21 
3.50 
0.06 
0.52 
0.21 
0.66 
0.02 
0 .10 
0 .12 
3 .79 

77 
12 

40 
1.00 

9.30 
1.42 
1.204 
2.347 

0 .159 
0.174 

0.069 
0.272 
0.046 
0.03 1 
0.032 
1.956 

56.7 
5 .5 

12.9 
0.000 

488 
5 1 

5 
803 

656 

657 
653 
652 
503 
I 12 
414 
518 
516 
516 
514 
205 

Corn Stalks. Ensiled. 

Mean 

85.0 
9.0 
5.6 

60 
24 
16 
4. I 

33 
70 
52.6 

1.33 
1.95 

46.9 
72.0 
56.2 
6.37 
3.7 
5.9 

0.48 
1.21 
2. 16 

0.39 
0. 14 
0.22 
1.10 
0.13 
0.43 
0 .09 

10.00 
I 182 

7 1 

29 
1.15 

High OM 

NRCl6F52 

SD N 

6.53 1,877 
4.32 1.1 08 
2.34 1.873 

16.31 1,492 
0.359 121 
0.724 120 
6.63 1,807 
8.49 1,888 
8.74 2% 
1.618 1. 136 
3.04 1.640 
3.97 345 
0.308 441 
0.580 1.0 19 

0.21 5 1,729 
0.073 1,736 
0.08 I 1,730 
0.429 1.721 
0.506 245 
0.246 406 
0.029 1,428 
6.828 265 

1224.3 265 
44.5 264 
12.7 267 
0.404 61 

Corn Silage, Immature 

NRC16F49 

Mean SO N 

30.2 
2.9 
2.32 
2.% 
2.93 
0.24 
0.24 
0.17 
1.05 
0.02 
0.27 
0.1 I 
6.34 

166 
30 
28 

I.I I 

6.09 
I.I 6 
0.401 
0.410 

0.050 

0.029 
0.037 
0.223 
0.019 
0.121 
0.014 
1.872 

95.6 
I 1.9 
7.7 
0.3 17 

267.777 
43.9 10 

180,768 
266.941 

167.224 

167,750 
167,298 
167.677 
15,933 
52,977 

167,040 
31.379 
31.31 I 
31.295 
31,343 

2,881 

Corn Stalks. Ensiled. Low OM 

Mean 

4 1.2 
10.5 
7.0 

60 
24 
16 
4.1 

33 
70 
49.6 

I .56 
2.20 

44.8 
66.2 
52.8 
6.16 
3.5 
5 .2 
0.72 
I .84 
2.19 
0.48 
0.19 
0.23 
I .35 
0.03 
0.47 
0.1 I 
9.70 

1303 
72 

33 
1.36 

NRCl6F51 

SD 

I 3.01 
5.03 
2.27 

14.87 
0.385 
0.715 
7. 1 I 
8.44 

I 1.02 
1.758 
3.01 
3.67 
0.419 
0.714 

N 

1,695 
1.310 
1.689 

1,478 
197 
199 

1.570 
1,696 

117 
1,089 
1.408 

458 
530 

1.182 

0.555 I .37 I 
0.069 I ,412 
0.072 1,392 
0.510 I .393 
0.026 263 
0.302 527 
0.029 I ,237 
4.591 312 

I 190.6 312 
42.3 315 
12.4 317 
0.777 42 

373 

Com Silage. Mature 

NRC16F50 

Mean 

35.5 
3.1 
2.36 
2.86 
2.88 
0.23 
0.23 
0.16 
0.92 
0.03 
0.24 
0. 10 
5.91 

146 
28 
26 

I. I I 

so N 

5. I 8 248.239 
1.19 24.875 
0.369 173.952 
0.362 24 7.726 

0.043 I 60.966 
0.027 I 6 J.246 

0.033 I 60.873 
0.199 161.324 
0.0 18 12.118 
0.103 31.767 
0.0 13 160.877 
1.504 25.261 

85.2 25.086 
10.5 25.230 
6.8 25,243 
0.313 1.186 

Conon Gin Trash 

NRCl6F55 

Mean SD N 

90.3 
14.5 
12.0 
30 
35 
35 
5.3 

54 

50 
28.1 

3.19 
4.37 

5 1.0 
59.4 
2 1.3 
15.03 
I.I 
2.2 
3.14 
4.01 
1.67 
J.69 
0.24 
0.32 
1.% 
0.07 
0.55 
0.40 
9.01 

930 
64 
26 

1.18 

3.08 
6.95 
3.75 

11 .52 
1.734 
2.205 

12.34 
12.51 
14.50 
5.367 
0.85 
0.72 

2.270 

0.975 
0.104 
0.1 13 
0.634 
0.067 
0.377 
0.242 
6.903 

887.7 
33.8 
12.6 
0.463 

528 
237 
532 

326 
66 
67 

530 
533 

3 
147 
82 

6 

182 

433 
430 
427 
431 
421 

88 
256 
426 
425 
428 
422 
158 

continued 
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374 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed fD Code 

DM. % as fed 
Ash, % DM 
CP. % DM 
A fraction. % of CP• 
B fraction. % o f CP• 

c fraction, % of cp• 
Kdof B. %th• 
RUP. % CP' 
dRUP. % of RU Pd 
Soluble protein. % CP 
AD!P, % DM' 
NDIP. % DMI 
ADF. % DM 
NDF. % DM 
IVNDFD48, % of NDF' 
Lignin. % DM 
Starch. % DM 
WSC. % DM• 
TFAs, % DM 
Crude fat. % DM 
DE base, Mcallkg1 

Ca. % DM 
P. % DM 
Mg, % DM 
K. % DM 
Na. % OM 
Cl. % DM 
S, % DM 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kgDM 
Zn. mg/kg DM 
Mo. mg/kg OM 

Name 

Feed ID Code 

DM, % 't~ fed 
Ash, % DM 
CP. % DM 
A fraction. % of cp• 
B fraction. % of CP• 
C fraction, % of CP' 
Kd of B. %/h• 
RUP. % CP' 
dRUP. % of RUPd 
Soluble protein, % CP 
ADIP, % DM' 
NDIP, % DMf 

ADF. % DM 
NDF. % DM 
IVNDFD48, % of NDP 

Cononseed Hulls 

Mean 

9 1.0 
3.5 
7.0 

30 
35 

35 
5.3 

54 
50 
20.7 

2.77 
3.60 

66.0 
80.9 
22.4 
19.93 

1.2 
2.1 
3.14 
3.20 
1.58 
0.23 
0.15 
0.22 
1.2 1 
0,02 
0.07 
0.10 
5.18 

83 
26 
19 

1.00 

NRCl6F57 

SD N 

1.75 224 

0.79 99 
2.18 231 

12.08 115 
0.536 41 
0.893 40 
4.81 228 
6.13 222 
7.92 5 
2.710 78 
1. 16 64 
1.35 15 

1.601 114 

0.260 190 
0.063 193 
0.044 193 
0.174 193 
0.023 190 
0.046 47 
0.046 118 
2.600 191 

119.2 192 
11.4 189 
I I. I 190 
0.000 23 

Distillers Grains 
and Sol u b Jes, Dried, 

High Protein 

Mean 

9 1.1 
4.0 

39.0 
26 
62 
12 
5.0 

47 
75 
16.6 
3.97 
4 .45 

17 .7 
37.6 
62.7 

NRCl6F60 

SD 

1.40 
1.51 
2 .84 

5 .16 
0.805 
0.815 
3.20 
4.80 
833 

N 

665 
647 
671 

205 
477 
464 
657 
656 

3 

Cononseed Meal 

NRCl6F58 

Mean SD N 

89.9 2.03 33 1 
7.6 0.96 267 

46. 7 3.84 340 
25 
56 

19 
7.2 

44 
83 
14.5 4.00 259 

1.72 0.442 75 
2.22 0.800 74 

19.2 4.0 I 330 
28.1 5.89 341 

7.0 1 2.078 2 11 
I.I 0.76 104 
8.5 1.75 33 
3.06 
3.60 2.215 338 
3.32 
0.25 0.058 302 
1.3 1 0.176 304 
0.70 0.068 304 
1.74 0. 168 305 
0.17 0.099 283 
0.08 0.023 127 
0.48 0.066 236 

12.48 4. 190 282 
208 172.2 276 
23 3.6 279 
66 10.5 271 

1.76 0.862 126 

Disti llers Grains and 
Solubles. Dried, Low Fat 

NRCl6F6 1 

Mean SD 

89.9 1.54 
5.3 0.62 

31.0 1.74 
26 
62 
12 
5.0 

47 
75 
20.I 3.60 

3. 15 0.937 
3.87 0.854 

14.8 2.32 
30.8 2.75 
47.2 19.97 

N 

5,083 
5,081 
5.075 

2.521 
2,409 
2.369 
4.950 
5,092 

I I 

Cononseed Whole. Limed 

Mean 

9 1.4 
4.2 

23.3 
45 
48 

14.8 
23 
74 
26.6 
2.73 
2.84 

38.6 
50.6 
12.8 
11.21 
0.8 

18.26 
18.62 
3.15 
0.17 
0.62 
0.38 
1.18 
0.02 
0.08 
0.24 
7.56 

72 
17 

36 
1.1 3 

NRC l6F56 

SD 

J.83 
0 .58 
2.65 

9.59 
1.656 
3.250 
4.32 
4.24 
8.34 
2.577 
0 .87 

2.425 

0.108 
0 .165 
0.107 
0 .185 
0 .065 
0.07 1 
0.08 1 
3.385 

42.1 
5.1 
7.5 
0.331 

N 

1148 
955 

1.271 

650 
422 
369 

1.124 
1,269 

7 
670 
348 

1.273 

926 
932 
927 
925 
858 
326 
634 
854 
853 
859 
854 
201 

Distillers Grains and 
Soluble.~. Modified Wet 

NRC l6F62 

Mean SD 

49.2 5.59 

5.6 0.80 
30.3 2.27 
26 
62 
12 
5.0 

44 
75 
21.9 4.33 

4 .09 1.058 
4 .69 0.979 

14.4 2.4 1 
27.1 3.80 
52.8 10.57 

N 

2.553 
2,580 
2.579 

1,998 
436 
430 

2.463 
2.582 

3 

Distillers Grains and 
Solubles. Dried. High Fat 

NRCl6F59 

Mean so 
89.1 1.74 

5.4 0.60 
30.2 1.68 
26 
62 
12 
5.0 

47 
75 
15.7 3.69 
2.85 0.733 
3.83 I.I I I 

14.6 1.62 
32.1 2.73 
71.5 8.24 
4.17 0.936 
4 .5 1.60 
4.6 2.01 

11.39 1.480 
12.54 1.659 
3.49 
0.12 0.234 
0.88 0. 151 
0.34 0.045 
1.26 0.364 
0.21 0. 111 
0.19 0.047 
0.67 0. 156 
4.15 2.417 

94 29. 1 
18 9.0 
64 10.0 

I.I I 0.308 

N 

5043 
5,042 
5.038 

4.689 
1.564 
1447 

4.989 
5.047 

19 
3.915 
3.897 

227 
1,078 

5.046 

4.328 
4.366 
4,3 18 
4.315 
2.376 
1.585 
4,070 
2.397 
2.414 
2.428 
2,395 
1.103 

Distillers Grains and 
Solubles. Wet 

Mean 

33.2 
4.5 

3 1.5 
26 
62 
12 
5.0 

42 
75 
16.4 
3.29 
4. 13 

16.I 
3 1.7 
25.5 

NRC l6F63 

SD 

2.84 
1.02 
2.76 

4.93 
1.150 
1.047 
2.65 
4.90 

5.46 

N 

3.070 
3,09 1 
3.084 

1,673 
1.763 
1.707 
3.025 
3.083 

2 
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NUTRIENT COMPOSITION OF FEEDS 375 

TABLE 19-1 Continued 

Distillers Grains 
and Soluble.~. Dried. Disti llers Grains and Distillers Grains and Distillers Grains and 

Name High Protein Solubles. Dried. Low Fat Solubles. Modified Wet Solubles. Wet 

Feed ID Code NRCl6F60 NRCl6F6 1 NRC l6F62 NRCl 6F63 

Mean so N Mean so N Mean so N Mean so N 

Lignin. % OM 5.83 1.960 585 3.53 1.049 3,210 3.09 1.197 883 3.22 1.019 2,004 
Starch. % OM 6.2 2 .87 607 6 .1 2 .46 3.689 4.7 2.01 1.389 6.3 2.41 2.270 
WSC. % OM• 5.4 2.94 10 8.0 2.90 57 9.7 3.01 46 7.3 2.41 26 
TFAs. % DM 6.56 7.90 8.35 8.31 
Crude fat. % OM 7.56 2.001 664 8.90 1.555 5,107 9.35 1.716 2 ,586 9.31 2.001 3.095 
DE base, Mcallkg1 3.34 3.44 3.50 3.50 
Ca. % OM 0.08 0.052 631 0.11 0 .229 4.837 0.2 1 0 .365 2.466 0.13 0.219 2.800 
P. % DM 0.64 0 .278 622 0.89 0. 156 4.885 0.86 0.236 2.471 0.76 0. 193 2.826 
Mg, % OM 0.23 0.105 612 0.34 0 .052 4 ,840 0 .35 0.074 2,461 0.28 0.077 2.818 
K. % DM 0.75 0.320 617 1.2 1 0 .291 4,829 1.45 0.592 2,469 1.10 0.487 2.819 
Na. % OM 0.21 0.132 433 0.24 0 .107 1.496 0.27 0 .122 418 0.15 0. 102 934 
Cl. % DM 0.20 0.066 96 0.22 0.054 551 0.23 0.087 67 0.13 0.084 340 
S. % DM 0.64 0 .177 609 0.7 1 0 .144 4.726 0 .63 0. 141 2.468 0.67 0.156 2.630 
Cu, mg/kg OM 6.65 2.805 438 5.63 2.684 1,389 6.71 2.266 445 4.70 2.324 928 
Fe. mgfkg OM 99 48.8 437 102 42.I 1.405 121 37. I 449 110 70.2 958 
Mn. mgfkg DM 21 20.9 420 19 9 .5 1.4 10 19 10.6 451 15 6.3 954 
Zn. mglkg OM 53 21 .1 439 70 15.6 1.401 72 14.7 450 60 30.0 960 
Mo, mgfkg DM 1.38 0.490 78 1.40 0.556 150 

Name Distillers Solubles Fat. Cano la Oil Fat. Com O il Fat. Col!onseed Oil 

Feed ID Code NRCl6F64 NRCl6F65 NRC l6F66 NRCl 6F67 

Mean SD N Mean SD N Mean so N Mean SD N 

OM. % as fed 31.2 6.73 645 99.0 99.0 99.0 
Ash. % DM I I.I 2.67 8 18 
CP. % DM 22.6 4.25 1.248 
A fraction, % of CP• 26 0 0 0 
B fraction, % of cp• 62 0 0 0 
c fraction. % of cp• 12 0 0 0 
Kd of B. %/11• 5.0 0.0 0.0 0.0 
RUP, % CP' 25 0.0 0.0 0.0 
dRUP. % of RUP' 75 0 0 0 
Soluble protein. % CP 69.9 11.77 235 
ADTP. % DM' 0.78 0.297 351 
NOW. % DMI 1.2 1 0.465 349 
ADF. % OM 3.2 1.79 471 
NDF. % OM 4.8 2 .25 666 
IVNOFD48. % of NOP 
Lignin. 0ib DM 0.57 0.441 373 
Starch. % DM 4.0 1.78 560 
WSC,% OM• 28.7 0.01 2 
TFAs, % OM 9.99 88.00 88.00 88.00 
Crude fat. % DM 10.99 5.620 1.253 100.00 100.00 100.0 
DE /;{ISe, Mc{l//kg' 3.62 6.22 6.22 6.22 
Ca, % OM 0.13 0082 938 
P. % DM 1.82 0 .552 944 
Mg. % DM 0.77 0.215 942 
K. % DM 2.78 0.706 940 
Na, % DM 0.65 0.310 637 
Cl. % DM 0.50 0.136 300 
S. % DM 1.15 0.454 l,Q45 

Cu. mgfkg DM 9.26 17.620 638 
Fe. mgfkg DM 148 64.4 651 
Mn, mglkg OM 32 7.9 651 
Zn. mg/kg OM 108 32.0 653 

Mo. mg/kg DM 

continued 
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376 NUTRIENT REQUIREMENTS OF DA IRY CATTLE 

TABLE 19- 1 Continued 

Name Fat. Flaxseed Oil Fat. Lard Fat, Saffiower Oil Fat. Soybean Oil 

Feed ID Code NRC16F69 NRC 16F68 NRC l6F70 NRC I6F7 1 

Mean so N Mean so N Mean so N Mean so N 

OM. % as fed 99.0 99.0 99.0 99.0 
Ash. % OM 
CP, % OM 
A fraction. % of cp• 0 0 0 0 
B fraction. % of C P• 0 0 0 0 
C fraction, % o f C P• 0 0 0 0 
Kdof B, %/h• 0 .0 0.0 0.0 0.0 
RUP, % CP' 0.0 0.0 0.0 0.0 
dRUP. % of RUP" 0 0 0 0 
Soluble protein. % CP 
A DIP. % OM' 
ND!P, % OM! 
AOF. % OM 
NOF. % OM 
IVNOF048. % of NOF' 
Lignin, % OM 
Starch, % OM 
WSC. % OM• 
TFAs. % OM 88.00 88.00 88.00 88.00 
Crude fat, % OM 100.00 100.00 100.00 100.0 
DE base, Mcallkg1 6.22 5.80 6.22 6.22 
Ca. % OM 
P. % 0 M 
Mg. % OM 
K. % 0 M 
Na, % OM 
Cl. % 0M 
S. % 0M 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo, mg/kg OM 

Name Fat. Sunflower Oil Fat. Ta llow Feaiher Meal Fish Meal 

Feed ID Code NRCl6F72 NRC l6F73 NRC l6F74 NRC l6F75 

Mean SD N Mean SD N Mean SD N Mean SD N 

OM. % as fed 99.0 99.8 92.9 2.20 1.435 92.0 1.88 192 
Ash. % DM 2.3 0.69 362 2 1. 1 3.28 173 
C P. % OM 90.6 3.75 I .433 69.2 4.25 189 
A fraction. % of CP• 0 0 24 36 
B fraction. % of CP• 0 0 30 38 
c fraction. % of cp• 0 0 45 26 
Kd o fB. %n1• 0.0 0.0 0.8 1.9 
RUP, % CP' 0.0 0.0 72 76 
dRUP, % of RUP" 0 0 68 76 
Soluble protein. % CP 9.9 7.01 106 22.4 8. 17 72 
AOIP. % OM' 9.28 3.246 4 1.04 0.537 2 
NOIP. % OMI 12.70 2. 133 4 4.05 2. 192 2 
AOF. % OM 0.0 0.00 0.00 0.0 0.00 0.00 
NOF. % OM 0.0 0.00 0.00 0.0 0.00 0.00 
JVNOF048. % of NOFg 
Lignin. % OM 0.00 0.00 0.00 0.00 0.00 0.00 
Starch. % OM 0.0 0.00 0.00 0.0 0.00 0.00 
WSC, % OM• 0.0 o.oo o.oo o.o 0.00 0.00 
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NUTRIENT COMPOS!T!ON OF FEEDS 

TABLE 19-1 Continued 

Name Far. S unflower Oil 

Feed ID Code 

TFAs. % OM 
Crude fac, % OM 

DE base, Meal/kg' 

Ca. % DM 
P. % 0M 
Mg. o/o DM 

K. % 0M 

Na, % DM 

Cl. % 0M 

S. % 0M 
Cu. mg/kg OM 
Fe. mg/kg OM 

Mn. mg/kg OM 

Zn. mg/kg OM 
Mo. mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash. % OM 
CP. % DM 

A fraccion, % of CP• 
B fraccion. % of cp• 
C fraction. % of CP' 
Kd o f B. %n1• 
RUP. % CP' 
dRUP, % of RU Pd 
Soluble protein. % CP 
AOIP. % OM' 

NOIP, % OMf 

AOF,% OM 
NOF. % OM 

IVNDF048. % of NOF~ 

Lignin. % DM 
Search, % OM 

WSC. % OM• 

TFAs. % DM 
Crude fat. % OM 

DE base, Mcallkg' 

Ca, % DM 

P. % DM 

Mg. % DM 
K. % 0M 
Na, % DM 

Cl. % 0M 

S. % DM 

Cu. mg/kg OM 
Fe, mg/kg OM 

Mn. mg/kgDM 
Zn. mg/kg OM 

Mo. mg/kg DM 

Mean 

88.00 
100.00 

6.22 

Mean 

92.7 
4.0 

22.8 

18 
67 

15 

5.4 
49 

84 
43. I 

0.98 
3.55 

19. 1 
30.4 

57.0 

6.42 
2.4 

3.9 

33.41 
34.41 

4.10 
0.24 

0.59 

0.37 

0.79 
0.04 

0.08 

0.24 

12.64 
98 

30 
45 

1.00 

NRC16F72 

so 

Flaxseed 

NRC l 6F% 

so 
1.68 
1.02 
2. 14 

10.30 

0.388 

0.889 
5.94 
7.54 

12.73 

2.735 
2. 12 

0.73 

5 .569 

0.049 
0.088 

0.043 
0. 10 1 
0.018 

0.043 

0.027 

2 .896 
64.8 

5.4 
8.0 

0.000 

N 

N 

175 
58 

182 

46 
7 
6 

126 
131 

2 
22 
46 

15 

183 

95 
97 

% 
95 
93 

22 

44 

92 
91 

91 
90 
49 

Mean 

88.00 
99.80 

5.80 

Fat, Ta llow 

NRCl6F73 

so 

Flaxseed Meal 

Mean 

89.6 
6.8 

38.5 

18 
67 

15 

5.4 
49 

84 
39.0 

1.7 1 

4.35 

16.9 
30.4 

49.0 

6.23 
2.1 

5.9 

3.08 
3.20 
3.24 
0.44 

0.95 

0.65 

1.30 
0.1 3 

0.07 

0.40 

2 1.0 1 
312 

52 
75 

1.00 

NRC l6F97 

so 
1.37 
0.93 

3.03 

10.22 

0.469 
1.512 

2.85 
6.11 

0.00 

1.723 
1.69 

0.84 

1.797 

0.070 
0.085 

0.054 

0.103 
0.056 

0.026 

0.035 
4.127 

224.4 

8.2 
9.7 

0.000 

N 

N 

150 
112 
162 

70 
37 

33 
100 
112 

I 
69 
45 

14 

160 

95 

96 
90 

90 
81 

42 

80 
78 
78 

77 
77 
28 

Feacher Meal 

NRCl6F74 

Mean so 
7.85 
8.92 2.742 

4.12 

0.50 0.219 
0.32 0.1 19 

0.04 0.018 

0.18 0.129 

0.16 0.087 

0.23 0.104 

1.78 0.426 
9.12 4.831 

347 224.I 

12 25.7 

87 15.5 
1.00 0.000 

N 

506 

11 4 
11 5 

92 
93 

95 
87 

99 
92 
93 

93 

82 
28 

Frui c and Vegetable 

By-produce. Wee 

Mean 

19.8 
8.4 

13.6 
42 

53 

5 
7.4 

30 

80 
41.0 

1.18 
1.7 1 

22 .4 
28.7 

89.0 

4.65 
10.1 

31.2 

6.13 
7.13 

3 .04 

0.72 

0.34 

0.19 
2 .0 1 
0.23 

0.47 

0.21 

10.98 
621 

35 
35 

1.76 

NRCl6F77 

so 
11.77 
3.86 

5.20 

19.5 1 

0.882 
1.225 

13.34 
15.01 

5.484 
10.15 

21.96 

4.349 

0.556 

0.130 

0.099 

1.039 
0.224 

0.285 

0.090 

7.453 
704.5 

26.8 
46.7 

1.359 

N 

1.142 
1.093 
1140 

948 
442 

440 

1096 
1143 

545 
540 

2 2 

711 

107 1 

1078 

1082 

1082 
1069 

443 

483 

1065 
1070 

1069 
1072 

15 

377 

Fish Meal 

NRCl6F75 

Mean so N 

6.44 
10.48 1.869 19 1 

3.63 
5.56 1.665 98 
3. 16 0.795 99 

0 .24 0 .078 67 

0.93 0 .286 69 
0 .82 0 .483 72 

1.06 0 .536 32 

0.88 0. 152 72 
6 .02 6 . 167 64 

804 6 12 .8 66 

44 3 1.7 65 

92 16.3 34 
1.48 0 .802 27 

Mean 

80.0 
6.7 

0.8 

100 

0 
0 
0 .0 
6 

100 

100.0 

0.00 

0 .00 

o.o 
0.0 
0.0 
0.00 
0.0 

1.4 

5.24 
6.24 
3.29 

0.08 
0 .19 
0,07 

0 .53 
2 .48 

4.49 

1. 18 

5.08 

22 
7 

G lycerol 

NRCl6Fl075 

so N 

continued 
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378 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

DM. % as fed 

Ash, % OM 

CP. % OM 
A fraction. % of C P• 

B fraction. % o f C P• 

c fraction, % of cp• 
Kdof B. %th• 

RUP. % CP' 
dRUP. % of RUP d 

Soluble protein. % CP 
AO!P,% OM' 

NOIP. % DMI 

ADF. % DM 
NDF. % DM 

IVNOF048. % of NOF' 
Lignin. % DM 

Starch. % DM 
WSC. % DM• 

TFAs, % DM 

Crude fat % DM 

DE base, Mcallkg1 

Ca. % DM 
P. % DM 

Mg, % OM 

K. % 0M 

Na. % OM 
Cl. % DM 
S, % DM 

Cu, mg/kg OM 

Fe. mg/kg OM 

Mn. mg/kg DM 
Zn. mg/kg DM 

Mo. mg/kg OM 

Name 

Feed ID Code 

DM, % as fed 

Ash. % OM 
CP, % OM 

A fraction. % of cp• 
B fo1ction. % of C P• 
c fraction, % of cp• 
Kd of B. %/h• 

RUP. % CP' 
dRUP. % of RUP d 

So luble protein, % CP 

AO!P, % OM' 
ND!P. % OMI 

AOF. % DM 
NDF. % DM 

IVNOF048. % of NOF' 

Grain Screenings. Source 
Unknown 

Mean 

89.2 

6 .0 

16.2 
23 

70 

7 
5.4 

43 
73 
40.4 

0 .92 

2.40 

17 .7 
34.1 

35.9 
3 .65 

21.8 

2 .9 1 
3 .91 

3.03 
0 .26 
0.66 
0 .30 

1.05 

0 .03 
0 .23 

0 .20 

10.56 
251 

105 

66 

NRC l6F79 

so 
2.83 

2. 16 

4. 19 

11.75 

0.346 

1.040 

7.53 
9.99 

0.00 
1.267 

6.82 

2 .1 7 1 

0.235 
0.334 

0. 162 

0.324 

0.0 19 
0.1 34 

0.035 
4.873 

189.5 

72.5 

28.9 

N 

117 

118 

118 

68 
48 

49 

&4 
118 

I 
55 
47 

98 

82 

&4 
83 

&4 
70 
32 

36 

70 
7 1 
7 1 

70 

Gmss-Legume Mixtures, 

Mix Hay 

Mean 

86.4 

9 .2 

12. I 
41 

49 
10 
13 .0 

26 
70 
27.0 

1.65 
4 .1 2 

39.3 
58.2 

54.5 

NRC l6F89 

so N 

4.38 22.9 11 

1.88 24,357 

3. 18 24.462 

8.68 24,076 

0.423 7,858 
1.261 7.807 
4.85 24.461 

5.67 24.461 

7.25 1,069 

Grain Sorghum Hay 

Mean 

92.6 

7.0 

8.8 
42 

38 

20 
4.1 

43 
70 
35.3 
0.82 

2 .75 

30.6 
48.1 

57.5 
4 .54 

22.2 

7.3 

1.36 
2.39 

2.64 
0.28 
0 .22 

0 .22 

1.24 

0 .02 
0.43 
0 .11 

8 .17 

224 
39 

45 
1.10 

NRC l6F80 

so 
1.60 

1.66 
1.75 

12.36 

4 .52 
6 .69 

6. 11 

0.865 
7.35 

5.95 

0 590 

0.085 
0 .054 

0.063 

0.338 

0.014 
0.207 

0 .027 

3.304 
157.5 

19.3 
24. 1 

0 .342 

N 

1, 124 

1, 124 

1. 122 

I, 110 

1. 124 
1. 122 

724 
1. 123 

1. 125 

938 

1, 120 

1.117 
I, 120 

1, 120 

1. 125 

105 
976 

I ,II I 
110 

106 

108 
47 

72 

Grass-Legume Mixtures. 

Mean 

40.0 
9.5 

17.7 

61 

30 
9 

10.6 

22 
70 
50.7 

1.91 
3.70 

34.8 
51.2 

6 1.1 

Mix Silage 

NRC l 6F90 

SD N 

11.22 36.299 

1.62 36,059 

2 .60 36.189 

9.92 36,287 

0.486 18.574 
0.915 18.611 

3 .93 36.228 

4.94 36.240 
7 .19 574 

Grain Sorghum Silage, 

Marure 

Mean 

3 1.3 

5.9 

8.2 
42 

38 

20 
4 .1 

43 
70 
35.6 
9.30 

12.84 

28.9 
45.7 

56.2 
4 .25 

23.2 
11.0 

1.93 
2.52 

2.73 
0 .28 
0 .22 

0.20 

1.27 

0 .02 
0.40 
0 . 12 

7 .88 
276 

46 

33 
3 .00 

NRCl6F8 1 

so 
4.32 

1.61 

1.56 

9 .83 
1.574 

3 .268 

3 .09 
4.46 

6 .83 
0 .779 

6 .27 

6.% 
0 .312 

0 .537 

0 .082 
0 .039 

0 .047 

0 .268 

0 .017 
0 .165 

0 .024 
2 .224 

200.5 
18 .7 

10.4 
2 .260 

N 

2,2 18 

2 .223 

2.226 

2.222 
543 

541 

2.227 
2.227 

1,248 
2.223 

2 .228 

1.426 

404 
2 .221 

1.705 
1.706 

1,705 

1.7 10 

119 
1.275 

1.715 
2 18 

223 
221 

221 
66 

Gm~s-Legume Mixtures. 

Predominantly Grass, 

Hay. Mature 

Mean 

87.4 

7 .5 

10.9 
41 

49 
10 

13.0 

26 
70 
29.7 

1.31 
3.57 

40.0 
620 
47.5 

NRCl6F85 

SD 

4 . 15 

1.93 

2 .94 

8.65 

0 .299 
1.120 
4 .22 

4.82 

9 .18 

N 

36,179 

36,267 

36.440 

34,815 

27.083 
27.147 

36.367 

36.398 
7,379 

Grain Sorghum Silage, 

Mid-Maturity 

Mean 

29.8 

8.1 

8.9 
42 

38 

20 
4. 1 

43 
70 
45.1 

9 .22 

13.64 

34.1 
53.1 

55.3 
5.03 

14.3 
4 .9 

1.56 
2 .75 

2.52 
0.37 
0 .23 

0 .24 

1.55 

0.02 

0 .59 
0 . 13 

8.39 
528 

57 

36 
1.14 

NRCl6F82 

so 
4.71 

3.02 

1.57 

10 .07 
1.837 

3.670 

3.16 
3.94 

5.98 

0 .858 
4.90 
4.40 

0 .468 

0.110 
0 .045 

0 .057 

0 .360 

0 .021 
0 .244 

0 .025 
2.407 

400.0 

22.3 
11.8 

0 .348 

N 

3,744 

3,752 

3.767 

3,758 
2,585 

2.586 

3.759 

3.756 

392 
3,767 

3.766 

1.155 

3,750 

1.443 
1.446 

1.44 1 

1.446 

373 
1,355 
1,453 

1,232 

1.244 

1.24 1 

1.259 
65 

Grass-Legume M ixtures. 

Predominantly Grass, 

Hay. Mid-Marurity 

Mean 

89.2 

9.4 

15.6 
4 1 

49 
10 

13.0 

26 
70 
34.2 

0.99 
1.33 

33.8 
54.7 

67.5 

NRCl6F84 

so 
5.93 

1.72 

2 .89 

6 .80 

0 .291 

2.90 
4 . 18 

9.54 

N 

4,659 

4.603 

4.650 

4.108 

4.162 

4.650 
4,654 

1% 

PREPUBLICATION COPY-Uncorrected Proofs 



���������� �����	


���������	����������������	�������
������������������� �	��!�!�"#�$���%��&� ���

NUTRIENT COMPOS!T!ON OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

Lignin. % DM 
Starch. % DM 
WSC. % OM• 
TFAs. % DM 

Crude fat, % DM 
DE base, Meallkg1 

Ca. % DM 
P, % DM 
Mg, % DM 
K. % DM 
Na. % DM 
Cl. % 0M 
S. % DM 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo, mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash, % OM 
CP, % DM 
A fraction. % of CP• 
B fraction. % of CP' 
C fraction, % of CP' 
KdofB. %/11• 
RUP, % CP' 
dRUP. % of RUPd 
Soluble protein. % CP 
ADIP, % DM' 
NDIP. % DMf 
AOF. % OM 
NOF. % OM 
IVNOF048, % of NOF• 
Lignin. % DM 
Starch. % OM 
WSC. % OM• 
TFAs, % OM 
Crude fat, % DM 
DE base, Meallkg1 

Ca. % OM 
P. % 0M 
Mg, % OM 
K. % DM 
Na,% DM 

Cl. % 0M 
S. % 0M 
Cu, mg/kg DM 
Fe. mg/kg DM 

Mn. mg/kg OM 
Zn. mg/kg OM 
Mo, mg/kg OM 

Gras.s-Legume Mixture.s. 

Mean 

6.70 
2.7 

JO.I 
1.37 

2.66 
2.38 

0.74 
0.25 
0.21 
1.91 
0.04 
0.43 
0 .02 

9.98 
309 
65 
28 

1.9 1 

Mix Hay 

NRC l6F89 

SD 

1.521 
2.26 
2.87 
0.483 

0.589 

0.3 13 
0.076 
0.060 
0.693 
0.052 
0.285 
0.0 16 
4.645 

423.9 
43.6 
13.7 

1.217 

N 

24,478 
9.892 
2.301 

20.8 16 
24,4 17 

16.636 
16.645 
16,594 
16,652 
2.646 
4,368 

16.305 
3,782 
3.755 
3.770 
3.767 

587 

Grass-Legume Mixtures, 
Predominantly Grass. Silage 

Mean 

39.6 
8 .1 

14.3 
41 
49 

10 
13.0 
26 

70 
49.2 

1.61 
3.51 

37.0 
57.7 
55.2 

5.62 
2.6 

1.98 
3 .75 
2.55 
0.55 
0.30 
0 .23 
2.40 
0.13 
0.82 
0 .18 

10.66 
395 

87 
32 

2 .77 

NRC l6F83 

so N 

10.99 49.300 
1.75 49,257 
2.65 49,294 

10.5 1 49.238 
0.377 49,224 
0.885 49.2 16 
3.90 49.299 
4.62 49,300 
8.36 2,8 10 
1.240 49,299 
1.24 46.473 

0.431 
0.6 11 

0.187 
0.071 
0.066 
0.759 
0.133 
0.473 
0.046 
5.566 

322.2 
44.3 

8.0 
2 .006 

43.787 
49,224 

3.177 
3. 181 
3,162 
3,179 

856 
851 

3, 117 
6,644 
6.565 

6.580 
6.594 

10 

Gras.s-Legume Mixtures. 

Mean 

5.90 
2.1 
8.1 
2 .03 
4.04 
2.60 

0.87 
0 .34 
0 .25 
2.54 
0.06 
0.59 
0.23 

10.73 
451 

72 

32 
179 

Mix Silage 

NRC l6F90 

SD 

1.423 
1.03 
3.64 
0.455 

0.676 

0.253 
0.050 
0 .044 
0.5 13 
0.064 
0.281 
0.035 
2.820 

396.4 
35.2 

7.7 

I.006 

N 

36,252 
35.763 
17.445 
17.547 

36,156 

17.747 
17.727 
17.689 
17,742 
2.036 

17.526 
17.673 
4,949 
4,936 
4.928 
4,926 
1,755 

Grass- Legume Mixture.s. 
Predominamly Legume, Hay, 

lmma1ure 

Mean 

88.6 
10.0 
20.3 
44 
49 

7 
15.1 
22 
75 
37.2 

1.61 
4.25 

32.9 
43.9 
49.9 

6.92 
1.9 
9.0 
1.78 
2.63 
2.64 
1.28 
0.30 
0 .30 
2.24 
0.07 
0.56 
0 .24 

10 .24 
285 

44 
26 

1.86 

NRC 16F87 

so N 

4.36 4.767 
1.46 4,830 
2.58 4,860 

6.50 
0 .277 
0.902 
3.68 
4.80 
6.46 
1.103 

0.88 
2.48 
0 .307 
0.506 

0.255 
0.058 
0 .063 
0.529 
0.090 
0.333 
0.047 
2.483 

245.4 

21.3 
5 .8 
1.138 

4,625 

884 
887 

4.877 
4.877 

420 
4,866 
4.763 
3.884 

891 
4 ,812 

3.960 
3.%1 
3,952 
3,%7 

% 1 
3.687 
3,742 
1, 135 
1. 126 

1. 14 1 
I, 13 1 

823 

GrasrLeg ume Mixtures. 
Predominantly Gras.s. 

Mean 

6.08 
2.5 

10.9 
129 
2.43 
2.43 
0.51 
0.22 
0.22 
1.55 
0.o7 
0.48 
0 . 14 
8.75 

261 
89 
27 

1.54 

Hay. Mature 

NRCl6F85 

SD 

1.511 
1.08 
4.11 

0 .519 

0.568 

0. 17 1 
0.065 
0 .068 
0.579 
0.089 
0.324 
0 .051 
3.274 

240.6 
57.8 
9 .2 
0 .915 

N 

36,460 
29.258 

8.772 
18.868 

36,029 

16.308 
16.321 
16.268 
16.272 
4.947 

10.263 
15.134 
8,762 
8,724 
8.733 
8.728 
2,226 

Grass-Legume Mixtures. 
Predominantly Legume, Hay, 

Mature 

Mean 

85.3 
9.0 

17.4 
34 
51 
15 

9.5 
34 

65 
32.0 

1.83 
4.38 

38.7 
51.2 
20.1 

8.27 
2 .5 

1.23 
2.27 
2.40 

1.24 
0.27 
0 .28 
2.52 
0.06 
0.43 
0 .21 

10 .29 
421 

56 
26 

1.81 

NRC16F86 

so N 

4.85 2,636 
1.67 2,626 
2.78 2.636 

6.40 
0.324 
1.113 
2.89 
2.85 

0.988 
0.80 

0 .2% 
0.407 

0.332 
0.086 
0 .072 
0.748 
0.077 
0.356 
0 .075 
2.492 

409.9 
26.3 

7.1 
0634 

2.622 
2.610 
2 .621 
2.636 
2.636 

I 
2,634 
2.609 

2.476 
2.623 

52 
52 
52 
52 
52 
44 
44 

744 
738 
742 
749 

6 

379 

GrasrLegume M ixtures. 
Predominantly Gras.s. 
Hay. Mid-Maturity 

Mean 

4.28 
1.5 

12.6 
1.93 

3.39 
2.64 

0.63 
0.33 
0 .27 
2.34 
0.08 
0.65 
0 .22 
0.52 

10 
295 

83 
29.65 

NRCl6F84 

SD 

0.%9 
1.13 
3.88 

0.630 

0.163 
0.068 
0 .065 
0.621 
0.100 
0.378 
0 .046 
0.406 
4.6 

342.7 
49.2 
10 .458 

N 

4.657 
4.557 
4.510 

4,578 

4.627 
4 .623 
4,621 
4.623 
1.179 
4,189 
4 ,205 

34 
1,215 
1.205 
1. 195 
1,182 

Grass-Legume Mixtures. 
Predominantly Legume, 

Silage 

Mean 

41.0 
10 .3 
20.0 
52 
39 
9 
8.2 

27 
72 
53.6 

1.99 
3.54 

33.9 
45.9 
56.2 

6.60 
2. 1 
6.6 
1.99 
3.81 
2.61 

1.26 
0.35 
0.27 
2.77 
0.05 
0.57 
0 .24 

10.94 
473 

57 
30 

I.69 

NRCI6F88 

so N 

10.33 40.430 
1.70 40.235 
2.06 40.423 

9.55 
0.467 
0.861 
3.43 
3.82 
5.94 

1.198 
1.10 
2.52 
0.419 
0 .663 

0.251 
0.046 
0.040 
0.461 
0.046 
0.267 
0 .034 
3.401 

499.3 

28.4 
7.8 
0 .899 

40.425 
21.276 
21.276 
40.3% 
40.424 

1.247 

40.404 
40.070 
18.858 
20.669 
40.370 

19.239 
19.212 
19,144 
19.225 
3.573 

19.051 
19.168 
7,416 
7.399 

7.394 
7.389 
3.235 

co11ti11ued 
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380 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

DM. % as fed 
Ash, % OM 
CP, % DM 
A fracrion. % of cp• 
B fraction. % of CP• 
C fraction. % o f CP• 

Kdof B, %/h• 
RUP. % CP' 
dRUP. % of RUPd 
Soluble protein. % CP 
A DIP, % DM' 
ND!P. % DMI 
ADF. % DM 
NDF. % DM 
lVNDFD48. % of NDF' 
Lignin, % DM 
Starch. % DM 
WSC. % DM• 
T FAs. % DM 
Crude fat, % DM 
DE base, Mcallkg1 

Ca. % DM 
P. % DM 
Mg, % DM 
K. % DM 
Na, % DM 
Cl. % DM 
S. % DM 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg DM 
Z n. mg/kg DM 
Mo. mg/kg DM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP, % DM 
A fraction, % of CP• 
B fraction. % of CP' 
C fraction. % of C P' 
Kd o f B. %/h• 
RUP. % CP' 
dRUP. % of RUPd 
Soluble protein. % CP 
ADIP. % DM' 
NDIP, % DMI 
ADF. % DM 
NDF. % DM 
IVNDFD48. % of NDF< 
Lignin. % DM 
Starch, % DM 
WSC, % OM• 

Legume Hay, Immature 

Mean 

89.3 
11.0 
2 1.5 
43 
51 
7 

17.8 
21 

65 
4 1.1 

1.51 
2.80 

30.7 
37.7 
51.4 
6.59 
2.3 
9.8 
1.54 
2.55 
2.68 
1.51 
0.29 
0.32 
2.49 
0.20 
0.76 
0.19 

10.23 
430 

43 
26 

2.75 

NRC16F9 1 

SD N 

3.22 85.479 
1.46 85,949 
1.97 86,336 

8.55 85.77 1 
0.334 50,67 1 
0.945 50.575 
3.08 86.414 
3.69 86.443 
8.48 6,645 
0.776 86,373 
0.70 65.803 
1.87 20.423 
0.360 56.590 
0.439 85.735 

0.225 4 1.783 
0.047 42.028 
0.062 4 1.874 
0.555 42,018 
0.137 6.313 
0.325 23.579 
0.041 
4.756 

333.9 
14.4 
8.5 
1.839 

4 1.508 
19,685 
19.685 
19.59 1 
19.672 
2.045 

Legume S ilage. 
Mid-Maturity 

Mean 

42.9 
10.6 
20.5 
52 
39 

9 
8.2 

27 
70 
49.3 

1.25 
2.24 

33.7 
43.2 
49.4 

7.42 
2.0 
6.3 

NRCl6F95 

SD N 

11.35 99.804 
1.73 98.949 
2.19 99,680 

9.95 99.506 
0.254 4 7 .887 
0.647 47,958 
3.27 99.624 
3.94 99.573 
7.18 48.02 1 
1.283 99,678 
I.09 19,262 
2.47 11 .060 

Legume Hay. Maiure 

Mean 

87.7 
10.0 
18.I 
39 
49 
12 
14.0 
27 
65 
37.9 

1.75 
3.89 

37.2 
46.6 
43.4 

8. 12 
2.3 
9.8 
1.21 
2.25 
2.46 
1.37 
0.28 
0.29 
2.34 
0. 11 
0.66 
0. 12 
9.7 1 

380 
44 
24 
2.23 

NRC 16F92 

SD 

3.57 
1.49 
1.93 

6.13 
0.273 
0.946 
2.98 
3.34 
5.07 
0.812 
0.98 
1.87 
0.344 
0.428 

0.232 
0.049 
0.053 
0.479 
0.109 
0.295 
0.029 
2.972 

340.9 
18.2 
6.1 
1.744 

N 

17.360 
17,325 
17,414 

17,213 
6.501 
6,536 

17.409 
17.405 

677 
17,417 
11.948 
5.609 

10.725 
17,27 1 

10.915 
10.980 
10.968 
10,920 
1.163 
5.707 

10.787 
3,028 
2,998 
3.007 
3.011 

637 

Meat and Bone Meal. 

Mean 

96.I 
26.2 
56.6 
32 
42 
26 
8.8 

44 

61 
14.9 
2.84 

11.83 
0.0 
0.0 

0.00 
o.o 
0.0 

Porcine 

NRC l6F98 

SD N 

1.05 376 
3.24 314 
3.19 4 11 

3.85 113 
0.803 30 
2.344 10 
0.00 0.00 
0.00 0.00 

0.00 0.00 
0.00 0.00 
0.00 0.00 

Legume Hay, Mid-Maturity 

Mean 

88.1 
10.8 
20.7 
45 
45 
9 

17.8 
22 
65 
34.6 
0.74 
1.85 

32. 1 
4 1. 1 
52.4 
6.64 
1.5 
9.0 
1.50 
2.08 
2.63 
1.40 
0.28 
0.32 
2.39 
0.21 
0.76 
0.18 
9.69 

421 
38 
26 

2.53 

Mean 

87.5 
11 .2 
10.7 
28 
53 
19 
5.0 

47 
60 
34.7 
0.91 
3.49 

39.7 
6 1.9 
64.0 

5.64 
2.9 
8.4 

NRC l6F93 

SD N 

2.95 I 00.858 
1.44 101,438 
2.37 I 02.002 

6.97 
0.160 
0.596 
3.96 
4.84 
9.10 
1. 148 
0.85 
1.84 
0.466 
0.313 

0.255 
0.050 
0.063 
0.630 
0. 14 1 
0.324 
0.050 
2.615 

3 16.4 
13.3 
12.7 
1.710 

Millet Hay 

NRC l6F99 

SD 

100.429 
45.707 
45.773 

101.978 
101.963 
49.252 

101,932 
25.588 
26.447 
27.726 

101.238 

101.582 
101.747 
101.407 
101.742 

13.990 
35.929 

101.242 

N 

6.646 
6.612 
6.636 
6.645 
2.948 

3.26 862 
2. 19 429 
3.73 876 

11.87 865 

4.86 872 
5.58 873 
7.3 1 138 
1.629 445 
3. 11 338 
3.94 332 

Legume Silage. lmmarure 

Mean 

4 1.6 
I I. I 
22. I 
62 
29 
9 

13.1 
21 

70 
55.2 

1.60 
2.68 

32.0 
38.7 
53.3 

6.55 
1.9 
7.3 
1.98 
3 .22 
2.70 
1.30 
0.35 
0.33 
2.79 
0. 16 
0.80 
0.22 

11.44 
685 

62 
30 
3.51 

Mean 

29.3 
11.7 
13.0 
38 
29 
33 
3.7 

52 

55 
47.0 

1.13 
3.36 

39.2 
59.7 
6 1.2 

5.48 
3.5 
6.2 

NRCl 6F94 

SD N 

9.98 I 03.397 
1.84 102,570 
1.93 103,3 11 

10.05 
0.323 
0.776 
3.49 
3.7 1 
7.94 
1.016 
0.83 
2.59 
0.414 
0.463 

0. 174 
0.047 
0.051 
0.598 
0. 129 
0.364 
0.033 
2.761 

583.9 
27. 1 

6.9 
2.376 

Millet Silage 

NRC l6FIOO 

SD 

102.955 
94,3 18 
94.556 

103.291 
103.272 
26.119 

I 03,223 
70.071 

1.475 
74.0 17 

102,857 

34.542 
34.742 
34.596 
34.760 
4,890 
6.058 

34.406 
20,771 
20.686 
20.650 
20.768 

2 16 

N 

11.07 518 
3.07 448 
3.75 52 1 

10.38 518 

4.87 52 1 
5.90 522 
6.98 6 1 
I.680 45 1 
4.02 505 
4.02 331 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

TFAs, % DM 
Crude fat. % DM 
DE base, Meallkg1 

Ca. % DM 
P, % DM 

Mg,% DM 
K. % DM 
Na. % DM 
Cl. % DM 
S, % DM 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg OM 
Zn. mglkg DM 
Mo, mg/kg DM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP, % DM 
A fr.iction, % of CP• 
B fr.iction. % of cp• 
C fraction. % of CP' 
Kd o f B. %/h• 
RUP, % CP' 
dRUP, % of RU Pd 
Soluble protein. % CP 
ADW. % DM' 
NDW, % DMf 
ADF,% DM 
NDF. % DM 
IVNDFD48. % of NDFg 
Lignin. % DM 
Starch, % DM 
WSC. % DM• 
TFAs. % DM 
Crude fat. % DM 
DE base, Meallkg1 

Ca, % DM 
P. % DM 
Mg. % DM 
K. % DM 
Na, % DM 

Cl. % DM 
S. % DM 
Cu. mg/kg DM 
Fe, mg/kg DM 
Mn. mg/kg DM 
Zn. mg/kg DM 
Mo. mg/kg DM 

Legume S ilage. 
Mid-Maturity 

NRCl6F95 

Mean SD N 

2.32 0.577 46,724 
2.87 0.486 99,133 
2.59 
1.25 0.175 90.914 
0.35 0044 91.354 
0.30 0.043 90,871 
2.82 0.510 91.218 
0.12 0.109 6.5% 
0.64 0.295 17.573 
0. 14 0.024 9 1, I 73 

10.59 2.817 3.974 
534 456.8 3.950 

55 24.2 3.952 
29 18.4 3,949 

2.09 1.486 1,378 

Molasses 

NRCl6FIOI 

Mean SD 

65.4 14.17 
16.0 4.87 
9.3 4.36 

74 
26 
0 
3.2 

21 
100 
95.9 0.00 
0.00 
0.00 
0.2 0.19 
0.6 0.41 

0.00 
0.8 0 52 

60.0 8.86 
0.00 
0.6 1 0.428 
3.07 
0.73 0.653 
0.26 0.276 
0.28 0.235 
4.49 1708 
1.51 0.547 
2.02 0.952 
0.64 0.259 

36.71 110.239 
2 16 326.0 

74 2 19.0 
112 295.5 

N 

13 
10 
32 

4 

5 
551 

30 

17 
17 
17 
17 
I I 
8 

20 
14 
14 
14 
14 

Meat and Bone Meal. 
Porcine 

NRCl6F98 

Mean SD N 

7.45 
11.90 1.621 315 
3.25 
9.29 2.297 373 
4.59 0.991 372 
0.28 0.111 220 
0.91 0.563 223 
0.7 4 0.403 185 
0.49 0.140 86 
0.51 0.126 109 

20.0 I 22.084 17 4 
451 256.4 175 
24 45.0 176 

160 77.3 175 

Oat Grain. Rolled 

Mean 

89.3 
3.2 

12.2 
72 
20 

8 
26.4 
16 
72 
27.I 

0.77 
1.21 

14.5 
28.6 
35.9 

3.20 
44.7 

2.9 
4.80 
S.68 
3.27 
0.13 
0.38 
0.14 
0.56 
0.01 
0.14 
0.16 
6.58 

129 
53 
33 

1.36 

NRCl6FI02 

SD 

2.14 
0.57 
1.75 

6.44 
0.377 
0.658 
3.70 
6.45 

14.72 
0.756 
6.06 
0.94 

1.424 

0.172 
0.082 
0.031 
0.323 
0.009 
0.077 
0.041 
3.116 

83.0 
17.0 
10.I 
0.603 

N 

911 
717 
910 

669 
107 
104 
910 
910 

7 
648 
872 
99 

709 

805 
812 
790 
798 
238 
117 
606 
265 
269 
270 
265 
124 

Millet Hay 

NRC l6F99 

Mean SD N 

1.09 0. 375 122 
1.95 0.673 445 
2.25 
0.54 0. 265 864 
0.28 0.070 868 
0.31 0.097 865 
2.71 0.769 868 
0.03 0.036 41 
1.07 0.636 303 
0.18 0.056 865 
9.12 3. 122 34 

286 224.5 34 
105 I 14.8 34 
43 19.5 33 

1.58 1.176 24 

Mean 

89.5 
7.4 
8.5 

35 
53 
12 
4.3 

42 
70 
39.5 

1.03 
2.05 

37.5 
59.0 
56.0 
4.71 
4.1 

17.8 
1.45 
2.36 
2.51 
0.32 
0.21 
0.14 
1.70 
0.42 
0.94 
0.13 
6.77 

257 
66 
20 

1.37 

Oat Hay 

NRCJ6FI03 

SD 

2.65 
2.09 
2.44 

7.75 
0.284 
1.004 
4.47 
6.04 
6.55 
1.475 
2.67 
7.55 
0.575 
0.581 

0. 163 
0.055 
0.046 
0.592 
0.282 
0.504 
0.049 
3. 118 

243.4 
31.1 
8.0 
0.708 

N 

14.004 
12.9 10 
13.998 

13.769 
1.444 
1.441 

14, 112 
14.1 24 
2.598 

12.949 
12,306 
10.657 

1.625 
12.862 

12,804 
12.88 1 
12.837 
12.897 
3,08 1 

10.68 1 
12.708 
3.561 
3,5 19 
3,541 
3.530 
1.1 19 

381 

Millet Silage 

NRCl6FIOO 

Mean SD N 

1.47 0.225 5 
2.79 0.789 452 
2.25 
0.55 0.224 5 19 
0.33 0.083 520 
0.34 0. 110 5 18 
2.88 0. 928 521 
0.06 0. 114 69 
I .05 0.455 340 
0.20 0.050 5 17 

I 1.65 3. 702 55 
49 1 4 18.6 55 
110 76.7 54 
46 14.9 56 

2.08 1.645 36 

Mean 

91.4 
5.8 
5.0 

10 
5 1 
39 

1.4 
80 
62 
36.7 
0.67 
4.16 

39.6 
73.6 

6.54 
10.6 

1.0 
1.82 
1.94 
2.23 
0.16 
0.15 
0.11 
0.56 
0.02 
0.13 
0.09 
7.63 

198 
49 
22 

1.00 

Oat Hulls 

NRCl6Fl04 

SD 

1.85 
1.31 
1.58 

16.09 

6.33 
8.19 

1.920 
4.92 

0.827 

0.230 
0.065 
0.055 
0.2 18 
0.008 
0.042 
0.025 
2.386 

97.5 
15.3 
6.5 
0.000 

N 

69 
32 
68 

16 

59 
67 

19 
2 1 

31 

46 
46 
46 
46 
25 

8 
2 1 
24 
24 
24 
24 

8 

co111i11ued 
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382 NUTRIENT REQUIRFMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

OM. % as fed 
Ash, % OM 
CP, % OM 
A fraction. % of cp• 
B fraction. % of CP• 
C fraction. % of C P• 

Kd of B, %/h• 
RUP, % CP' 
dRUP. % of RUP" 
Soluble protein. % CP 
ADIP. % OM' 
ND!P. % OM! 
AOF. % OM 
NDF. % DM 
IVNDF048. % of NOF' 
Lig nin, % OM 
Starch. % OM 
WSC. % OM• 
TFAs. % OM 
Crude fat, % OM 
DE base, Mcallkg1 

Ca. % OM 
P. % DM 
Mg, % OM 
K. % 0M 
Na. % OM 
CI. % DM 
S. % 0M 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo. mg/kg OM 

Name 

Feed TD Code 

DM. % as fed 
Ash. % DM 
CP. % OM 
A fraction, % of CP• 
B fraction, % of CP• 
c fraction. % of cp• 
Kd of B. %n1• 
RUP, % CP' 
dRUP, % of RUPd 

Soluble prorein. % CP 
ADIP, % DM' 
NOIP. % DMI 
AOF, % OM 
NOF. % OM 
IVNOF048. % of NDFs 
Lignin, % OM 
Starch, % OM 
WSC, % OM• 

Oat Silage, Immature 

NRC16F105 

Mean 

33.7 
13 .4 
18.5 
46 
3 1 
24 

5.4 
41 

65 
57.6 

1.09 
2.94 

3 1.7 
45.8 
59.3 

3.89 
1.8 
4.3 
2.24 
4.23 
2.58 
0.72 
0.40 
0 .25 
3.18 
0.30 
1.1 9 
0.26 

10.03 
103 1 

115 
34 

SO 

9 .47 
2.90 
2.72 

11.26 
0.320 
1. 167 
3.70 
4 .28 
9.27 
1.072 
1.2 1 
2.53 
0.380 
0.593 

0.254 
0.05 1 
0.065 
0.531 
0.350 
0.604 
0.034 
8. 149 

737.6 
50.2 

8.5 

Peanut Hay 

N 

1.712 
1,495 
1,7 15 

1.707 
904 
905 

1.7 18 
1.7 19 

136 
1,506 
1.6 10 

13 
853 

1.494 

820 
8 18 
8 13 
8 16 
51 
53 

8 17 
274 
272 
275 
27 1 

NRCl6FI09 

Mean 

9 1.3 
10.4 
12.0 
45 
45 

9 
17 .8 
22 
65 
35.7 

1.74 
3.74 

37.9 
45.8 
40.I 

8.48 
4 .0 

10 .3 

SD N 

1.22 275 
2.37 275 
3 .39 275 

8.77 249 

5 .72 274 
6.34 274 
6.98 14 
2.03 1 263 
2.84 252 
2 .84 244 

Oat Silage, Mid-Maturiry 

NRC16F 106 

Mean 

35.8 
10.4 
12.9 
45 
3 1 
24 

5.4 
42 
65 
58.9 

1.21 
2.08 

38.8 
57.4 
54.1 

5.39 
3 .2 
6.7 
1.77 

3.64 
2.41 

0 .51 
0.34 
0 .20 
2.68 
0 .23 
0.90 
0.19 
8.42 

6 11 
70 
30 

1.47 

Mean 

94.0 
4.6 
8.9 

27 

69 
4 
6.4 

37 
38 
2 1.3 
2.63 
5.42 

59 .8 
69.6 

24.25 
1.3 
3.5 

SO 

10.08 
2.58 
2 .89 

10.70 
0 .283 
0.827 
4 .06 
5.40 
6 .34 
1.138 
2.97 
3 .72 
0.413 
0.63 1 

0 .2 12 
0.058 
0 .051 
0.671 
0.2 10 
0.430 
0 .037 
3.428 

578.0 
39.7 

9.1 
0.744 

Peanut Hulls 

NRC l6FI 10 

SD 

1.5 1 
2.84 
1.16 

N 

14.245 
12,534 
14,25 1 

14,145 
4.102 
4,103 

14.224 
14.25 1 

878 
12,561 
13.764 
5.412 
3.358 

12,564 

10.360 
10.38 1 
10.353 
10,395 

1.280 
5.524 

10,389 
2,505 
2,478 
2.497 
2.504 

591 

N 

174 
23 

175 

8.10 122 

4.74 173 
3.93 174 

3 .18 1 16 

0 .89 13 
2.44 6 

Pea Hay 

NRC16F107 

Mean 

89.5 
9 .1 

15.9 
45 
46 

9 
17.8 
22 
65 
45.9 

1.48 
3.60 

32.0 
43.4 
58.5 

5 .78 
8 .6 
9.0 
1.69 
2 .98 
2.66 
1.04 
0.28 
0 .27 
2.05 
0.11 
0 .55 
0 .20 
9 .27 

1169 
45 
32 
2.20 

SO N 

2.22 79 
2.04 80 
3.29 80 

14.07 79 

4.38 80 
6.65 80 
0.7 1 2 
1.452 80 
4.97 80 
6.14 80 

1.153 80 

0.257 80 
0.069 80 
0,075 79 
0.599 79 
0.081 11 
0.254 75 
0.045 79 
5. 159 II 

1213.3 II 
21.3 II 
19.2 10 
2.683 5 

Peamll Meal. Expellers 

Mean 

94.0 
6.5 

42.6 
62 

36 
2 

16.1 
15 
94 
37.7 

1.95 
5.63 

15.9 
22.9 

5.39 
6.4 

NRCl6FI 11 

SD 

1.00 
1.99 
5 .52 

12.49 

8 .78 
8 .99 

4.404 
2 .75 

N 

173 
13 

172 

10 

9 
9 

10 
8 

Pea Silage 

NRC 16F108 

Mean 

3 1.7 
11.4 
17.0 
52 
39 
9 
8 .2 

27 
72 
59.0 
2.23 
3.86 

37.1 
52.5 
57.7 
6.42 
3.4 
4.5 
1.68 
3 .80 
2.46 
0.88 
0.34 
0.24 
2.86 
O.Q4 
0.72 
0.2 1 

11.06 
1205 

56 
35 

L57 

SO N 

9.86 96 
3.3 1 98 
3.80 99 

10.02 99 
0 .630 4 
0.725 4 
4 .80 99 
7 .04 99 
8.66 6 
1.644 99 
3.31 95 
2.49 89 
0.440 4 
0.777 98 

0.2% 92 
0.059 95 
0 .070 94 
0.815 95 
0.025 17 
0.342 84 
0 .052 94 
5.446 16 

1032.2 16 
33.8 16 
17.9 16 
0.756 14 

Peanut Skins 

Mean 

92.4 
3.2 

16 .2 
27 

70 
4 
6 .0 

39 
38 
20.9 

2 .87 
4 .01 

36.5 
47.4 

17.85 
3.2 

11.9 

NRCl6F I 12 

SD 

2.38 
1.17 
4.75 

N 

74 
37 
74 

14.15 50 
0.654 8 
1.4 17 8 

17.09 73 
16.49 74 

10.914 21 

3 .18 6 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

TFAs. % OM 
Crude fat, % OM 
DE bt1se, Meal/kg' 

Ca. % DM 
P. % 0M 
Mg. o/o DM 

K. % 0M 
Na, % OM 
Cl. % 0M 
S. % 0M 
Cu. mg/kg OM 
Fe. mglkgDM 
Mn. mg/kg DM 
Zn. mglkg DM 
Mo. mg/kg OM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % OM 
CP. % OM 
A fraction. % of CP• 
B fraction. % of CP• 
c fraction. % of cp• 
Kd of B. %/h• 
RUP, % CP' 
dRUP, % of RUP,, 
Soluble protein, % CP 
ADIP. % DM' 
NOTP. % OMf 
AOF, % OM 
NDF.% DM 
IVNOF048. % of NDFg 

Lignin. % OM 
Starch. % OM 
WSC, % OM• 
TFAs. % DM 
Crude fat. % DM 
DE base, Meal/kg' 
Ca, % OM 
P,% DM 
Mg. % OM 
K. % 0M 
Na, % OM 
Cl, % DM 
S. % 0M 
Cu. mg/kg DM 
Fe. mg/kg OM 
Mn, mg/kg OM 
Zn, mg/kgDM 
Mo. mg/kg DM 

Mean 

1.31 
2.30 
2.37 
1.34 
0.17 
0.48 

1.68 
0.04 
0.63 
0.15 
9 .9 1 

578 
69 
29 

2.43 

Mean 

94.I 
3.0 

25.6 
26 
73 

0 
9.3 

29 
90 
35.I 

1.17 
3.38 

17.3 
24.0 

5.85 
2.8 

4 1.24 
42.24 

4.60 
0.09 
0.38 
0.20 
0.68 
0.40 
0.41 
0.20 
6.91 

75 
2 1 
33 
2.70 

Peanut Hay 

NRC16F109 

so N 

1.070 258 

0.309 272 
0.060 270 
0.210 270 

0.479 271 
0.069 103 
0.334 236 
0.042 249 
5.349 122 

597.2 120 
37.7 122 
12.2 121 
3.857 68 

Peanuts 

NRCl6FI 13 

SD 

2.44 
0.43 
3.95 

24. 14 

12.49 
13.92 

5.479 
0.92 

8.079 

0.059 
0.071 
0.035 
0.082 
1.193 
0.523 
0.029 
1.505 

66.4 
7.6 
8.2 
2.179 

N 

38 
9 

38 

16 

37 

38 

8 
9 

23 

24 
24 
24 
24 
25 
2 

18 
23 
23 
24 
24 
20 

Peanut Hulls 

NRC16F llO 

Mean so N 

3.21 
4.21 1.468 135 
1.57 
0.26 0.107 152 
0.09 0.025 153 
0.12 0.062 151 

0.64 0.159 153 
0.02 0.021 141 
0.12 0.080 5 
0.09 0.0 19 127 

12.52 3.437 152 
647 307.4 151 

51 12.0 153 
16 4.9 153 

1.29 0.572 35 

Mean 

88.9 
3.6 

24.3 
57 
42 

I 
16.0 
15 
89 
75. I 

1.02 
3.65 
7 .9 

12.2 
71.6 
0.95 

43.0 
8.3 
1. 14 
2.08 
3.67 
0 .1 1 
0.43 
0. 14 
1.10 
0.01 
0 .12 
0. 19 
8.47 

119 
17 
38 

3.31 

Peas 

NRCl6FI 14 

SD N 

1.70 226 
1.01 65 
2.31 232 

8.03 76 

2 .57 209 
3.68 231 

19.19 5 
0.531 32 
5.74 65 
1.19 12 

1.426 97 

0 .059 143 
0.091 147 
0.028 148 
0.203 148 
0.006 129 
0.027 21 
0.029 78 
1.7 17 131 

118.6 129 
8.9 129 
8.0 131 
2.828 120 

Peanut Meal. Expellers 

Mean 

7.31 
8.46 
3. 73 
0.35 
0.57 
0.41 

1. 19 
0.07 
0.26 
0.30 

13.21 
622 

34 
48 

5.30 

NRC16Fll I 

so 

1.744 

0.419 
0.214 
0.232 
0.151 
0.120 
0.279 
0.072 
4.644 

597.6 
14.0 
17.3 

1.4 18 

N Mean 

18.61 
173 19 .61 

2.74 
14 0.30 
14 0.16 
14 0 .18 

14 0.58 
14 0.03 
8 0.05 

11 0.15 
14 40.75 
14 293 
14 27 
14 32 
10 1.83 

Peanut Skins 

NRC16FI 12 

so 

9.706 

0.080 
0.069 
0.059 
0.129 
0.102 
0.057 
0.029 

22.153 
282.5 

14.3 
10.8 
1.337 

383 

N 

51 

67 
67 
67 

67 
64 
II 
39 
67 
67 
67 
67 
12 

P ineapple Cannery Waste Potato By-product Meal 

Mean 

23.4 
6.1 
7.0 

42 

53 
5 
7.4 

30 
80 
45.5 

0.93 
1.66 

36.4 
62.4 
65.0 
6.24 
3.4 
8.2 
0.94 
1.94 
2.42 
0.43 
0.15 
0.14 
1.56 
O.Q2 
0.53 
0.14 
9.84 

799 
123 
19 

1.00 

NRCl6Fll5 

SD 

8.09 
2.19 
1.68 

12 .78 

5.47 
7.37 
0.00 
4.349 
7.34 
7.41 

0.845 

0 .286 

0.046 
0.101 
0.648 
0.044 
0.239 
0.048 
3.537 

844.4 
85.0 
10.7 
0.000 

N 

39 
37 
58 

5 1 

58 
58 

I 
36 
32 
19 

37 

55 
55 
55 
53 
52 
29 
51 
55 
54 
55 
53 
16 

Mean 

23.0 
5.6 

10.0 
5 

90 
5 
2.0 

57 
80 
39.I 
0 .94 
1.63 

10.7 
14.4 

3.00 
57.5 
7. 1 
1.78 
2.78 
3.16 
0.17 
0.25 
0.11 
1.39 
0.12 
029 
0.15 
6 .93 

348 
17 
22 

NRCl6FI 16 

SD 

7.72 
2.86 
3.25 

20.62 
0.551 
1.080 
6.90 
9.88 

2.505 
15.33 
0.00 

2.818 

0.139 

0.065 
0.048 
0.787 
0.147 
0.218 
0.056 
2.842 

249.9 
8.7 
8.8 

N 

234 
232 
238 

104 
79 
79 

1% 
232 

112 
172 

237 

175 

194 
197 
205 
176 
71 

86 
165 
152 
158 
166 

COJ1/i1111ed 

PREPUBLICATION COPY-Uncorrected Proofs 



���������� ����	
�

��������
���	��	���������
�������������������������� �
��!�!�"#�$���%��&� ���

384 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19- 1 Continued 

Name 

Feed ID Code 

OM. % as fed 
Ash, % DM 
CP, % DM 
A fraction. % of cp• 
B fraction. % of CP• 
C fraction. % of C P• 

Kd of B, %/h• 
RUP, % CP' 
dRUP. % of RUP • 
Soluble protein. % CP 
ADIP. % OM' 
ND!P, % DMI 
ADF. % OM 
NOF. % OM 
IVNOF048. % of NOF' 
Lignin, % DM 
Starch, % OM 
WSC. % OM• 
TFAs. % OM 
Crude fat, % DM 
DE base, Mcallkg1 

Ca. % DM 
P. % DM 
Mg. % DM 
K. % DM 
Na. % DM 
CJ. % DM 
S. % DM 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg DM 
Zn. mg/kg DM 
Mo. mg/kg DM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP. % OM 
A fraction, % of C P• 
B fraction, % of CP• 
c fraction. % of cp• 
Kd o f B. %th• 
RUP, % CP' 
dRUP, % of RUP• 
Soluble protein. % CP 
AD!P. % DM' 
NOW. % DMI 
ADF. % OM 
NDF. % DM 
IVNDFD48. % of NDFg 
Lignin. % DM 
Starch, % DM 

Poultry By-product Meal 

NRC16F l l7 

Mean 

95.5 
14.2 
65.6 
5 

91 
5 
2.0 

71 
90 

SD 

2 .63 
3.21 

13.49 

28.2 8.39 
3.89 0 .000 

30.34 
0.0 0 .00 
0.0 0 .00 

0.00 0 .00 
0.0 0.00 
0.0 0 .00 

11 .78 
12.78 3.166 
4.25 
4.3 1 1.432 
2.48 0 .812 
0.16 0 .019 
0.89 0 .147 
0.38 0 .054 
0.55 0 .13 1 
0.74 0.058 

14.14 9.257 
233 84.3 
45 22.3 

122 36.4 
1.20 0.401 

Mean 

91.0 
17.4 
3.7 

27 
69 
4 
6.4 

37 

R ice Hulls 

NRC16F l20 

SD 

2 .59 
4 .1 8 
1.78 

N 

266 
266 
265 

53 

0.00 
0.00 

0.00 
0.00 
0.00 

266 

263 
263 
71 
72 
72 
5 

52 
72 
71 
71 
46 
46 

N 

17 
16 
24 

38 
16.0 
6.47 
8. 13 

6 .36 9 

65.0 
75.I 

16.62 
7.6 

1.458 2 
0.530 2 
8.82 17 
6 .50 15 

2 .730 
0.06 

3 
3 

Mean 

87.9 
1.8 
8.1 

31 
54 
15 
19.1 
29 
88 
17.9 
0.41 
1.12 
4.6 
6.4 

J.55 
75.8 

1.4 
1.24 
2.00 
3.48 
0.02 
0.26 
0.10 
0.25 
0.01 
om 
0.10 
3.% 

83 
37 
21 

1.00 

Rice, Grain 

NRC 16F123 

SD 

1.43 
J.62 
1.08 

N 

77 
66 
76 

8.57 73 

4.74 76 
5.69 76 

J.403 70 
7.65 75 
1.38 16 

J.060 68 

0.022 7 1 
0.116 72 
0.050 72 
0. 118 72 
0.005 7 1 
0.039 59 
0.015 7 1 
3.505 67 

18 1.2 70 
28.6 73 

5.7 72 
0.000 40 

R ice Silage. Headed 

Mean 

4 1. l 
12.5 
7.1 

62 
29 

9 
10.0 
22 
72 
45.4 

0.69 
1.85 

3 1.8 
41.9 

4.67 
32.2 

NRC16Fl21 

SD 

8.61 
2.86 
1.06 

13.74 

5.20 
6.73 

N 

59 
59 
59 

59 

58 
59 

1.3 12 59 
8.48 59 

Rice Bran 

NRC16Fl l8 

Mean 

92.4 
10.0 
14.8 
31 
45 
24 

3.4 
53 
85 
30.5 
0.78 
2.1 8 

13.8 
23.1 
23.3 

4.94 
22.2 

8.0 
12.00 
18.50 
3.22 
0.78 
1.77 
0.78 
1.40 
0.02 
0.1 3 
0. 17 
8.64 

2 16 
183 
6 1 

1.14 

SD 

1.70 
2.76 
1.55 

N 

338 
194 
344 

13.03 105 
0.698 6 
1.139 3 
4.69 330 
6.12 338 

14.01 3 
J.785 JI 1 
9.13 155 
2.81 83 

4.260 345 

1.105 237 
0.431 240 
0.192 230 
0.347 230 
0.04 1 2 19 
0.130 44 
0.022 125 
5.783 221 

194.9 223 
62.5 226 
13.5 202 
0.347 158 

Rice Silage. Vegetat ive 

Mean 

42.9 
16.2 
8.3 

62 
29 
9 

10.0 
22 
72 
41.8 

0.80 
2.15 

43.6 
6 1.5 

4.66 
7.6 

NRCl6Fl22 

SD 

17.30 
4.28 
2. 16 

12.1 1 

4.65 
5.18 

N 

78 
78 
78 

78 

78 
78 

1.288 78 
3 .99 78 

Rice Bran. Defaned 

Mean 

89.5 
12.3 
18.5 
3 1 
45 
24 

3.4 
53 
85 
18.2 
1.08 
3.54 

12.7 
25.9 

4.46 
2 1.5 

9.7 
2. 16 
3.16 
2.85 
0.83 
2.48 
1.08 
1.81 
0.02 
0.08 
0.20 
5.67 

178 
232 

76 
1.28 

NRC 16Fll9 

so 
1.75 
4.57 
2.40 

6.80 

2.93 
7.30 

1.757 
12.60 
3.65 

1.334 

0.885 
0.875 
0.340 
0.51 4 
0.007 
0.032 
0.043 
3.585 

91.5 
90.8 
20.7 

0.455 

N 

44 
31 
42 

27 

44 
44 

17 
19 
6 

44 

33 
31 
31 
31 
33 
12 
27 
33 
33 
33 
32 
29 

Rumen-Protected Lysine 

Mean 

98.0 

75.0 
25 
0 

75 

78 
98 

NRC l6FI002 

SD N 
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NUTRIENT COMPOS!T!ON OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

WSC. % DM• 
TFAs, % DM 
Crude fat. % OM 
DE base, Mcallkg1 

Ca. % DM 
P. % DM 

Mg, % OM 
K. % 0M 
Na. % DM 
Cl. % DM 
S, % DM 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg DM 
Mo, mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash, % DM 
CP, % OM 
A fraction. % of cp• 
B fraction. % of CP' 
C fraction. % of CP' 
Kdof B, %/h0 

RUP, % CP' 
dRUP. % of RUPd 
Soluble protein. % CP 
ADIP, % DM' 
NO!P,% OM! 
AOF. % OM 
NOF. % OM 
IVNDFD48. % of NDF< 
Lignin. % OM 
Starch, % OM 
WSC. % OM• 
TFAs. % OM 
Crude fat. % DM 
DE base, Mcallkg1 

Ca. % OM 
P. % 0M 
Mg. o/o DM 
K. % 0M 
Na. % OM 
Cl. % 0M 
S. % 0M 
Cu, mg/kg DM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo. mg/kg OM 

Me:m 

0.27 
J.27 
1.17 
0.24 
0.12 

0.09 
0.44 
0.07 
0.10 
0.09 

57.36 
389 
281 
340 

Rice Hulls 

NRC 16F120 

SD N 

0.638 10 

0.466 25 
0 .157 25 
0 .126 25 
0 .360 25 
0.157 12 
0.022 4 
0 .128 17 

179.958 14 
367.6 14 
360.6 14 

I 160.7 14 

Rumen-Protected Methionine 

Mean 

98.0 

75.0 
25 
0 

75 

78 
98 

NRC l6Fl001 

SD N 

R ice S ii age. Headed Rice Silage. Vegetat ive 

Mean 

J.62 
2.86 
2.49 
0.21 
0.23 
0.14 
1.17 
0.02 
0.34 
0.1 I 

I 1.77 
408 
508 

36 
1.46 

NRC16F12 1 

SD 

0.605 

0.063 
0.043 

0.023 
0.323 
0.014 
0. 103 
0.026 
5.268 

230.3 
242.0 

8.0 

0.836 

Rye Annual Fresh. 

Mean 

15.8 
10.9 
27.5 
57 
33 
10 
6.0 

28 
65 
25.4 

1.42 

6.84 
24.8 
42.9 
83.6 
3.14 
4.9 
5.8 
3.07 
5.03 
2.94 

0.48 
0.49 
0.29 
3.17 

0.40 

Immature 

NRC l6Fl24 

SD 

3.27 
1.02 
2.87 

5.38 

2.60 
4.04 

10.71 
0.810 
1.37 
0.70 
0.563 
0.408 

0. 173 
0.051 
0.039 
0.494 

O.D48 

N 

58 

59 
59 

58 
58 
57 
32 
59 
57 
56 
57 
58 
46 

NRC16F122 

Mean 

1.8 
1.47 
2.59 
2.18 
0.27 
025 
0. 17 
1.91 
0.02 
0.53 
0.15 

I 1.92 
523 
556 

39 
1.81 

SD 

J.62 

0.661 

0.078 
0.063 

0.039 
0.396 
0.024 
0.143 
0.052 
5.721 

325.8 
276.1 

10.7 
0.973 

N 

3 

78 

77 
77 

77 
77 
77 
19 
77 
77 
77 
77 
78 
72 

Rye Annual Fresh. 

N Mean 

240 19.5 
240 9.7 
239 20.5 

57 
33 
10 
6.0 

28 
65 

237 28.6 
1.06 
5.09 

240 28.2 
240 49. 1 

2 
239 3.70 

4 4.9 
2 7.7 

233 2.44 
240 4.37 

2.78 
240 0.51 
239 0.39 
239 0.27 
240 2.64 

240 0.30 

Mid-Maturity 

NRCl6Fl25 

SD 

3.41 
0.97 
2.63 

5.70 

2.20 

3.63 

0.628 

0.06 
0.379 
0.439 

0.169 
0.040 
0.044 
0.396 

0.037 

N 

64 
64 
64 

62 

64 
64 

64 

2 
64 
64 

64 
63 
64 
64 

64 

385 

Rumen-Protected Lysine 

NRC 16F1002 

Mean SD N 

Rye Annual Hay. Immature 

NRC16Fl26 

Mean SD 

90.0 1.76 
I I.I 1.62 
22.9 6.22 
57 
33 
10 
6.0 

28 
65 
39.2 12.57 

J.69 
5.69 

27.2 5.07 
47.0 6.35 
85.5 6.98 
3.44 1.190 
2.0 1.47 

12.8 5.26 
2.53 
4.46 0.952 
2.80 
0.59 0.176 
0.40 0.082 
0.26 0.074 
3.17 0.702 
0.51 0.425 
1.46 0.612 
0.29 0.068 
9.43 3.255 

406 347.7 
113 63.5 
37 15.0 

1.49 1.361 

N 

2.416 
2.413 
2.417 

2.373 

2.417 
2.415 

209 
2.409 
2.398 
2.075 

2,397 

2.404 
2.403 
2.401 
2.407 

855 
2.316 
2.367 

840 
844 
852 
751 

498 

co111i1111ed 
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386 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

DM. % as fed 

Ash, % OM 

CP. % OM 
A fraction. % of C P• 

B fraction, % of CP• 

c fraction, % of cp• 
Kdof B. %th• 

RUP, % CP' 
dRUP. % of RU P d 

Soluble protein. % CP 
AO!P,% OM' 

NDIP. % DMI 

AOF. % DM 
NDF. % DM 

IVNOF048, % of NOF' 
Lignin. % OM 
Starch, % DM 

WSC. % DM• 

TFAs, % DM 

Crude fat. % OM 

DE base, Mcallkg1 

Ca. % DM 
P. % DM 

Mg, % OM 

K. % 0M 

Na. % OM 
Cl. % DM 
S ,% DM 

Cu, mg/kg OM 

Fe. mg/kg OM 

Mn. mg/kg DM 
Zn, mg/kgDM 

Mo. mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash, % DM 

CP, % OM 
A fraction, % of cp• 
B fraction, % of cp• 
c fo1ction. % of cp• 
Kd of B, %th• 

RUP, % CP' 
dRUP. % of RU Pd 

Soluble protein. % CP 
AD!P, % DM' 

NO!P, % OMf 
AOF. % OM 
NOF, % DM 

IVNDFD48. % of NDF< 

Lig nin, % OM 

Rye Annual Hay. Mature 

NRC l6Fl27 

Mean 

92.7 
6 .3 

7 .6 
57 

33 

10 
6 .0 

28 
65 
36.0 
0 .56 

1.89 

42.7 
66.8 
45.9 
6 .21 

2 .0 
12 .7 

1.01 

1.77 

2.36 
0 .37 
0 .18 

0 .16 

1.42 

0 .1 3 

0 .69 
0 .13 

5.67 

175 

11 5 

25 
1.24 

so N 

1.36 460 

1.28 459 

2 .30 459 

6.92 

4. 12 
5 .33 

8.72 
1.156 

1.58 

5.2 1 

0 .604 

0. 1 14 
0 .059 

0 .047 

0.464 

0 .151 

0 .380 
0 .040 
2.427 

141.8 

65.0 
12 .6 

0.468 

427 

460 
460 

33 
460 

449 

430 

457 

455 
459 

459 

459 

15 1 

403 
429 

153 

150 
15 1 

150 
59 

Rye Annual Silage. 

Mean 

34.9 

10 .3 

14.4 

57 

33 

10 
5.9 

29 
65 

61.7 
1.23 

2 .05 
38.3 

58.0 

6 1.9 
4.93 

Mid-Mawrity 

NRC l6Fl 30 

SD 

10.48 
2 .14 

3.53 

1 1.9 1 
0 .3 17 

0 .827 
4 .9 1 

6 .67 

6 .99 
1.249 

N 

1 1,836 

1 1,821 

1 1,850 

1 1.8 17 
2,95 6 

2,968 
11.835 
1 1,848 

1.75 1 

1 1,845 

Rye Annual Hay, 

Mid-Maturity 

Mean 

90.3 

9.3 

12.0 
57 

33 

10 
5.9 

28 
65 
4 1.0 

1.09 

2 .50 

36.7 
57.3 

59.8 
4.84 

2.2 
14.0 

1.47 

2 .89 

2.50 
0.51 
0 .28 

0 .20 

2 .3 1 

0.26 

1.09 
0 .17 

8 .1 4 

365 

90 
30 

1.42 

Mean 

86.0 
2.6 

11 .8 
3 1 
54 

15 
19.1 

29 

88 
33.0 
0.55 

1.50 
5.4 

16.0 

1.55 

NRCl6Fl3 1 

so N 

3.45 2,532 

2.00 2,359 

4.26 2.533 

1 1.29 
0.275 

1.1 04 

5.43 
7 .59 

13.10 
1.377 

1.56 

6.39 

0.626 
0.944 

0.2 13 
0 .073 

0.062 

0 .645 

0 .237 
0 .521 

0.058 

3.309 
343.3 

52.6 
11 .5 
0 .729 

Rye Grain 

NRCl6Fl 32 

so 
2.41 

0.44 
1.62 

5.31 
0.11 8 
0.243 
1.43 

3.53 

0.740 

2,45 1 

73 1 

73 1 

2.534 
2.532 

64 
2.365 

2 . 189 

1.3% 

699 
2.359 

1,955 

1.963 
1,959 

1.965 

557 
1,526 
1,899 

95 1 

946 

950 

943 
238 

N 

27 

10 

28 

15 

6 
6 

24 

26 

6 

Rye Annual Si lage , 

Immature 

Mean 

34.7 
11 .0 
16.4 
57 

33 

10 
5 .9 

29 
65 
65.7 

1.06 

2.11 
33.1 
50.5 

34.0 
3 .76 

1.7 

1.95 
4.10 

2.64 
0.57 
0.42 

0.23 

3.63 

0.16 
1.14 

0.25 

10.39 
700 

72 
36 

NRCl 6Fl 28 

so N 

9.46 4,819 

2 .69 4 ,838 

2 .91 4.833 

14 .16 

0 .295 

1.062 

3.84 
4.80 

0.00 
0 .690 

1.06 

0.372 
0 .527 

0 .194 
0.110 

0.054 

1.035 

0 .16 1 
0.706 

0.062 
3.841 

723. 1 

34.4 

10.3 

4 ,840 

4.813 

4.803 

4837 
4833 

I 
4828 
4614 

4499 
4.8 19 

266 
269 

270 
270 

266 
255 

258 

1.6 10 
1.6 14 
1,6 11 

1.6 1 1 

Safflower Meal 

Mean 

94.0 
4.9 

26.2 
23 
7 1 

6 
10.4 

31 
75 
31.2 

1.52 

2.10 
40. I 
55.4 

25.5 

13.79 

NRC l 6Fl 33 

so N 

3.00 47 

0 .70 33 

4.18 47 

11.79 20 

3.98 35 
4.36 35 

0 .71 2 

1.774 13 

Rye Annual Silage. Mature 

NRCl6Fl29 

Mean 

67.2 

8.7 

8.3 
57 

33 

10 
5.9 

29 
65 
46.8 

0.70 

1. 17 

42.9 
66.2 
66.3 

5.7 1 

1.4 

12.3 
1.25 

2.20 

2.32 
0.36 
0.25 

0. 16 

2.07 

0.07 
0.85 
0. 15 

6.68 
396 

89 
27 

1.59 

so N 

7.34 232 

1.87 232 

2.22 232 

9. 13 

3.39 
3.76 

4.44 
0.933 

1.41 

5.11 

0.493 

0. 104 
0.060 
0.049 

0.502 

0.091 
0.299 

0.037 
2.766 

454.6 

60.8 

9.4 
1.276 

231 

232 
232 

29 
232 

231 

2 19 

231 

232 
232 

232 

232 

123 
222 
231 

II 0 
II 0 

II 0 

II 0 
79 

Sorghum Forage. Si lage. 

Mean 

29.2 
10 .7 

11.7 
58 
24 

16 
4.0 

33 
70 
5 1. 1 

8 .26 

20.15 
36.4 

56.7 

58.5 
4.92 

Immature 

NRC l6Fl35 

so 
6.53 
2.39 

1.83 

9.00 
1.6 11 

5.668 
2.92 

3.40 
6.47 

0.918 

N 

1,474 

1.479 
1,479 

1.473 
525 

520 
1.480 

1.478 
151 

1,477 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed lD Code 

Smrch, % OM 
WSC, % OM• 
TFAs. % OM 
Crude fat % OM 
DE base, Meal/kg; 

Ca, % OM 
P. % 0M 
Mg. % OM 
K. % 0M 
Na. % OM 
Cl. % 0M 
S. % 0M 
Cu. mg/kg OM 
Fe. mgfkg OM 
Mn, mgfkg OM 
Zn, mglkg OM 
Mo. mgfkg OM 

Name 

Feed ID Code 

DM, % as fed 
Ash. % DM 
CP. % DM 
A fmclion, % of CP• 
B frac1ion, % of CP• 
c frac1ion, % of cp• 
KdofB, %!11• 
RUP, % CP' 
dRUP. % of RUPd 
Soluble prmein, % C? 
AD[(>. % OM' 

NDTP. % DMI 
AOF. % OM 
NOF. % DM 
IVNDFD48. % of NOP 
Lignin. % DM 
Smrch, % OM 
WSC, % OM• 
TFAs, % DM 
Crude fa!. % DM 
DE base, Meal/kg; 
Ca, % OM 
P, % DM 
Mg. % DM 
K. % DM 
Na. % DM 
Cl, % DM 
S. % DM 
Cu. mg/kg DM 
Fe. mgfkg OM 
Mn. mgfkg OM 
Zn, mglkg DM 
Mo. mg/kg DM 

Rye Annual Silage. 
Mid-Ma1uri1y 

NRC l6Fl30 

Mean so 
1.5 1.17 
8.8 4.60 
1.68 0.409 
3.88 0.723 
2.48 

0.48 0. 185 
0.37 0.070 
0.19 0.048 
2.91 0.682 
0.15 0.187 
0.92 0.4 17 
0.21 0.048 
9.53 3.743 

493 411.6 
75 42.0 
34 11.3 

1.57 0.%4 

N 

11,387 
5,327 
2,8 18 

11.782 

8,970 
9.025 
9.0 16 
9.034 
1,562 
5,460 
9.009 
2.366 
2.363 
2,371 
2.385 

922 

Sorghum Forage, S ii age, 
Maiure 

NRC l6Fl36 

Mean so 
28.7 7.33 
9.9 2.77 

11.3 2.65 
49 
28 
24 

3.0 
44 

70 
51.0 8.99 

8.31 1.7 10 
16.1 7 4.374 
39.2 3.50 
61.6 4.27 
63.6 6.67 

5.15 1.125 
2.7 1.94 
5.3 3.38 
1.44 0.382 
3.07 0.653 
2.38 

0.49 0.139 
0.29 0.066 
0.27 0.064 
2.47 0.673 
0.02 0.031 
0.83 0.353 
0.17 0.039 
9.88 3.399 

516 434.4 
60 28.3 
38 12. 1 

1.44 0 .721 

N 

3.894 
3.910 
3.913 

3.904 
1.428 
1.432 
3.905 
3,91 1 

416 
3.895 
3.899 
2, 180 
1.265 
3.893 

2.529 
2.572 
2.529 
2.567 

452 
2,257 
2.569 

857 
857 
860 
869 
236 

Mean 

57.6 

1.45 
2. 15 
3.41 

0.25 
0.38 
0. 17 
0.97 
0.01 
0.05 
0. 14 
5.00 

52 
40 
38 

Rye Grain 

NRCl6Fl32 

so 
6.06 

0.536 

0.362 
0.065 
0.062 
0.813 
0.005 
0.000 
0.000 
1.732 
8.5 

14.6 
5.3 

N 

23 

10 

19 
19 
19 
19 
2 

3 
3 
3 
3 

Sorghum Grain. Ground 

Mean 

88.9 
2.5 

12.5 
24 
56 
20 

5.0 
50 

69 
20.2 

0.83 
1.60 
3.9 
6.1 

1.09 
72.6 

2.2 
2.92 
4.09 
3.29 

0.10 
0.38 
0. 15 
0.41 
0.03 
0. 17 
0. 12 
8.74 

7 1 
27 
23 

1.09 

NRCl6Fl37 

so 
1.14 
0.34 
1.13 

4.91 
0.406 
0.456 
1.06 
1.90 

0.364 
2.35 
0.50 

0.358 

0. 100 
0.039 
0.015 
0. 181 
0.093 
0.264 
0.009 

16.495 
39.3 
28.0 

5.2 
0.282 

N 

1,000 
882 
999 

908 
19 
2 1 

956 
956 

868 
994 

17 

910 

922 
9 19 
923 
929 
10 1 
57 

861 
100 
100 
100 
88 
47 

Safflower Meal 

Mean 

1.2 
5.1 
3.88 
5.35 
2.51 

0.32 
0.65 
0.34 
1.03 
0.03 
0.23 
0.25 

21.67 
240 

29 
66 

1.00 

NRCl6Fl 33 

so N 

0.88 10 
1.07 5 

3.825 47 

0.050 21 
0.149 21 
0.070 21 
0.135 20 
0.034 20 
0.043 4 
0.044 9 
4.004 21 

100.3 20 
6.9 20 

21.2 18 
0.000 14 

Sorghum Grain. 

Mean 

88.9 
2.5 

12.5 
24 
55 
20 

5.0 
50 

69 
20.2 

0.83 
1.60 
3.9 
6.1 

1.09 
72.6 
2.2 
2.92 
4.09 
3.62 

0.10 
0.38 
0.15 
0.41 
0.03 
0.17 
0.12 
8.74 

71 
27 
23 

1.09 

S1eam-Flaked 

NRCl6Fl073 

so 
1. 14 
0.34 
1. 13 

4.91 
0.406 
0.456 
1.06 
1.90 

0.364 
2.35 
0.50 

0.358 

0.100 
0.039 
0.015 
0.181 
0.093 
0.264 
0.009 

16.495 
39.3 
28.0 

5.2 
0.282 

N 

1000 
882 
999 

908 
19 
21 

956 
956 

868 
994 

17 

9 10 

922 
9 19 
923 
929 
101 
57 

861 
100 
100 
100 
88 
47 

387 

Sorghum Forage, Silage, 
lmmawre 

NRCl6Fl35 

Mean so 
8. 1 1.70 
4.3 3.42 
1.74 0.486 
3.06 0.582 
2.45 

0.43 0. 115 
0.25 0.047 
0.24 0.057 
1.91 0.423 
0.03 0.029 
0.70 0.270 
0. 15 0.027 

11.83 3.687 
891 612.7 
67 28.8 
44 14.8 

1.70 0.864 

Sorghum Hay 

NRCl6Fl38 

Mean SD 

91.4 1.45 
8.5 2.68 

10.2 3.71 
28 
53 
19 
5.0 

47 

60 
41.4 10.28 

0.95 
3. 18 

38.8 5.00 
63.0 5.93 
60.8 8.71 

5.00 1.465 
3.2 2.54 

10.3 5.26 
1.24 
2. 18 0.609 
2.39 

0.39 0. 130 
0.22 0.077 
0.29 0.089 
2.06 0.760 
0.04 0.061 
0.94 0.382 
0. 14 0.056 
8.63 4.360 

381 4 14. I 
44 26.4 
37 19.0 

1. 18 0.425 

N 

1,476 
880 
491 

1.465 

N 

%9 
977 
970 
975 
135 
912 
981 
265 
265 
267 
266 
87 

2,034 
2.041 
2.042 

2.007 

2.041 
2,036 
1. 165 
2.034 
2.033 
1,894 

2.026 

2.027 
2,038 
2,019 
2.035 

210 
1,898 
2.007 

222 
221 
216 
205 
119 

continued 
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388 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

OM. % as fed 
Ash. % OM 
CP, % OM 
A fraction. % of cp• 
B fraction. % of CP• 
C fraction. % o f CP• 

Kdof B, %/h• 
RUP, % CP' 
dRUP. % of RUPd 

Soluble protein. % CP 
A DIP. % OM' 
NO!P,% OM! 
AOF. % OM 
NOF. % OM 
IVNOFD48. % of NOF< 
Lignin, % OM 
Starch. % OM 
WSC. % OM• 
T FAs. % OM 
Crude fat, % OM 
DE base, Mcallkg1 

Ca. % OM 
P. % 0M 
Mg. % OM 
K. % 0M 
Na. % OM 
CJ. % 0M 
S. % 0 M 
Cu, mglkg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mglkgOM 
Mo. mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash. % OM 
CP, % OM 
A fr act ion. % of CP• 
B fraction. % of cp• 
C fraction. % of C P' 
Kd o f B. %/h ' 
RUP, % CP' 
dRUP. % of RUPd 

Soluble protein. % CP 
AOIP. % OM' 
NOJP, % OM! 
AOF. % OM 
NOF. % OM 
IVNDFD48. % of NDF< 
Lignin. % DM 
Starch, % OM 

Sorghum Soybean Silage 

NRC 16F139 

Mean 

32.3 
9.2 

11.7 
60 
24 
16 
4.1 

33 
70 
50.9 

1.14 

2.63 
35.2 
54.4 
54.0 

5.80 
9.9 
4.2 
1.81 
3. 19 
2.48 
0.62 
0.27 
0.28 
2.08 
0.03 
0.78 
0.16 

12.00 

584 
40 
34 

1.00 

Mean 

so 
I 1.35 

J.92 
3.59 

10.85 

5.04 
8.4 1 
0.00 
1.4 10 
8.05 
3.47 

0.660 

0.339 
0.061 
0.089 
0.601 
0.035 
0.357 
0.053 
3.937 

608.0 
13.8 
10.6 
0.000 

Soybean Hulls 

NRC l6F l44 

so 
90.4 1.90 

5.2 0.69 
1 1.9 1.43 
27 
70 
4 

6.4 
37 
68 
26.3 6.38 

I.I S 0.245 
3.65 0.569 

47.9 3.07 
66.7 3.63 
88.1 7.26 
2.57 0.752 

1.0 0 .70 

N 

34 
34 
34 

34 

34 
34 

I 
34 
34 
33 

34 

33 
34 
34 
34 
9 

31 
34 
9 
9 
9 
9 
7 

N 

1. 169 
690 

1226 

478 
94 
90 

996 
1.046 

9 
222 
197 

Sorghum-Sudangrass Hay 

NRC 16FJ42 

Mean 

90.5 
10.0 

9.8 
28 
53 
19 

5.0 
47 
60 
38.6 

1.05 
2.57 

39.3 
6 1.0 
54.4 

4.94 
3.7 

I 0.4 
I.J O 
1.93 
2.34 
0.37 
0.24 
0.25 
2.00 
0 .03 
0 .98 
0 .1 4 
9 .39 

359 
62 
39 

1.45 

so 
3.72 
2.78 
3.22 

9.6 1 
0.327 
0.686 
5.38 
6 .68 
8.58 
1.407 
3.02 
4 .1 8 
0.462 
0.590 

0.128 
0.066 
0 .066 
0.59 1 
0 .027 
0.410 
0 .047 
2.62 1 

282.1 
31.6 
13.7 

0.856 

N 

1.991 
2.026 
2,028 

2.028 
4 1 
4 1 

2.032 
2.033 
1.549 
2,033 
1.9 19 

947 
87 

2.023 

1.994 
2.026 
2.007 
2,023 

87 
724 

2.025 
60 
60 
60 
59 
5 1 

Soybean Meal. Expellers 

NRC l6Fl45 

Mean 

9 1.2 
6 .7 

47.6 

9 
9 1 

0 
2.4 

63 
93 
14.7 
0.9 1 
3.6 1 

JO.I 
19.6 

2.06 
1.8 

so N 

2.13 8 11 
0.64 483 
2.15 872 

8.61 457 
0.520 144 
2.348 146 
2.09 744 
4 .20 793 

J.090 26 1 
0.93 3 18 

Sorghum-Sudangrass Silage 

NRC 16F140 

Mean 

3 1.7 
10.9 
12.3 
38 
30 
32 

3.7 
51 
55 
47.3 

1.15 
1.90 

38.9 
59.5 
54.9 

5.25 
2 .8 
5.6 
J.63 
3.01 
2.31 
0 .52 
0.30 
0.26 
2.46 
0.06 
0.81 
0. 16 

11.42 

899 
77 
39 

1.60 

so 
9.44 
3.07 
3.25 

10 .00 
0.226 
0 .562 
3.88 
5 .16 
7.91 
1.254 
2 .83 
3.39 
0.432 
0606 

0 .184 
0 .07 1 
0 .070 
0.742 
0.063 
0.378 
0.043 
4. 194 

886.6 
43.1 
12.6 
0.881 

N 

7.137 
7.165 
7, 197 

7. 170 
2,940 
1.506 
7.194 
7.187 
2.201 
7, 187 
7.077 
1.785 
1.440 
7,177 

5.7 14 
5.756 
5.7 12 
5,759 

759 
2.031 
5 .757 

769 
771 
773 
779 
2 18 

Soybean Meal. Extruded 

NRCl6Fl 46 

Mean so 
93.4 2.06 

5.7 0.42 
40.4 2. 16 

18 
80 
2 
8.7 

45 
9 1 
17.4 9.70 
1.40 1. 185 
2.12 2.086 

10.6 2.67 
18.4 3.47 

2.15 0.835 
1.5 1.07 

N 

114 
68 

114 

69 
16 
16 

90 
88 

49 
42 

Mean 

9 1.6 
9.0 

20. I 
45 
45 
9 

17.8 
22 
65 
36.9 

1.97 
3.62 

31.3 
40.3 
50.5 
7.23 
5.7 
7.8 
1.9 1 
3.36 
2.68 
1.41 
0.28 
0.42 
1.85 
0.01 
0.40 
0.24 
8.76 

419 
7 1 
36 

1.67 

Soybean Hay 

NRC 16F143 

so 
2.65 
J.88 
5.38 

9. 11 

5.04 
7.37 
9.44 
1.305 
2.94 
3. 14 

J.440 

0.266 
0.078 
0.159 
0.579 
0.0 11 
0.225 
0.056 
J.694 

744.2 
29.0 
17.9 

1.282 

N 

390 
389 
389 

389 

388 
389 

37 

390 
388 
376 

388 

389 
389 
388 
389 
182 
385 
388 
18 1 
178 
178 
165 
87 

Soybean Meal. Solvent 
Extracted. 48 % CP 

Mean 

89.3 
7.2 

52.6 

18 
79 
2 
9.0 

33 
9 1 
23. 1 

0.63 
1.00 
7.2 

I I. I 
85.7 

1.08 
1.9 

NRC l6Fl34 

so N 

1. 12 1. 169 
0.55 1. 139 
J.69 1,400 

8. 16 788 
0.2 16 146 
0.580 144 
1.58 1. 119 
3.07 1.220 

11 .37 3 
0.520 560 
J.05 403 
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NUTRIENTCOMPOSIT!ONOF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

WSC, % DM• 
TFAs, % OM 
Crude fat % OM 
DE base, M eal/kg' 
Ca. % DM 
P, % DM 
Mg. % DM 
K. % DM 
Na. % DM 
Cl. % DM 
S, % DM 
Cu. mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kg DM 
Zn, mglkg OM 
Mo. mg/kg DM 

Soybean Hulls 

NRC l6Fl44 

Mean so 
2.7 0.91 
1.61 
1.89 0.862 
2.70 

0.64 0.075 
0.13 0.047 
0.28 0.032 
1.40 0. 147 
0.01 0.010 
0.04 0.029 
0.12 0.025 
7.58 1.770 

464 92.4 
21 6.6 
47 8.1 

1.05 0.221 

N 

53 

618 

955 
955 
896 
899 
755 
169 
446 
775 
770 
773 
767 
118 

Name Soybean Silage 

Feed ID Code 

DM. % as fed 
Ash, % DM 
CP, % DM 
A fraction. % of cp• 
B fraction. % of CP' 
C fmction. % o f CP' 
Kdof B, %/h 0 

RUP, % CP' 
dRUP. % of RUPd 
Soluble protein. % CP 
AD!P, % DM' 
NOIP,% OM! 
ADF. % DM 
NDF. % DM 
IVNDFD48. % of NDF< 
Lignin. % DM 
Starch, % DM 
WSC. % DM• 
TFAs. % DM 
Crude fat. % DM 
DE base, M callkg1 

Ca. % DM 
P. % DM 
Mg. o/o DM 
K. % DM 
Na. % DM 
Cl. % DM 
S. % DM 
Cu, mg/kg DM 
Fe. mg/kg DM 
Mn. mglkgOM 
Zn. mg/kg DM 
Mo. mg/kg DM 

Mean 

37.5 
10.1 
18.0 
57 
35 
7 

12.2 
21 
65 
49.0 

1.92 
2.88 

35.6 
45.3 
47.7 
7.81 
4.5 
4.3 
2.86 
4.26 
2.56 
1.33 
0.32 
0.37 
1.99 
0.02 
0.47 
0.23 

11.44 
664 
79 
40 

1.57 

NRC l6Fl47 

SD 

9.79 
2.59 
3.27 

10.26 
0.507 
1.082 
4.76 
6.59 
7.43 
1.482 
3.20 
2.29 
1.421 
1.7 18 

0.325 
0.087 
0.099 
0.597 
0.032 
0.344 
0.047 
3.33 1 

566.7 
39.3 
12.5 
0.935 

N 

672 
671 
673 

673 
207 
207 
673 
673 

38 
673 
652 
3 14 
153 
668 

475 
476 
474 
476 

55 
298 
471 
133 
128 
132 
134 
30 

Soybean Meal. Expellers 

NRCl6Fl45 

Mean so N 

11.8 1.24 99 
6.1 2 
7.1 2 2.368 872 
3.90 
0.34 0.073 515 
0.72 0.066 519 
0.31 0.033 492 
2.24 0.210 494 
0.01 0.014 363 
0 .06 0.042 223 
0.40 0.040 407 

15.12 2 .620 377 
1% 100.8 374 
39 9 .6 379 
53 7.7 372 
2 .72 1.268 189 

Soybeans, Whole Raw 

Mean 

89.1 
5.3 

40.0 
26 
74 
0 
9.3 

25 
90 
42.1 

0.66 
1.66 
7.0 

11.9 

1.52 
4.2 

16.99 
20.73 

4.33 

0.27 
0.65 
0.27 
2.03 
0.01 
0.04 
0.34 

11.86 
103 
26 
51 

NRCl6Fl48 

SD 

2.84 
0.47 
2. 12 

29.94 
0. 189 
1.015 
1.65 
3.36 

1.745 
1.84 

1.664 

0.078 
O.D70 
0.027 
0. 153 
0.006 
0.018 
0.028 
4.358 

28. I 
7.7 
7.2 

N 

180 
103 
216 

35 
22 
22 
43 
62 

28 
10 

212 

87 
87 
85 
86 
70 
10 
19 
74 
72 
73 
74 

Soybean Meal. Extruded 

NRCl6Fl46 

Mean so 
9.3 1.79 

15.08 
20.42 2.144 
4.16 

0.27 0.046 
0.63 0.073 
0 .25 0.019 
1.90 0.124 
0.01 0.008 
om 0.036 
0.33 0.025 

13.20 3.292 
119 37.3 
29 6.1 
44 15.8 
2.85 1.318 

N 

17 

113 

79 
79 
75 
76 
63 
35 
60 
70 
69 
70 
70 
47 

Soybeans, Whole Roa~ted 

NRCl6Fl49 

Mean 

94.0 
5.6 

40.0 
18 
77 
5 
9.3 

29 
87 
15.6 
0.97 
2.79 

JO.I 
18.4 
84.3 

1.80 
1.5 
9 .8 

15.35 
21.26 
4.16 

0.28 
0.63 
0.26 
1.90 
0.02 
0.o7 
0.32 

13.66 
13 1 
31 
46 

3.00 

SD 

2.23 
0.54 
2.07 

7.71 
0.789 
1.975 
2.80 
4.44 
9.95 
0.841 
1. 16 
1.61 

1.907 

0.118 
0.100 
0.030 
0.201 
0.041 
0.034 
0.034 
2.707 

72.3 
8.7 
8.8 
2.285 

N 

972 
533 

1.001 

457 
111 
98 

7 14 
733 

4 
248 
159 
26 

1,004 

623 
628 
586 
585 
441 
125 
384 
461 
458 
457 
459 
239 

389 

Soybean Meal, Solveni 
Extracted. 48 % CP 

NRCl6Fl34 

Mean so N 

13.0 2.07 118 
1.08 0.000 I 
1.82 0.870 1.387 
3.99 
0.40 0.099 983 
0.74 0.069 985 
0.33 0.032 94 7 
2.42 0.209 951 
0.02 0.018 626 
0.06 0.038 364 
0.41 0.033 829 

16.06 2. 103 657 
187 112.8 654 
4 1 7.9 659 
53 7.6 657 
4.32 2.086 460 

Mean 

87.4 
4.8 

12.9 
31 
54 
15 
19.0 
29 

88 
28.8 

0.87 
1.50 

21.3 
39.3 

3.44 
41.3 

1.66 
2.44 
3.00 
0.09 
0.38 
0.26 
0.5 1 
0.03 
0.08 
0. 14 
8. 13 

166 
63 
54 

Spelt Grain 

NRCl6Fl50 

SD 

2.23 
2.73 
3.32 

7.15 
0.5 18 
1.063 

13.02 
16.90 

0.960 
18.45 

0.877 

0.033 
0.139 
0.258 
0.095 
0.030 

6.034 
98.3 
26.2 
33.7 

N 

17 
17 
17 

15 
12 
12 
17 
17 

13 
17 

I 
15 

5 
5 
5 
5 
5 

conti1111ed 
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390 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name 

Feed ID Code 

OM. % as fed 
Ash. % OM 
CP. % OM 
A fraction. % of CP• 
B fraction. % of CP• 

c fraction, % of cp• 
KdofB. %/h• 
RUP, % CP' 
dRUP. % of RU Pd 
Soluble protein. % CP 
AOIP,% OM' 
NOIP. % OM! 
AOF. % OM 
NDF. % DM 
IVNOF048, % of NOF' 
Lignin. % OM 
Starch. % DM 
WSC. % DM• 
T FAs, % DM 
Crude fat. % OM 
DE base, Mcallkg1 

Ca. % DM 
P. % DM 
Mg, % OM 
K. % 0M 
Na. % OM 
Cl. % DM 
S,% DM 
Cu, mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg DM 
Mo. mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash. % DM 
CP. % DM 
A fraction. % of CP• 
B fraction. % of cp• 
c fraction. % of cp• 
Kd of B. %th• 
RUP. % CP' 
dRUP. % of RU Pd 

Soluble protein. % CP 
AOIP. % OM' 
NDJP, % DMf 
AOF. % OM 
NOF. % OM 
IVNOF048. % of NOF< 
Lignin. % DM 
Starch,% OM 

Sudangras.~ Hay. Mature 

Mean 

93.1 

9 .6 
8 .1 

28 
53 

19 
5 .0 

47 
60 
34.9 

1.38 
3.61 

41.6 
65.8 
55.8 

5.08 
1.5 
9.9 
0.99 
1.69 
2.29 
0.45 
0 .21 
0.30 
2 .11 
0.03 
1.19 
0.13 

8.20 
264 
40 
32 

1.33 

NRCl6Fl51 

so 
1.61 
1.44 
2.16 

5.00 
0.273 
1.086 
2.73 
3.30 
6.36 
1.004 
0.99 
2.39 
0.371 

0.300 

0.086 
0.041 
0.070 
0.399 
0.032 
0.335 
0.030 
3.111 

288.9 
12.7 

9.0 
0.579 

N 

3.621 
3,573 
3.626 

3.605 
102 
102 

3.606 
3.626 

110 
3,579 
3.547 
3.365 

83 
3,567 

3.533 
3.521 
3,524 
3.527 

664 
3.1 97 
3,5 17 

7 12 
707 
7 10 

709 
564 

Sugarcane Bagasse Hay 

Mean 

93.2 
6.1 
3.9 

28 
53 
19 

5.0 
47 
60 
4 1.9 

1.99 
2.92 

62.6 
76.9 
32.0 
17.69 

0.8 

NRCl6Fl55 

so N 

4.2 1 174 
3.39 % 
2.09 177 

13.54 133 

12.49 179 
9 .1 2 173 
2.83 2 
5.764 100 

0.70 79 

Sudangrass Hay, 
Mid-Maturity 

NRC l6Fl52 

Mean SO 

83.1 4 .16 
15.0 0.01 
14.7 2.73 
28 
53 

19 
5.0 

47 
60 
36.9 2.56 

2.52 
6.58 

36.9 2.21 
54.6 3.70 

5.92 0.191 
2.0 0.91 

1.05 0.318 
2.58 0.177 
2.18 
1.25 1.203 
0.35 0.128 
0.28 0.050 
2.59 0.646 
0.03 
1. 19 
0.20 0.072 
8.20 

264 
40 
32 

1.33 

N 

10 
2 

10 

9 

10 
10 

2 
3 

2 
2 

10 
10 
10 
10 

10 

Sugarcane Bagasse Silage 

NRC l6Fl56 

Mean SO N 

34.6 
6.2 
5.0 

38 
30 
33 

3.7 
52 
55 
52.6 

1.78 
1.95 

55.0 
72.0 
44.0 
13.1 6 

1.0 

12.34 115 
3.29 44 
2.30 114 

14.76 74 

12.22 114 
II .43 11 5 
5.26 7 
6 .093 59 
0.99 38 

Sudangrass Silage . Mature 

NRCl6Fl53 

Mean SO N 

3 1.5 
10.6 
9.5 

38 
30 
32 

3.7 
51 

55 
49.3 

1.00 
2 .25 

43.8 
66.6 
6 1.0 
6 .34 
2 .1 
40 
1.53 

2 .69 
2.16 
0.45 
0 .27 
0 .25 
2 .40 
0.03 
0 .85 
0 .16 

10.29 
564 
66 
37 

1.29 

9.44 280 
2.29 281 
1.85 282 

9.19 281 

3.50 282 
3.96 282 
5.31 18 
1.336 282 
1.57 275 
2.79 269 

0.554 281 

0.116 281 
0.060 280 
0.065 278 
0.556 282 
0.029 66 
0.327 265 
0.037 279 
3.242 68 

471.5 66 
37.7 66 
12.9 68 
0.645 49 

Sunflower Meal 

NRCl6Fl57 

Mean SO N 

90.2 
7.4 

37.0 
42 
53 
5 

29.2 
16 
90 
27.3 

1.64 
2.36 

29.0 
40.2 
36.5 
9 .07 
I.I 

1.89 112 
0.99 80 
4.34 112 

8.52 69 
0.539 5 
0.822 2 
5.42 90 
5.95 91 

12.02 2 
2.114 58 

0.95 59 

Sudangrass Silage, 
Mid-Maturity 

Mean 

3 1.5 
12.3 
13.4 
38 
30 
32 

3.7 
51 

55 
49.9 

1.40 
3. 16 

39.0 
60.7 

64.6 
4.99 
1.8 
5.2 
1.6 1 
3.24 
2.27 
0.52 
0.32 
0.28 
2.85 
0.04 
0.97 
0.20 

12.06 
1079 

74 

43 
1.96 

NRC l6Fl54 

so N 

10.68 1,605 
3.57 1,610 
3.09 1.618 

9.71 
0.277 
0.897 
4.20 
4.73 
5.44 
1.079 
1.37 
3.32 
0.462 
0.656 

0.146 
0.069 
0.075 
0.718 
0.062 
0.396 
0.043 
4. 158 

920.3 
39.6 
13.4 

1.349 

1.6 15 
7 13 
7 15 

1.619 
1.6 17 

47 
1,618 
1.527 

868 
674 

1,610 

934 
934 
931 
938 
175 
906 
935 
4 18 
4 17 
4 17 
4 14 
112 

Sunflower Seed 

Mean 

92.7 
3.5 

20.1 

66 
32 
2 

17.0 
14 

80 
50.5 

0.84 
1.7 1 

24.4 
35.2 

7.21 

0.6 

NRC l6Fl58 

so N 

1.88 70 
0.92 48 
3.00 70 

14.97 10 

II .43 28 
II.% 49 

5.263 8 
0.65 14 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

WSC. % OM• 
TFAs, % OM 
Crude fat. % OM 
DE base, Mcallkg1 

Ca. % OM 
P. % 0M 

Mg, % OM 
K. % 0M 
Na. % OM 
Cl. % 0M 
S, % 0M 
Cu, mg/kg OM 
Fe. mg/kg DM 
Mn. mg/kg OM 
Zn. mglkg OM 
Mo, mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash. % OM 
CP, % OM 
A fraction, % of CP• 
B fraction. % of cp• 
C fraction. % of CP' 
Kdof B. %n1• 
RUP, % CP' 
dRUP, % of RUPd 
Soluble protein. % CP 
AOIP, % OM' 
NOIP, % OMf 
ADF. % OM 
NOF. % OM 
IVNDFD48. % of NOFg 
Lignin. % OM 
Starch,% OM 
WSC. % OM• 
TFAs. % DM 
Crude fat. % OM 
DE base, Mcallkg1 

Ca, % OM 
P. % 0M 
Mg. % 0M 
K. % 0M 
Na, % OM 

Cl. % 0M 
S. % DM 
Cu. mg/kg OM 
Fe. mg/kg OM 
Mn. mg/kg OM 
Zn. mg/kg DM 
Mo. mg/kg OM 

Sugarcane Bagasse Hay 

Mean 

5.3 
0.72 

NRC16F155 

so 
3.58 

N 

59 

1.26 1.031 111 
1.55 
0.34 0.236 139 
0.05 0.055 139 

0.10 0.084 143 
0.34 0 .308 146 
0.02 0.023 142 
0.14 0 .148 69 
0.08 0.056 I 31 
7.14 5.232 143 

1535 1390.I 141 
73 39.5 139 
16 7.8 134 

1.12 0.43 1 26 

Sunflower Silage 

Mean 

2 1.6 
12.6 
13.3 
42 
53 

5 
29.2 
15 

90 
49.2 
2.44 
4.24 

36.6 
45.3 

8.20 
1.5 

3.06 
5.39 
2.42 
1.12 
0.38 
0.71 
3.91 
0.02 
1.38 
0 .24 

11.15 

399 
25 
34 

1.86 

NRCJ6Fl59 

so 
6.30 
2.36 
2 .63 

6.06 

5.67 
6.39 

1.438 
1.79 

2.658 

0.225 
0.066 
0.149 

0.988 
0.011 
0.292 
0.040 
1.395 

54 1.5 
11.2 
12.3 
2.268 

N 

25 
35 
35 

35 

35 
35 

35 
34 

35 

35 
35 
35 
35 
35 
34 
35 
34 
34 
34 
25 
7 

Sugarcane Bagasse Si lage 

NRC16F156 

Mean SO N 

9.6 
0.91 

8.76 20 

1.60 0.832 47 
1.83 
0.25 0.182 8 1 
0.07 0 .069 79 

0.10 0.063 79 
0.80 0. 791 82 
0.03 0.037 79 
0.29 0.471 34 
0.14 0.121 74 
6.84 3.095 80 

821 805.5 79 
58 35.7 81 
16 5.7 77 

I .55 0.999 20 

Sweet Corn Cannery Wasle 

NRC l6Fl60 

Mean SO N 

22.5 
5.1 
9.8 

30 
68 
2 
5.0 

39 
6 1 
50.7 
6.78 

10.70 
32.0 
56.3 
72.0 

3.19 
10.2 
4.8 
3.81 
5.08 
2.82 
0.24 
0.27 
0.20 
I. II 
0.02 
0.32 
0.13 
8.85 

470 
33 
40 

I.SI 

5.18 1.446 
1.67 1.264 
1.31 1.455 

11.06 
2.146 
4 .21 7 
4.16 
7.36 
5.63 
0.823 
5.15 
2.60 
1.212 
1.539 

0.094 
0.047 
0.046 
0 .332 
0.016 
0.226 
0.021 
3.374 

394.5 
16.5 
12.3 
1.755 

1.394 
125 
125 

1.451 
1.456 

58 
1. 177 
1.454 

392 
738 

1.1 89 

1,365 

1.368 
1.367 
1.364 

253 
430 

1.289 
234 
234 
233 
234 

35 

Sunflower Meal 

NRC16F157 

Mean SO N 

9.2 1.99 17 
1.02 
2.20 1.349 111 
2.99 
0.46 0.143 79 
1.13 0.223 81 

0.60 0.097 80 
1.62 0.220 80 
0.04 0.053 68 
0. 15 0.034 42 
0.45 0.070 71 

32.87 5.208 77 
275 151.2 77 

48 10.6 77 
84 13.2 50 

1.1 3 0.345 52 

Tapioca (Cassava) 

NRCl6Fl6 1 

Mean SO N 

87.7 
3.2 
2.5 

23 
70 
7 
5.4 

43 
73 
41.5 
0.59 
1.10 

6.0 
8.1 

11.0 
1.80 

78.9 
2 .3 
0.48 
0.70 
3.27 

0. 18 
0.09 
0.08 
0.61 
0.02 
0,07 
0.04 
3.98 

521 
34 
13 
1.00 

2 .00 104 
1.82 104 
0 .98 104 

17.54 

2.90 
3.48 

1.128 
6.71 
1.31 

0.2% 

0.110 
0.030 
0.027 
0.328 
0.020 
0.034 
0.013 
3.083 

539.4 
30.I 

6.4 
0.000 

102 

104 
105 

I 

104 
105 

10 

99 

104 
104 
104 
101 
102 

14 
100 
102 
103 
103 
IOI 

17 

391 

Sunflower Seed 

NRC 16F158 

Mean so N 

37.20 
39.00 9.621 70 

4.16 
0.20 0.081 19 
0.73 0 .246 19 

0.39 0.096 19 
0.98 0.330 19 
0.01 0.011 17 
0.10 0.016 
0 .25 0.049 I I 

20. 11 4.319 19 
104 81.5 19 
30 9.6 19 
56 11.2 19 

1.00 0.000 13 

Tomato Pomace 

Mean 

24.7 
5.5 

19.3 
42 
53 

7.4 
30 
80 

3.80 
8.00 

47.6 
60.0 

13.30 
1.2 

12.30 
13.30 
2.63 
0.22 
0.47 
0.28 
0.98 
0.12 

0.15 
11.00 

541 
II 
54 

1.80 

NRC l6Fl62 

so N 

20.10 4 
1.90 3 
4.80 22 

0.100 

2.80 
5.80 

10.800 

4.900 

0. 110 
0.200 
0.070 
0.260 
0.230 

0 .060 
3.000 

574.0 
3.0 

10.0 
0.300 

2 
I 
4 
4 

3 

4 

10 
10 
9 
9 
9 

6 
9 
9 
9 
9 
9 

COllli1111ed 
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392 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19- 1 Continued 

Name 

Feed ID Code 

OM. % as fed 
Ash. % 0M 
CP, % OM 
A fraction. % of cp• 
B fraction. % of CP• 
C fraction. % of C P• 

Kd of B, %/h• 
RUP, % CP' 
dRUP. % of RUP• 
Soluble protein. % CP 
ADIP. % OM' 
NDIP,% DMf 
ADF. % DM 
NDF. % OM 
JVNDF048. % of NOF' 
Lignin, % DM 
Starch. % DM 
WSC. % OM• 
TFAs. % OM 
Crude fat, % OM 
DE base, Mcallkg1 

Ca. % OM 
P. % 0M 
Mg. % 0M 
K. % DM 
Na,% DM 
Cl. % DM 
S. % 0M 
Cu, mg/kg OM 
Fe. mg/kg DM 
Mn. mg/kg OM 
Zn. mg/kg OM 
Mo. mg/kg OM 

Name 

Feed ID Code 

OM. % as fed 
Ash. % 0M 
CP, % OM 
A fraction, % of CP• 
B fraction. % of cp• 
C fraction. % o f CP' 
Kd o f B. %/h' 
RUP, % CP' 
dRUP. % of RUP• 
Soluble protein. % CP 
AOIP. % OM' 
NDIP, % DMf 

ADF. % DM 
NDF. % OM 
IVNDF048. % of NDFc 
Lignin. % DM 
Starch, % OM 

Triticale Grain 

Mean 

88.4 
2.1 

12.I 
3 1 
54 
15 
19. 1 
39 
88 
3 1.3 

0.38 
1.89 
4.4 

14.1 
4 1.0 

1.79 
6 1.2 

8.0 
1.55 
1.73 
3.44 
0.09 
0.35 
0.1 3 
0.5 1 
0.01 
0.12 
0.14 
5.19 

5 1 
43 
29 

1.00 

NRC l6F l63 

so 
1.37 
0.45 
2.07 

9 .05 

1.00 
2.55 

0.493 
4.25 
2.61 

0.349 

0. 105 
0.062 
0.021 
0. 162 
0.004 
0.029 
0.034 
1.1 10 

12.9 
13.8 
8.4 
0.000 

N 

3 16 
296 
3 17 

302 

31 1 
3 15 

2 
296 
3 13 
28 

296 

312 
3 13 
3 12 
3 11 
44 
34 

300 
42 
42 
42 
42 

20 

Triticale Silage. 

Mean 

33.3 
12.4 
17.8 
56 
33 
I I 
5.9 

30 
65 
66.8 

1.0 1 
2.12 

34.8 
52.2 
57.5 

4.31 
1.5 

Mid-Maturity 

NRC l6Fl67 

so N 

7.67 1.111 
2.02 I.I I I 
2.09 1, 107 

9.44 1.115 

3.00 1.1 13 
3.80 1. 114 
5.44 221 
1.105 1.109 
1.03 1.097 

Mean 

9 1.0 
8.5 

10.3 
56 
33 
II 

5.9 
30 
65 
46.8 

0.51 
1.87 

38.3 
60.0 
63.7 

4.84 
3.1 

14.0 
1.46 
2.29 
2.48 
0.33 
0.24 
0.15 
1.99 
0.04 
0.77 
0.15 
6 .26 

184 
38 
25 

1.44 

Mean 

99.0 

281.0 
100 

0 
0 
0.0 
0 

100 
100.0 

0.0 

0.00 
0.0 

Triticale Hay 

NRC16F164 

so 
1.93 
2.41 
3.79 

10.48 

6.17 
7.46 
9 .29 
1.345 
2.67 
6.63 
0.448 
0.705 

0.133 
0.076 
0.056 
0.69 1 
0.059 
0.457 
0.053 
2.562 

158.1 
18.8 
8.9 
0.802 

Urea 

NRCl6Fl68 

so 

N 

1.085 
1,035 

1.088 

1.081 

1.089 
1.086 

182 
1,032 

969 
966 

53 
1,028 

1,051 
1.084 
1.077 
1,081 

266 
943 

1.078 
256 
25 1 
254 
254 
163 

N 

Triticale Plus Pea Silage 

Mean 

34.2 
10.3 
16.0 
56 
33 
I I 

5.9 
30 
65 
62.6 

2.17 
5.70 

37.1 
55.7 
65 .1 

5.46 
2.8 
6.0 
2. 13 
3.76 
2.50 
0.68 
0.35 
0.2 1 
2.76 
0.08 
0.71 
0.20 
8.79 

666 
45 
28 

1.22 

Mean 

NRC 16Fl65 

so 
9.28 
2.22 
2.58 

9.79 

3.15 
4.27 
4.82 
1. 125 
1.86 
2.% 

0.633 

0.175 
0.061 
0.042 
0.644 
0.072 
0.265 
0.031 
2.268 

7 11.0 
2 1.0 

5.6 
0.465 

Wheat Bran 

NRC l6Fl69 

so 

N 

620 
6 19 
620 

6 19 

620 
620 

70 

620 
6 10 
6 14 

6 19 

6 18 
620 
6 15 
6 19 
385 
57 1 
6 17 
388 
388 
387 
387 
35 1 

N 

90.1 1.16 186 
5.5 0.81 94 

17.4 1.60 187 
43 
5 1 
6 

24.2 
18 
69 
39.9 5.99 119 
0.61 
3.10 

13.8 2.45 186 
40.1 6 .22 187 
43.3 9.61 3 
4.15 1.020 82 

20.8 6.20 113 

Triticale Silage, Mature 

NRC16F166 

Mean SO N 

30.1 
10.1 
14.2 
56 
33 
II 

5.9 
30 
65 
62.7 

0.81 
1.69 

37.2 
58.6 
58.5 

4.33 
1.7 

10.I 
2.48 
3.47 
2.55 
0.38 
0.34 
0.17 
2.82 
0.05 
0.86 
0.20 
8.91 

455 
48 
35 
30.1 

9.80 
2.24 
2.82 

12.60 

3.95 
4.42 
5.53 
1.274 
1.72 
5.19 
0.332 
0.693 

0.130 
0.068 
0.042 
0.666 
0.046 
0.437 
0.037 
3.271 

298.2 
20.8 
11.5 
9.80 

3.757 
3,763 
3.763 

3.758 

3.763 
3.766 

425 
3,748 
3.717 
3.065 

2 
3,750 

3.722 
3.756 
3.745 
3,749 

383 
3.018 
3.752 

357 

360 
358 
361 

3,757 

Wheat Grain, Ground 

NRC l6Fl70 

Mean so N 

85.7 16.69 2.011.07 
2. 1 0.64 1.856 

13.5 2 .36 2, 120 
3 1 
54 
15 
19. 1 
28 
88 
28.4 6.76 I. 746 

0.45 0.228 306 
1.59 0.479 295 
4.2 1.46 I. 978 

12.5 2.71 2.044 
55.7 17 .36 7 

1.52 0.589 J.679 
63.0 4.40 2.038 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE 19-1 Continued 

Name 

Feed ID Code 

WSC, % DM• 
TFAs, % DM 
Crude fat % DM 
DE base, Meal/kg' 
Ca. % DM 

P. % DM 
Mg. % DM 
K. % DM 
Na. % DM 
CI, % DM 
S ,% DM 
Cu. mg/kg DM 
Fe. mg/kg DM 
Mn. mg/kgDM 
Zn, mg/kg DM 
Mo. mg/kgDM 

Name 

Feed ID Code 

DM. % as fed 
Ash. % DM 
CP, % DM 
A fraction, % of cp• 
B fraction. % of cp• 
C fraction. % o f CP• 
Kd of B, %n1• 
RUP, % CP' 
dRUP. % of RUP• 
Soluble protein. % CP 
ADIP, % DM• 
NDlP, % DMf 

ADF. % DM 
NDF. % DM 
IYNDFD48. % of NOP 
Lignin, % DM 
Starch. % DM 
WSC. % DM• 
TFAs . % DM 
Crude fat. % DM 
DE base, Metil/kg' 
Ca. % DM 
P. % DM 
Mg. % DM 
K. % DM 
Na. % DM 
Cl. % DM 
S. % DM 
Cu. mg/kg DM 
Fe, mg/kg DM 
Mn. mg/kg DM 
Zn. mg/kg DM 
Mo. mg/kg DM 

Triticale S ilage, 
Mid-Maturity 

NRCl6Fl67 

Mean SD N 

7.5 3.22 504 
2.38 0.4 73 6 
4.08 0.598 I. I 09 
2.56 
052 0.191 1, 107 
0.4 I 0.062 I , 11 I 
0. 19 0.046 1.1 12 
3.42 0.586 1.1 12 
0.06 0.045 110 
I.I I 0.469 503 
0.24 0.034 I, 110 

11.44 6.001 91 
616 4 15.6 91 
57 32.6 92 
42 11.3 91 

1.66 0.901 73 

Wheat Hay, Headed 

Mean 

90.6 
8.1 
9.9 

35 
53 
12 
4.3 

42 
70 
39.8 

5.93 
11.90 
33.6 
52.8 
57.2 
4.91 

12.2 
9.6 
1.01 
2.09 
2.52 
0.31 
0.23 
0 14 
1.65 
0.05 
0.62 
0.16 
7.52 

303 
51 
25 

1.65 

NRCl6Fl7 1 

SD 

3.46 
2.12 
2.18 

9.24 
1.412 
5.123 
3.80 
5.19 
8.36 
0.946 
3.99 
4. 19 
0.316 
0.474 

0.114 
0.050 
0037 
0.503 
0.079 
0.314 
0.042 
3.484 

222.3 
24.9 

8.4 
0.965 

N 

1.065 
1,070 
1.069 

1.036 
540 
547 

1.053 
1.071 

18 
811 
795 
257 
401 
828 

655 
658 
640 
645 
438 
418 
421 
570 
57 1 
575 
574 

49 

Urea 

NRCl6FI68 

Mean SD N 

2.21 

0 

0 

Wheat Hay, Vegetative 

NRCl6Fl72 

Mean SD 

90.5 2.98 
8.2 2.51 

10.5 2.89 
35 
53 
12 
4.3 

42 
70 
41.6 9.14 

6.38 1.713 
15.99 6.988 
36.1 4.70 
58.0 6.03 
59.3 8.28 
4.79 1.393 
3.4 2.13 

17.3 7.45 
0.89 0.342 
2.19 0.528 
2.48 
0.29 0.140 
0.2 1 0.064 
0.14 0.046 
1.75 0.557 
0.o7 0.099 
0.69 0.364 
0.16 0.054 
7.87 2.824 

403 365.5 
59 27.0 
27 10.9 

1.50 0.868 

N 

2.404 
2.404 
2,402 

2.329 
581 
582 

2,398 
2.409 

58 
2,281 
2,298 
1.679 

503 
2,272 

1.876 
1.883 
1,884 
1,883 

663 
1.676 
1.737 

824 
826 
826 
817 
292 

Whem Bran 

NRCl6Fl69 

Mean SD N 

8.0 1.20 42 
4.02 
4.39 0.743 111 
3.06 
0.13 O.o91 167 
1.05 0.249 167 
0.43 0.095 157 
1.22 0.237 158 
0.03 0.127 155 
0. 11 0.035 69 
0.19 0.021 130 

10. 76 2.950 I 56 
163 68.9 157 
133 30.8 156 
77 13.3 139 

1.37 0.633 146 

Wheat Middlings 

Mean 

88.3 
5.9 

19.1 
48 
44 

8 
16.2 
22 
57 
40.1 
0.69 
2.77 

13.2 
38.7 
48.6 

3 .77 
22.9 
7.9 
3.85 
4.35 
3.07 
0.14 
1.21 
0.45 
1.23 
0.02 
0.10 
0.20 

11.51 
153 
133 
90 

1.64 

NRC l6Fl73 

SD 

1.38 
0.46 
1.25 

5.50 
0.302 
0.711 
1.83 
4.62 
8.84 
0.939 
5.60 
1.33 

0.600 

0.122 
0.147 
0.092 
0.2 17 
0.022 
0.023 
0.025 
3.822 

44.I 
27.6 
16.3 
0.811 

N 

2.723 
2.239 
2.731 

274 
82 
70 

774 
754 

5 
221 
565 
126 

760 

2.1 20 
2.130 

656 
654 
502 
143 
339 
506 
499 
505 
452 
273 

393 

Wheat Grain. Ground 

NRCl6Fl70 

Mean SD N 

5.9 1.58 72 
1.78 
1.98 0.361 1.808 
3.56 
0. 10 0.158 1.694 
0.36 0.076 1,727 
0. 13 0.032 1.710 
0.47 0.229 1.71 1 
0.01 0.018 452 
0. 13 0.099 227 
0. 15 0.028 1.471 
4.45 2.350 551 

71 63.2 557 
43 15.2 558 
32 10.5 557 

1.00 0.000 121 

Wheat Silage, Headed 

NRCl6Fl74 

Mean SD N 

34.8 
10.5 
10.7 
62 
29 
9 

10.0 
23 
72 
69.5 

1.17 
1.55 

35.1 
51.1 
61.4 
4.99 

13.0 
6 .5 
1.53 
3.06 
2.51 
0.30 
0.29 
0.13 
2.03 
0.06 
0.74 
0.17 
7.68 

543 
46 
28 

1.58 

4.94 
2. 19 
1.79 

9.36 
0.243 
0.434 
3.28 
4.25 
3.81 
0.704 
5.85 
2.85 
0.301 
0.445 

0.093 
0.048 
0.033 
0.421 
0.100 
0.257 
0.031 
3.422 

347.4 
17.3 
8.3 
0.834 

6.375 
6.393 
6.403 

6.357 
3.507 
3.502 
6.401 
6.404 

41 
6,391 
6.410 
2.802 
3.168 
6,366 

3.164 
3.182 
3.180 
3,183 

870 
2.984 
3.186 
2.615 
2.604 
2.625 
2.616 

493 

continued 
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394 NUTRIENT REQU!RFMENTS OF DAIRY CATTLE 

TABLE 19-1 Continued 

Name Wheat Silage, Vegetat ive Wheat Straw Whey, Dry Whey, Wet 

Feed ID Code NRC 16F l75 NRC 16Fl76 NRC 16F177 NRC 16F178 

Mean so N Mean so N Mean so N Mean so N 

OM. % as fed 35.6 9.04 11.669 89.5 3.14 7.940 92.6 1.86 73 22.9 10.42 453 
Ash, % OM 9.9 2.68 11.025 8.0 2.54 7.924 9.7 1.40 69 13.5 4.41 303 
CP, % OM 13.4 3.1 9 11,685 4.5 1.54 7,936 17.8 5.28 72 7.4 2.98 437 
A fraction, % of cp• 62 10 90 90 
B fraction. % of CP• 29 5 1 JO JO 
C fraction. % o f CP• 9 39 0 0 
Kdof B, %/tt• 10.0 1.4 5.0 5.0 
RUP, % CP' 22 80 II II 
dRUP. % of RUPd 72 62 95 95 
Soluble protein. % CP 65.0 10.78 11.653 36.0 10.85 7.838 9 1. 1 4.65 48 53.7 22.20 185 
AOIP, % OM' 1.14 0.286 4,46 1 1.26 0.170 3,098 0.22 0.110 34 0.34 0.262 94 
ND!P, % DMI 1.90 0.725 4,453 1.5 1 0.409 3,097 0.53 0.658 35 0.67 0.444 94 
ADF. % DM 37.0 4.26 11.673 53.I 4.06 7.903 0.3 0.19 45 0.9 0.8 1 2 11 
NOF. % OM 56.6 5.50 11.677 76.9 4 .72 7.928 0.6 0 .52 62 2.2 1.64 229 
IVNDF048. % of NDF' 59.0 6.12 1.034 4 1.8 6.09 362 
Lignin, % OM 4.79 1.1 39 11,058 8.19 J.333 7,898 0.23 0.159 37 0.32 0. 198 100 
Starch. % OM 2.5 2.35 11.544 1.8 I.JO 5.679 1.4 1.4 0.95 80 
WSC. % OM• 9.2 4.89 5.028 4.2 1.69 2.477 56.I 2.16 108 50.6 16.27 568 
TFAs. % OM 1.42 0.365 4.1 12 0.55 0.340 2.837 5.27 0.97 
Crude fat, % OM 3.50 0.647 11 ,038 1.49 0.454 7,924 6.27 0.449 49 1.97 2.052 169 
DE base, Mcallkg1 2.53 1.96 3.62 3.16 

Ca. % OM 0.43 0.201 7.4 14 0.38 0.250 5.05 1 0.92 0.210 6 1 1.26 0.641 420 
P. % DM 0.32 0.069 7.423 0.1 2 0.072 5.05 1 0.89 0.234 62 1.29 0.488 4 17 
Mg.% OM 0.17 O.D45 7.4 1 I 0.12 0 .058 5.033 0. 14 0.030 62 0.22 0.071 4 14 
K. % DM 2.53 0.709 7,4 19 1.4 1 0.658 5,082 2.60 0.625 62 4.0 1 1.509 415 
Na, % DM 0.07 0.098 1.442 0 .08 0 .1 8 1 2.342 0.74 0.139 47 1.43 0.805 406 
Cl. % 0M 0.83 0.394 5.3 11 0.49 0 .420 3.704 1.65 0 .343 45 3.00 1.15 1 265 
S. % D M 0.19 0.044 7.426 0 .11 0 .041 5.029 0.24 0.054 45 0.1 9 0.2 13 283 
Cu, mglkg DM 9.00 3.483 3,059 6 .20 3.886 3.644 1.24 0.614 33 5.14 6.283 236 
Fe. mg/kg OM 625 500.0 3.046 224 288.6 3.622 II 8.9 46 74 103.4 256 
Mn. mg/kg OM 63 29.5 3.060 50 5 1.5 3.628 I 0.5 29 3 2.5 229 
Zn. mg/kg OM 32 I I.I 3.069 17 9.0 3.626 5 2.2 47 39 36.9 250 
Mo, mg/kg OM J.68 l .Q70 801 1.44 0.854 796 

"N= number of samples and SD =standard deviat ion; a blank cell under mean signi fies no data were available while 0 reflect~ measured values that are 
below detection; blank N and SO signify corresponding mean value from a single source. 

• Frac1ions (A, B. and C) and rate ( Kd of B) of rumen disappearance of protein. 
' Italics sign ifies calculated value as described in text. 
' dRUP = intestina l digestibility o f rumen-undegradable protein. 
• AOIP= acid detergent insoluble protein. 
I NDIP= neutral detergent insoluble protein. 
s IVNDFD48 = in vitro 48-hour NDF dige.~1ibil ity. 

• WSC = water-soluble carbohydrate. 
1Digestible energy standard; italics sign ifies calculated value as described in text. 
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NUTRIENT COMPOSITION OF FEEDS 395 

TABLE 19-2 Amino Acid, Total Fatty Acid, and Fatty Acid Content of Some Feedstuffs Commonly Fed to Dairy Cattle0 

Apple Pomace or Bakery B y-producl, Bakery By-product, Bakery 
Feed Name Alfalfa Meal Almond Hulls By-product. Wei Bread Waste Cereal By-product. Cookies 

CP. % OM 19.51 5.25 6.42 14.90 9.20 12.94 
Arg. %CP 4.04 2.23 4.52 4.74 6.84 4.19 
His. % CP 1.87 0.86 1.86 2.61 2.82 1.77 
ne. % CP 3.80 2.35 3.1 3 4.00 3.15 3.12 
Leu,%CP 6.57 4.05 5.58 7.77 6.16 7.12 
Lys. % CP 4.40 2 .74 3.93 2.91 4.05 1.71 
Met %CP 1.27 0.90 1.38 1.73 1.57 1.83 
Phe. % CP 4.40 2.80 3.31 5.44 3.97 4.78 
Thr. % CP 3.92 2.70 3.04 3.36 3.26 3.14 
Trp. %CP 1.63 1.00 0.88 1. 15 1.37 0.88 
Val. % CP 4.82 3.53 4.11 4.42 4.50 4.58 
TFAs. % OM 1.6 1 1.26 1.88 4.76 1.95 9.04 
Cl2:0. % TFA 1.17 0 .22 0.60 0.49 
C l4:0, % TFA 0.58 0.05 1.20 5.21 5.21 3.16 
Cl6:0. % TFA 20.10 14.49 26.90 18.86 18.86 15.82 
C l6: 1. % TFA 1.71 0.26 0.60 0.18 
C l8:0. % TFA 3.35 3.91 3.90 1.02 1.02 9.29 
C l8: 1 tra11s, % TFA 7.77 
C l8: 1 cis. % TFA 3.02 50.82 7.80 13.90 13.90 26.41 
C l8:2. % TFA 2 1.07 23.39 48.80 56.83 56.83 33.51 
C l8:3. % TFA 44.93 3.25 10. 10 3.81 3.81 0.85 
Others. % TFA 4.09 3.61 0. 10 0.37 0.37 2.53 

Bakery By-product Barley Grain. Barley Grain. Barley Malt Barley Silage. 
Feed Name Meal Dry. Ground Steam Rolled Barley Hay Sprouls Headed 

CP. % OM 12.83 11.81 11.8 1 10.75 23.88 10.87 
Arg, % CP 4.63 4 .91 4.9 1 2.18 4 .55 1.04 
His. % CP 2.22 2.22 2.22 1.94 1.90 1.21 
ne. %CP 3.43 3.43 3.43 5.50 3.23 3.45 
Leu.%CP 6.94 6.76 6.76 6.65 5.71 4.88 
Lys. % CP 2.69 3.61 3.6 1 3.56 4 .71 2.35 
Mel, %CP 1.48 1.67 1.67 1.87 1.48 1.16 
Phe. % CP 4.54 5.09 5.09 4.70 3.44 3.42 
Tur. %CP 3.06 3.33 3.33 4.13 3.39 2.51 
Trp. %CP 1.20 1.20 1.20 1.42 1.27 1.42 
Val,% CP 4.35 4 .81 4.8 1 4.13 4 .55 4.80 
TFAs. % OM 7.68 1.31 1.3 1 1.40 1.46 2.06 
Cl2:0. %TFA 0.49 0.80 0.80 
Cl4:0. % TFA 3.16 0.32 0.32 5.50 0.32 5.50 
C l6:0. % TFA 15.82 22.97 22.97 43.40 22.97 43.40 
C l6: 1. % TFA 0.18 0.05 0.05 0.05 
Cl8:0, % TFA 9.29 1.53 1.53 4 .10 1.53 4.10 
C 18: I tra11s. % TFA 7.77 
C l8: 1 cis. % TFA 26.41 13.54 13.54 7.30 13.54 7.30 
C l8:2, % TFA 33.51 55.93 55.93 12.30 55.93 12.30 
C l8:3. %TFA 0.85 4 .34 4.34 2.40 4.34 2.40 
Others. % TFA 2.53 1.32 1.32 24.20 1.32 24.20 

Barley Si lage. Barley Silage. Beel Pulp. Dry. Beel Pulp. 
Feed Name Mid-Maturity Vegetative Beet Pulp. Dry Molasses Added Wet Bermudagrass Hay 

CP. % DM 11.36 14.22 9.92 8.91 9. 12 10.99 
Arg. %CP 1.04 1.04 3.73 3.73 3.73 3.88 
His. % CP 1.21 1.21 3.13 3.13 3. 13 1.63 
lie. %CP 3.45 3.45 3.49 3.49 3.49 3.32 
Leu.%CP 4.88 4 .88 5.90 5.90 5.90 6.22 
Lys.% CP 2.35 2.35 5.78 5.78 5.78 3.49 
Mel. %CP 1.1 6 1.16 1.57 1.57 1.57 1.30 

co111i11ued 
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396 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Barley Si lage. Barley Silage, Beel Pulp. Dry, Beet Pulp, 
Feed Name Mid-Maiuri1y Vegetative Beet Pulp. Dry Molasses Added Wei Bermudagras.~ Hay 

Phe. % CP 3.42 3.42 3.6 1 3.61 3.61 3.92 
Thr. %CP 2.5 1 2.51 4.46 4.46 4.46 3.60 
Trp. % CP 1.42 1.42 1.08 1.08 1.08 1.24 
Val. % CP 4.80 4 .80 5.54 5.54 5.54 4.51 
TFAs, % OM I.70 2.07 0.63 0 .63 0.64 1.25 
Cl2:0. % TFA 0.80 0.80 2.82 
C l4:0. % TFA 5.50 5.50 I. I 8 
C l6:0. % TFA 43.40 43.40 26.66 26.66 26.66 30.30 
Cl6: 1, % TFA 0.39 0.39 0.39 1.42 
Cl8:0. % TFA 4.10 4 .10 0.89 0.89 0.89 3.99 
C 18: I mms. % TFA 0.1 4 0.14 0.14 1. 14 
C l8: 1 cis. % TFA 7.30 7.30 I I.5S I I.SS I I .SS 3.32 
C l8:2, % TFA 12.30 12.30 49.83 49.83 49.83 18.79 
C l8:3. % TFA 2.40 2.40 6.35 6.35 6.35 20.75 
Others. % TFA 24.20 24.20 4.1 9 4.19 4. 19 16.29 

Bemmdagrass 
Bennudagras.~ Silage. Blood Meal. Blood Meal. Brewers 

Feed Name S ilage. Mature Mid-Maturity High dRUP LowdRUP Grains. Dry Brewers Grains. Wet 

CP. % OM 10.27 14 .59 96.97 %.97 25.49 28.08 
Arg. %CP 3.88 3.88 4.20 4.20 5.80 S.80 
His. % CP 1.63 I.63 6.00 6.00 2.28 2 .28 
lie. %CP 3.32 3.32 1.08 1.08 4.02 4.02 
Leu, %CP 6.22 6.22 12.40 12.40 8.30 8.30 
Lys. % CP 3.49 3.49 8.77 8.77 3.S5 3.55 
Mel. %CP 1.30 1.30 I.I S I.IS 2 .14 2.14 
Phe. % CP 3.92 3.92 6.79 6.79 5.54 5.54 
Thr, %CP 3.60 3.60 4.55 4.55 3.59 3.59 
Trp. % CP 1.24 1.24 1.58 1.58 1.34 1.34 
Val. % CP 4.51 4.51 8.32 8.32 5.47 5.47 
TFAs, % DM 1.35 1.44 1.3 1 1.3 1 8.3 1 7.61 
Cl2:0, % TFA 1.44 1.44 0.1 I 0.1 I 0 .14 0.03 
Cl4:0, % TFA 0.50 0.50 1.48 1.48 0.73 0.4-0 
Cl6:0. % TFA 2 1.08 2 1.08 21.62 21.62 26.69 24.49 
Cl6: 1. % TFA 1.3 1 1.31 1.02 1.02 0.20 0.20 
Cl8:0, % TFA 2.42 2.42 2 1.66 2 1.66 2 .24 1.83 
C 18: I trans. % TFA 5.1 3 5.13 
Cl8: 1 cis. % TFA 4.86 4 .86 26.47 26.47 14 .60 11.23 
C l8:2. % TFA 24.88 24.88 14.89 14.89 48.87 53.82 
C l8:3. % TFA 32.46 32.46 0.46 0.46 4 .57 5.37 
Others, % TFA I 1.06 I 1.06 7.1 6 7. 16 I.95 2.63 

Candy (Nol 
Brewers Brewers Calcium Chocolate) Candy By-product, Canola Meal, 

Feed Name Yeas!. Dry Yea~l. Wer Soaps By-product High Protein Solvent Extracted 

CP. % OM 50.72 43.32 0.00 2.37 14.63 41 .49 
Arg. % CP 0.85 0.85 2.25 2.25 5.93 
His. % CP 0.4S 0.4S l.S7 2.66 
lie. %CP 0.7 1 0 .71 3.60 3.60 3.93 
Leu, % CP 6.52 6.S2 6.92 
Lys. % CP 0.65 0 .65 2.25 2.25 5.51 
Mel. % CP 0.34 0.34 l.S7 1.57 1.97 
Phe. %CP 0.67 0 .67 3.82 3.82 4.00 
Thr, % CP 0.60 0 .60 3.82 3.82 4.43 
Trp. %CP 0.13 0 .1 3 0.67 0.67 1.34 
Val. % CP 0.8 1 0.81 5.84 S.84 S.I I 
TFAs. % OM 0. 1 I 2 .34 84.SO 0.25 I I.I I 2.SI 
Cl2:0. % TFA 0.20 0.23 6.54 
Cl4:0, % TFA 1.60 0.35 5. 13 0.19 
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NUTRIENT COMPOSITION OF FEEDS 397 

TABLE 19-2 Continued 

Candy (No1 
Brewers Brewers Calcium Chocolate) Candy By-product Canola Meal. 

Feed Name Yeast. Dry Yea-;1. Wei Soaps By-product High Protein Solvem Extracted 

CJ6:0. %TFA 50.80 18.55 18.24 9.76 
C l6: 1. %TFA 0.23 0. 14 0.90 
Cl8:0, % TFA 4.10 7.94 18.81 2.24 
Cl8: 1 trtms, % TFA 17.44 9.08 0.61 
C J8: I cis. % TFA 35.70 38.75 30.81 45.21 
C l8:2. %TFA 7.00 15.56 7.78 31 .45 
C l8:3. % TFA 0.20 0.20 0.58 7.71 
Others, % TFA 100.00 100.00 0.40 0.74 2.89 1.92 

Canola Seed. Chocolate Citrus Pulp. Citrus Pulp. Cool-Season Grao;s Cool-Season Grao;s 
Feed Name Ground By-product Dry Wet Hay. Mature Hay, Mid-Maturity 

CP. % DM 23.36 10.00 7. 19 8.66 9.23 13.28 
Arg, % CP 5.93 2.25 3.72 3.72 4.10 4. 10 
His.% CP 2.66 1.57 1.70 1.70 1.94 1.94 
lie. % CP 3.93 3.60 2.88 2.88 3.% 3.% 
Leu. %CP 6.92 6.52 5.25 5.25 7.39 7.39 
Lys. % CP 5.51 2.25 2.72 2.72 4.85 4 .85 
Mei, %CP J.97 1.57 1.04 1.04 1.64 1.64 
Phe. % CP 4.00 3.82 3.62 3.62 4.78 4.78 
Thr. %CP 4.43 3.82 2.94 2.94 4.10 4. 10 
Trp. %CP 1.34 0 .67 0.95 0.95 2.09 2.09 
Val, % CP 5.11 5.84 3.85 3.85 5.22 5.22 
TFAs, % DM 39.46 20.68 1.72 1.72 0.95 1.58 
CJ2:0. % TFA 6.54 0.67 0.67 0.89 0.89 
C l4:0. %TFA 0.19 5.13 0.56 0.56 
C l6:0, % TFA 9.76 18.24 26.85 26.85 15.22 15.22 
Cl6: 1. % TFA 0.90 0 .14 0.59 0.59 1.48 1.48 
C l8:0. % TFA 2.24 18.81 4.93 4.93 1.29 1.29 
C l8: 1 1ra11s. % TFA 0.61 9.08 0.05 0.05 
C l8: 1 cis. % TFA 45.2 1 30.8 1 23.30 23.30 2.52 2.52 
C l8:2. % TFA 3 1.45 7 .78 34.92 34.92 16.62 16.62 
C l8:3. % TFA 7.71 0.58 6.42 6.42 55.50 55.50 
Others. % TFA 1.92 2.89 1.70 1.70 6.49 6.49 

Com. Ear with Corn. Ear with 
Husk and Some H usk and Some 

Cool.Season Stalk. Ensiled. Sta lk. Ensiled. Corn and Cob 
Feed Name Grao;s Silage High Fiber Low Fiber Meal, Dry Corn Cobs Corn Germ 

CP. % DM 13.42 7 .95 7.83 8.41 2.97 15.42 
Arg, % CP 3.06 3.85 3.85 3.30 4.00 6.64 
His.% CP 1.66 2 .69 2.69 2.79 2.94 2.99 
lie. %CP 3.57 3.46 3.46 3.54 3.50 3.08 
Leu. %CP 6.12 12.98 12.98 13.00 12.70 8.22 
Lys, % CP 3.28 2 .69 269 2.60 2.78 4.58 
Mei, %CP 1.2 1 J.83 1.83 2.00 2.50 1.78 
Phe. % CP 4.37 5.00 5.00 4.50 4.72 4. 1 I 
Thr. %CP 3.34 3.56 3.56 3.56 3.59 3.83 
Trp. %CP 1.07 0.68 0.69 1.40 
Val,% CP 4.89 4.42 4.42 4.74 4.78 4.86 
TFAs, % OM 1.84 2.89 3.1 I 3.26 0.35 16.89 
Cl2:0. % TFA 6.56 
C J4:0. % TFA 0.54 0.30 0.30 0.30 1.15 0.71 
Cl6:0, % TFA 16.76 13.60 13.60 13.60 12.69 16.90 
C l6: 1. % TFA 1.67 0 .20 0.20 0.20 0.12 0. 13 
C l8:0. % TFA 1.94 1.80 1.80 1.80 1.94 2.04 
C l8: l 1ra11s. % TFA 
C 18: I cis. % TFA 3.80 26.00 26.00 26.00 25.10 25. 17 
C l8:2. % TFA 19.% 55.10 55. 10 55. 10 56.25 52.64 
C l8:3, % TFA 44.30 1.60 1.60 1.60 1.69 1.47 
Others. % TFA 4.46 1.40 1.40 1.40 1.05 0.94 
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398 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Com Geml Com Gluten Corn G luten Com Grain Dry. Com Grain 
Feed Name Meal Feed. Dry Feed. Wet Corn Gluten Meal Coarse Grind Dry. Fine Grind 

CP, % OM 26. 14 23.19 23. 11 68.52 8.5 1 8.51 
Arg. %CP 6.64 4.58 4.58 3.14 4.75 4.75 
His. %CP 2.99 2.94 2.94 2 .02 2.88 2.88 
ne. %CP 3.08 2.99 2.99 3.98 3.38 3.38 
Leu,% CP 8.22 8.46 8.46 16.35 12.00 12.00 
Lys. % CP 4.58 3.08 3.08 1.64 3.00 3.00 
Met. %CP 1.78 1.59 1.59 2 .38 2.00 2.00 
Phe. % CP 4. 11 3.48 3.48 6 .1 8 4 .88 4.88 
Thr. %CP 3.83 3.58 3.58 3.34 3.63 3.63 
Trp. %CP 1.40 0.50 0.50 0 .54 0.75 0.75 
Val. %CP 4.86 4.73 4.73 4.51 4 .63 4.63 
TFAs. % DM 2. 11 3.38 3.09 1.44 3.84 3.84 
C l2:0. % TFA 0.03 0.3 1 
C l4:0,% TFA 0.7 1 0.99 0.06 0 .22 2.33 2.33 
C l6:0. %TFA 16.90 23.94 20.87 13.62 13.21 13.21 
C l6:1. % TFA 0. 13 0.20 0.32 0 .08 0.12 0. 12 
C l8:0, % TFA 2.04 2.5 1 4.30 2 .17 1.99 1.99 
C l8:1 tra11s, % TFA 0.13 
C l8:1 cis . % TFA 25. 17 17.19 19.08 22.22 24.09 24.09 
C l8:2. % TFA 52.64 50.48 49.97 57.46 55.70 55.70 
C l8:3. % TFA 1.47 3.2 1 2.90 2 .77 1.62 1.62 
Others. % TFA 0.94 1.44 2.07 1.47 0.94 0.94 

Corn Gmin Com Grain. Corn Grain High 
Dry. Medium High Moisture. Moisture. Fine Corn Grain Com Grain. 

Feed Name Grind Coarse Grind Grind Screening.~ Steam-Flaked Com Hominy 

CP, % OM 8.51 8.5 1 8.5 1 8.56 8.00 10.06 
Arg, %CP 4.75 4.75 3.85 5.00 4.75 6.20 
His. %CP 2.88 2.88 2.54 2 .67 2.88 2.80 
ne. %CP 3.38 3.38 3.38 3.26 3.38 3.20 
Leu,% CP 12.00 12.00 11.60 10.12 12.00 9. 10 
Lys, % CP 3.00 3.00 2.64 3.60 3.00 4.30 
Met. %CP 2.00 2.00 2.1 1 1.86 2.00 1.90 
Phe. % CP 4.88 4.88 4.56 4 .65 4.88 4.30 
Thr. %CP 3.63 3.63 3.68 3.84 3.63 3.80 
Trp, %CP 0.75 0.75 0.98 0 .8 1 0.75 0.90 
Val. %CP 4.63 4.63 4.90 4 .42 4.63 4.80 
TFAs.% DM 3.84 3.84 3.57 3.18 3.14 5.38 
C l2:0.% TFA 
Cl4:0. % TFA 2.33 2.33 0.26 0.87 2.62 
C l6:0,%TFA 13.21 13.21 13.57 14.14 12.92 13.96 
C l6:1. %TFA 0.12 0.12 0.1 9 0.08 
C l8:0. % TFA 1.99 1.99 1.83 2.05 1.86 2.37 
C l8:1 trtms. % TFA 
Cl8:1 cis. % TFA 24.09 24.09 25.99 23.72 23.17 24.80 
C l8:2,%TFA 55.70 55.70 55.08 56.43 58.38 53.38 
C l8:3. % TFA 1.62 1.62 1.64 1.97 1.82 1.81 
Others. % TFA 0.94 0.94 1.44 1.68 0.90 1.05 

Corn S ilage. Com Silage. Corn Silage. Com Stalks. Com Stalk. 
Feed Name Tm mature Mature 'fypical Ensiled. High OM Ensiled. Low OM Cotton Gin Tra~h 

CP. % OM 7.9 1 7.47 7.71 5.6 1 7.00 11.98 
Arg, %CP 2.32 2.32 2.32 2 .32 2.32 11.40 
His, %CP 1.7 1 1.7 1 1.7 1 1.7 1 1.7 1 3.32 
ne. %CP 3.4 1 3.4 1 3.4 1 3.41 3.41 3.39 
Leu. % CP 8.54 8.54 8.54 8.54 8.54 7.22 
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NUTRIENT COMPOSITION OF FEEDS 399 

TABLE 19-2 Continued 

Com Silage, Com Si lage, Corn Silage, Corn Stalks, Corn Sialk. 
Feed Name Immature Mature Typical Ensiled. High DM Ensiled. Low DM Con on Gin Trash 

Lys. % CP 2.80 2.80 2.80 2.80 2.80 4.66 
Mel. %CP 1.59 1.59 1.59 1.59 1.59 1.83 
Phe.% CP 3.90 3.90 3.90 3.90 3.90 5.63 
Thr, % CP 3.41 3.41 3.41 3.41 3.41 3.8 1 
Trp. %CP 0.73 0 .73 0.73 0.73 0.73 1.42 
Val. % CP 4.51 4.5 1 4.51 4.51 4.51 5.00 
TFAs. % DM 2.32 2.36 2.35 0.48 0.72 3. 14 
Cl2:0. % TFA 0.31 0.3 1 0.31 0.31 0.31 
C l4:0, % TFA 0.46 0.46 0.46 0.46 0.46 0.70 
C l6:0. % TFA 17.83 17.83 17.83 17.83 17.83 23. 13 
C l6: 1. % TFA 0.36 0 .36 0.36 0.36 0.36 0.65 
Cl8:0. %TFA 2.42 2.42 2.42 2.42 2.42 3.25 
C 18: I mms. % TFA 0.00 0.00 0.00 0.00 0.00 
C l8: 1 cis. % TFA 19.24 19.24 19.24 19.24 19.24 19.29 
Cl8:2. % TFA 47.74 47.74 47.74 47.74 47.74 51.56 
C l8:3. %TFA 8.25 8.25 8.25 8.25 8.25 0.53 
Others. % TFA 3.40 3.40 3.40 3.40 3.40 0.89 

Distillers Grains Distillers Grains Distillers Grains 
Con on seed Cononsee<I Cononseed. and Solubles. and Solubles. and Solubles. High 

Feed Name Hulls Meal Whole Linted Dried. High Fat Dried, Low Fat Protein 

CP. % DM 6.97 4669 23.31 30.20 30.97 38.99 
Arg, %CP 11.40 11.57 10.81 4.30 4.30 4.30 
His.% CP 3.32 2 .72 2.81 2.66 2.66 2.66 
lie. % CP 3.39 3.01 3.17 3.65 3.65 3.65 
Leu.%CP 7.22 5.53 5.79 11 .67 11 .67 11.67 
Lys, % CP 4.66 3.97 4.34 2.81 2.81 2.8 1 
Mel, %CP 1.83 1.39 1.49 1.98 1.98 1.98 
Phe. % CP 5.63 5.27 5.20 4.87 4.87 4.87 
Thr. %CP 3.81 3.05 3.21 3.73 3.73 3.73 
Trp, % CP 1.42 1.22 1.18 0.80 0.80 0.80 
Val. % CP 5.00 4 .23 4.34 4.87 4.87 4.87 
TFAs, % DM 3.14 3.06 18.26 11.39 7.90 6.56 
Cl2:0. % TFA 0. 12 0. 12 0.12 
C l4:0. % TFA 0.70 0.94 0.69 0. 14 0.14 0.14 
C l6:0. % TFA 23.1 3 25.80 23.91 14.05 14.05 14.05 
C l6: 1. % TFA 0.65 0 .52 0.55 0. 13 0.13 0.13 
Cl8:0. %TFA 3.25 2 .95 2.33 2.39 2.39 2.39 
C 18: I 1ra11s. % TFA 0.05 0.01 0.01 0.01 
Cl8: 1 cis, % TFA 19.29 18.33 15.24 24.57 24.57 24.57 
C l8:2, % TFA 5 1.56 50.20 56.48 56. 11 56.11 56. 11 
Cl8:3, % TFA 0.53 0 .30 0.19 1.68 1.68 1.68 
Others. % TFA 0.89 0 .92 0.61 0.81 0.81 0.81 

Distillers 
Grains and Distillers 
Soluble.>. Grains wich Distillers 

Feed Name Modified Wei Solubles, Wet Solubles Fat, Canola Oil Fat, Corn Oil Fa1, Cononseed Oil 

CP. % DM 30.28 3 1.45 22.58 
Arg, %CP 4.30 4 .30 4.30 
His. % CP 2.66 2.66 2.66 
lie. %CP 3.65 3.65 3.65 
Leu.%CP 11.67 11.67 11.67 
Lys, % CP 2.81 2.81 2.81 
Mel, %CP 1.98 1.98 J.98 
Phe. % CP 4.87 4 .87 4.87 
Thr. %CP 3.73 3.73 3.73 

continued 
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400 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Distillers 
Grains and Distillers 
Solubles. Grains wich Distillers 

Feed Name Modified Wet Solubles. Wet Solubles Fat. Canola Oil Fat. Corn O il Fat. Cottonseed Oil 

Trp. % CP 0.80 0.80 0.80 
Val. % CP 4.87 4.87 4.87 
TFAs, % DM 8.35 8.3 1 9.99 88.00 88.00 88.00 
Cl2:0. % TFA 0.30 0.30 0.30 0.10 
C l4:0. % TFA 0.25 0.25 0.25 0. 10 0.83 
C l6:0. % TFA 15.00 15.00 15.00 4.36 I 1.08 25.97 
C l6: 1, % TFA 0.10 0.10 0. 10 0.28 0.57 
C l8:0. % TFA 2.50 2.50 2.50 2.05 1.55 3.00 
C 18: I 1ra11s. % TFA 0.05 0 .05 0.05 3.53 
C l8: 1 cis. % TFA 18.00 18.00 18.00 57.28 26.95 20. 16 
C l8:2, % TFA 55.00 55.00 55.00 18.99 58.95 48.93 
C l8:3. % TFA 8.00 8.00 8.00 7.64 I.JO 0. 10 
Others. % TFA 0.80 0 .80 0.80 5.67 0.38 0.44 

Fat, Fat , 
Feed Name Flaxseed Oi I Fat. Lard Safftower Oil Fat. Soybean Oil Fat. Sunftower Oil Fat. Tallow 

CP, % OM 
Arg. % CP 
His. % CP 
ne. % CP 
Leu, % CP 
Lys. % CP 
Met. % CP 
Phe. % CP 
Thr, % CP 
Trp, % CP 
Val. % CP 
TFAs. % DM 88.00 88.00 88.00 88.00 88.00 88.00 
C l2:0, % TFA 0.20 0 .1 1 0.09 
C l4:0, % TFA 0. 16 J.30 0.10 0 .1 1 3.00 
C l6:0, % TFA 5.74 23.80 10.77 10.83 7.33 24.43 
C l6: 1. % TFA 0.18 2 .70 0 .14 0.09 3.79 
C l8:0. % TFA 4.30 13.50 I 1.97 3.89 10.65 17.92 
C l8:1 trtms. % TFA 0.59 3.99 
C J8:1 cis. % TFA 18.88 4 1.20 14.33 22.82 43.39 41.62 
C J8:2. % TFA 14.15 10.20 60.63 53.75 35.49 1.09 
C l8:3. % TFA 55.95 1.00 0.30 8.23 0.79 0.53 
Others, % TFA 0.64 6.10 1.90 0 .1 3 J.67 3.54 

Fruit and Vegetable 
Feed Name Feather Meal Fish Meal Flaxseed Flaxseed Meal By-product. Wet Glycerol 

CP. % OM 90.55 69. 19 22.79 38.48 13.62 
Arg, % CP 6.56 5.63 9.10 9.10 4 00 
His. % CP 1.2 1 2.35 2.1 7 2.17 2 .94 
lie. %CP 4.60 3.89 4.06 4.06 3.50 
Leu. % CP 8.13 6.74 5.94 5.94 12.70 
Lys. % CP 2.60 6.82 4.06 4 .06 2 .78 
Met, % CP 0.70 2.53 1.76 1.76 2 .50 
Phe, % CP 4.77 3.73 4.63 4.63 4.72 
Thr. % CP 4.53 3.89 3.65 3.65 3.59 
Trp. % CP 0.76 0.96 1.48 1.48 0.69 
Val. % CP 7.0 1 4.59 4.88 4.88 4 .78 
TFAs, % DM 7.85 6.44 33.4 1 3.08 6.13 5.24 
Cl2:0. % TFA 0.34 
C l4:0. % TFA 1.09 10.35 0. 16 0.16 0.26 
C l6:0. % TFA 24.33 28.46 5.74 5.74 1357 
C l6:1, % TFA 6.5 1 13.0 1 o. 18 0.18 0.19 
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NUTRIENT COMPOSITION OF FEEDS 401 

TABLE 19-2 Continued 

Fruit and Vegetable 
Feed Name Feather Meal Fish Meal Flaxseed Flaxseed Meal By-product. Wet G lycerol 

Cl8:0. %TFA 8.27 6.00 4.30 4.30 1.83 
Cl8:1 1ra11s. % TFA 1.09 0.20 
C l8: 1 cis. % TFA 32.51 10.97 18.88 18.88 25.99 
Cl8:2, % TFA 13.19 J.09 14.15 14.15 55.08 
Cl8:3, %TFA 0.54 0.% 55.95 55.95 J.64 
Others. % TFA 12.13 28.% 0.64 0.64 1.44 

Grain Grain Sorghum Grass-Legume 
Screenings. Grain Grain Sorghum Silage. Grass-Legume Mixtures. Mix 

Feed Name Source Un known Sorghum Hay Silage. Mature Mid-Maturity Mixtures. Mix Hay Silage 

CP. % DM 16.18 8.81 8.22 8.89 12.12 17.68 
Arg. %CP 5.00 4.07 4.07 4.07 4.51 3.47 
His. % CP 2.67 2.47 2.47 2.47 1.79 1.68 
ne, % C? 3.26 3.91 3.9 1 3.91 3.78 3.76 
Leu,% C? 10. 12 13.04 13.04 13.04 6.79 6.24 
Lys.% CP 3.60 2 .64 2.64 2 .64 4.29 3.85 
Met. %CP J.86 1.93 J.93 J.93 1.43 1.29 
Phe, % CP 4.65 5.24 5.24 5.24 4.34 4.28 
Thr. %CP 3.84 3.59 3.59 3.59 3.99 3.59 
Trp. %CP 0.81 1.16 1. 16 1.16 1.37 1.01 
Val. %CP 4.42 5.00 5.00 5.00 4.88 4.95 
TFAs. % DM 2.9 1 1.36 J.93 1.56 1.37 2.03 
Ct2:0,%TFA 2.86 2.86 2.86 I. IS 9.27 
Cl4:0,%TFA 0.89 0.89 0.89 0.62 0.60 
Cl6:0.%TFA 14.14 20.64 20.64 20.64 18.98 17.79 
Cl6: 1.%TFA 0.43 0.43 0 .43 1.77 1.79 
Cl8:0,%TFA 2.05 2.42 2.42 2 .42 2.79 2.65 
Cl8: I 1ra11s. % TFA 0.00 0.17 
CIS: I cis. % TFA 23.72 10.18 10.18 10.18 1.85 2.93 
Cl8:2.%TFA 56.43 30.37 30.37 30.37 33.21 17.94 
Cl8:3. % TFA J.97 25.53 25.53 25.53 33.39 41.51 
Others, % TFA J.68 6.68 6.68 6 .68 6.08 5.54 

Grass-Legume Grass-Legume 
Mixture~. Mixtures, Grass-Legume Grass-Legume Grass-Legume Gra~s-Legume 

Predominantly Predominantly Mixtures. Mixtures. Predomi- Mixtures. Predomi- Mixture.~. 

Grass. Hay. Gra~s. Hay. Predominantly nantly Legume. nantly Legume. Predominantly 
Feed Name Mature Mid-Maturity Grass. Silage Hay. Immature Hay. Mature Legume. Silage 

CP. % DM 10.85 4.28 14.34 20.35 17 .38 20.04 
Arg. %CP 4.47 4.47 3.47 4 .50 4 .50 3.47 
His.% C? J.79 1.79 J.68 1.79 1.79 1.68 
ne. %CP 3.75 3.75 3.76 3.79 3.79 3.76 
Leu.% CP 6.76 6.76 6.24 6.81 6.81 6.24 
Lys.% CP 4.25 4.25 3.85 4.31 4.31 3.85 
Met. %CP 1.43 1.43 J.29 1.43 1.43 J.29 
Phe, % CP 4.34 4.34 4.28 4.34 4.34 4.28 
Thr. %CP 3.98 3.98 3.59 4.00 4.00 3.59 
Trp. %CP 1.36 1.36 1.01 1.38 1.38 1.01 
Val, %CP 4.86 4.86 4.95 4 .89 4.89 4.95 
TFAs, % DM 1.29 1.93 1.98 1.78 1.23 1.99 
Cl2:0.%TFA 1.15 1.15 9.27 1.15 1. 15 9.27 
Cl4:0.%TFA 0.62 0.62 0.60 0.62 0.62 0.60 
Cl6:0.%TFA 18.98 18.98 17.79 18.98 18.98 17.79 
Cl6: 1,%TFA 1.77 1.77 1.79 1.77 1.77 J.79 
Cl8:0, %TFA 2.79 2.79 2.65 2.79 2 .79 2.65 
Cl8: I trtms. % TFA 0.17 0.17 0.17 0. 17 
Cl8: I cis. % TFA 1.85 1.85 2.93 1.85 1.85 2.93 
Cl8:2,%TFA 33.21 33.21 17.94 33.21 33.2 1 17.94 
Cl8:3, %TFA 33.39 33.39 41.5 1 33.39 33.39 4 1.51 
Others. % TFA 6.08 6.08 5.54 6.08 6.08 5.54 
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402 NUTRIENT REQUIRFMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Legume Hay, Legume Hay. Legume Hay. Legume Silage. Legume Silage. Meal and Bone 
Feed Name Immature Mature Mid-Maturity Imma1ure Mid-Maruri1y Meal. Porcine 

CP. % OM 2 1.54 18.11 20.75 22.06 20.47 56.63 
Arg. % CP 4.20 4.20 4.20 1.76 1.76 7.01 
His. % CP 1.93 1.93 1.93 1.92 1.92 1.58 
lle. %CP 3.92 3.92 3.92 4 .15 4 .15 2.57 
Leu, % CP 6.69 6 .69 6.69 6 .74 6.74 5.42 
Lys. % CP 4.81 4 .81 4.8 1 4.72 4 .72 4.58 
Mel. %CP 1.33 1.33 1.33 1.35 l.35 1.25 
Phe. % CP 4.59 4.59 4.59 4.35 4.35 3.13 
Thr. % CP 4.03 4 .03 4.03 3.83 3.83 2.92 
Trp. % CP 1.38 1.38 1.38 1.19 1.19 0.54 
Val. % CP 4.97 4 .97 4.97 5.08 5.08 3.88 
TFAs. % OM 1.54 1.21 1.50 1.98 2 .32 7.45 
CJ2:0, % TFA 1.36 1.36 1.36 I 1.98 I 1.98 0.08 
C J4:0. % TFA 0.85 0.85 0.85 0.66 0.66 1.68 
C16:0. % TFA 25.01 25.01 25.0 1 18.8 1 18.SI 29.47 
C J6:1. % TFA 2.23 2.23 2.23 1.91 1.91 2.41 
C l8:0. % TFA 4.0 1 4 .01 4.0 1 3.35 3.35 17.50 
C l8: 1 tra11s, % TFA 0.35 0 .35 0.35 1.27 
C 18: 1 cis. % TFA 2.43 2.43 2.43 2.05 2 .05 40.43 
C 18:2. % TFA 18.49 18.49 18.49 15.91 15.91 3.70 
C l8:3. % TFA 36.79 36.79 36.79 38.7 1 38.7 1 0.08 
01hers. % TFA 8.47 8.47 8.47 6.63 6.63 3.38 

Feed Name Mille! Hay Mille! Silage Molasses Oat Grain. Rolled Oat Hay Oat Hulls 

CP. % OM 10.74 13.02 9.27 12.17 8.49 5.01 
Arg. % CP 4.10 3.06 4.91 6.49 2.18 6.74 
His,% CP 1.94 1.66 1.59 1.9 1 1.94 2.25 
Tie. %CP 3.% 3.57 4.44 3.74 5.50 3.57 
Leu. % CP 7.39 6.12 3.59 7. 16 6.65 7.29 
Lys. % CP 4.85 3.28 1.00 3.86 3.56 4. 11 
Mel, %CP 1.64 1.2 1 0.22 1.70 1.87 1.71 
Phe, % CP 4.78 4.37 2.71 4.84 4.70 5.04 
Thr. % CP 4.10 3.34 1.57 3.51 4.13 3.41 
Trp. % CP 2.09 1.07 0.45 1.49 1.42 1.32 
Val. % CP 5.22 4 .89 3.36 5.26 4.13 4.% 
TFAs, % DM 1.09 1.47 0.00 4.80 1.45 1.82 
C l2:0. % TFA 2.86 2.86 1.19 
Cl4:0. % TFA 0.89 0.89 0.87 0.43 
C l6:0. % TFA 20.64 20.64 17.99 17.65 16.44 19.72 
C l6: 1, % TFA 0.43 0.43 0.34 0. 16 0.48 
Cl8:0, % TFA 2.42 2.42 3.61 1.32 1.33 2.51 
C IS: I trtms. % TFA 0.06 2.56 
C 18: 1 cis. % TFA 10.18 10.18 12.98 34.78 2.53 34.23 
C J8:2. % TFA 30.37 30.37 5494 42.01 23.38 37.67 
C l8:3, % TFA 25.53 25.53 7.46 1.85 49.90 2.40 
Others. % TFA 6.68 6 .68 2.68 1.38 4.26 0.91 

Oa1 Silage. Oa1 Silage. 
Feed Name Immature Mid-Ma1uri1y Pea Hay Pea S ilage Peanu1 Hay Peanu1 Hulls 

CP, % OM 18.5 1 12.92 15.90 17.04 12.01 8.89 
Arg. %CP 2.18 2.18 3.87 3.87 3.87 5.70 
His. % CP 1.94 1.94 1.69 1.69 1.69 2.20 
lle. %CP 5.50 5 .50 3.73 3.73 3.73 3.30 
Leu, % CP 6.65 6 65 6.00 6.00 6.00 5.70 
Lys. % CP 3.56 3.56 4.48 4.48 4.48 4. 10 
Mel. % CP 1.87 1.87 1.37 1.37 1.37 9.00 
Phe. % CP 4.70 4.70 4.18 4. 18 4. 18 3.50 
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NUTRIENT COMPOSITION OF FEEDS 403 

TABLE 19-2 Continued 

Oat Silage, Oat Silage. 
Feed Name Immature Mid-Maturity Pea Hay Pea S ilage Peanut Hay Peanut Hulls 

Thr. %CP 4.13 4 .13 3.83 3.83 3.83 3.00 
Trp. % CP 1.42 1.42 0.93 0.93 0.93 1.00 
Val. % CP 4.13 4.13 5.00 5.00 5.00 4.40 
TFAs. % DM 2.24 1.77 1.69 1.68 1.31 3.2 1 
Cl2:0. % TFA 6.56 6 .56 0.43 0.43 0.43 
C l4:0, % TFA 0.54 0 .54 0.28 0.28 0.28 
C l6:0. % TFA 16.76 16.76 17.97 17.97 17.97 9.24 
C l6: 1. % TFA 1.67 1.67 0. 15 0. 15 0. 15 0.08 
Cl8:0, % TFA 1.94 1.94 6.71 6.71 6.71 2.32 
C 18: I trans. % TFA 
C 18: I cis. % TFA 3.80 3.80 19.74 19.74 19.74 66.61 
Cl8:2. % TFA 19.% 19.% 38.88 38.88 38.88 19.30 
C l8:3, % TFA 44.30 44.30 12.98 12.98 12.98 2.45 
Others. % TFA 4.46 4.46 2.85 2.85 2.85 0.00 

Peanut Mea l. Pineapple Cannery Potato 
Feed Name Expellers Peanut Skins Peanuts Peas Waste By-product Meal 

CP, % DM 42.62 16.19 25.55 24.28 7.02 9.99 
Arg, %CP 11.0 1 6 .60 11.01 8.69 2.47 
His. % CP 2.22 3.30 2.22 2.44 1.84 
lie. %CP 3.21 2.30 3.21 4. 13 3. 14 
Leu,%CP 6.14 5.90 6.1 4 7 18 5.34 
Lys, % CP 3.21 5.50 3.21 7.23 4.21 
Met. %CP 1.03 0.90 1.03 0.89 0.95 
Phe. % CP 4.81 3.20 4.81 4.79 3.62 
Thr. %CP 2.56 2.60 2.56 3.71 3. II 
Trp, % CP 1.03 1.00 1.03 0.89 0.67 
Val. % CP 3.88 3.00 3.88 4.65 4.40 
TFAs. % DM 7.31 18.6 1 41.24 1. 14 0.94 1.78 
Cl2:0. % TFA 0.35 
C l4:0. % TFA 0 .30 0.49 
C l6:0. % TFA 9.24 9.24 9.24 23.00 12. 18 
Cl6: 1. % TFA 0.08 0 .08 0.08 0 .10 0.55 
Cl8:0. % TFA 2.32 2.32 2.32 1.50 10.70 
C l8: I trans. % TFA 31.21 
Cl8: I cis. % TFA 66.61 66.6 1 66.61 13.50 35.65 
C l8:2. % TFA 19.30 19.30 19.30 55.90 5. 12 
C l8:3. %TFA 2.45 2.45 2.45 4.30 1.15 
Others. % TFA 0.00 0.00 0.00 1.30 2.60 

Poultry By-product 
Feed Name Meal Rice. Grain Rice Bran Rice Bran. Defalled Rice Hulls Rice Silage. Headed 

CP. % DM 65.62 8.11 14.81 18.54 3.69 7. 12 
Arg. %CP 7.00 8.22 7.74 7.74 7.74 2. 18 
His,% CP 2.52 2.75 2.75 2.75 1.94 
lie. %CP 4.25 3.92 3.76 3.76 3.76 5.50 
Leu.%CP 7.91 8.16 7.1 4 7. 14 7.14 6.65 
Lys. % CP 4.41 3.59 4.73 4.73 4 .73 3.56 
Met. %CP 1.39 2 .70 2.1 8 2. 18 2.18 1.87 
Phe,% CP 5.15 4.45 4.45 4.45 4.70 
Thr. % CP 4.41 3.58 3.88 3.88 3.88 4. 13 
Trp. %CP 1.29 1.22 1.22 1.22 1.42 
Val. % CP 5.94 5.53 5.72 5.72 5.72 4. 13 
TFAs, % DM 11.78 1.24 12.00 2. 16 0.27 1.62 
Cl2:0, % TFA 0 .08 6.56 
Cl4:0. % TFA 0 .57 0.28 0 .28 0.28 0.54 
C l6:0. % TFA 14.65 17.53 17.53 17.53 16.76 
Cl6:1, % TFA 024 0.21 0.21 0.21 1.67 
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404 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Poultry By-product 
Feed Name Meal Rice. Grain Rice Bran Rice Bran. Defaned Rice Hulls Rice S ilage. Headed 

C I8:0, % TFA 1.54 1.56 1.56 1.56 1.94 
CI8: 1 tra11s. % TFA 
C I8: 1 cis. % TFA 32.53 39. 10 39. 10 39.10 3.80 
CI8:2, % TFA 29.05 38.1 1 38. 11 38.11 19.96 
C I8:3. % TFA 1.2 1 1.46 I.4Q 1.46 44.30 
Others. % TFA 20.13 1.75 1.75 1.75 4.46 

Rice Silage. Rumen-Pr-0tected Rumen-Protected Rye Annual Fresh, Rye Annual Fresh, Rye Annual Hay, 
Feed Name Vegetative Lysine Methionine Immature Mid-Marurity Immature 

CP. % DM 8.27 27.50 20.48 22.89 
Arg. % CP 2.18 4. 10 4.10 4. 10 
His. % CP 1.94 1.94 1.94 1.94 
lie. %CP 5.50 3.96 3.96 3.96 
Leu, %CP 6.65 7.39 7.39 7.39 
Lys. % CP 3.56 100 4.85 4.85 4.85 
Met. %CP 1.87 100 1.64 1.64 1.64 
Phe.% CP 4.70 4.78 4.78 4.78 
Thr, % CP 4.13 4. 10 4.10 4 . 10 
Trp. %CP 1.42 2.09 2.09 2.09 
Val,% CP 4.13 5.22 5.22 5.22 
TFAs. % DM 1.47 3.07 2.44 2.53 
CI2:0. % TFA 6.56 0.84 0.84 4.60 
C I4:0, % TFA 0.54 0.24 0.24 3.30 
CI6:0. % TFA 16.76 13.49 13.49 26.20 
C l6: 1. % TFA 1.67 1.70 
C l8:0. % TFA 1.94 I.07 1.07 5.40 
C l8: I 1ra11s, % TFA 
C I8: I cis. % TFA 3.80 2.07 2.07 11.00 
C l8:2. % TFA 19.96 13.34 13.34 18.40 
C l8:3. % TFA 44.30 66.49 66.49 9.40 
Others, % TFA 4.46 2.4Q 2.4Q 20.00 

Rye Annual. 
Rye Annual Hay, Rye Annual Rye Annual Rye Annual Silage. 

Feed Name Hay, Mature Mid-Maturi ty Silage, Immature Silage, Marure Mid-Maturity Rye Grain 

CP, % DM 7.62 11 .99 16.41 8.28 14.43 11.80 
Arg, %CP 4.10 4 .10 3.06 3.06 3.06 5.00 
His. % CP 1.94 1.94 1.66 1.66 1.66 2.34 
lie. % CP 3.96 3.96 3.57 3.57 3.57 3. 19 
Leu,%CP 7.39 7 .39 6.1 2 6. 12 6.12 6. 17 
Lys, % CP 4.85 4.85 3.28 3.28 3.28 3.62 
Met, %CP 1.64 1.64 1.21 1.2 1 1.21 1.60 
Phe. % CP 4.78 4 .78 4.37 4.37 4.37 4.36 
llir. %CP 4.10 4.10 3.34 3.34 3.34 3.30 
Trp, % CP 2.09 2.09 I.07 I.07 1.07 I.06 
Val. % CP 5.22 5.22 4.89 4.89 4.89 4.57 
TFAs. % DM 1.0 1 1.47 1.95 1.25 1.68 1.45 
Cl2:0. % TFA 4.60 4 .60 0.66 0.66 0.66 
C I4:0. % TFA 3.30 3.30 1.87 1.87 1.87 0. 18 
C I6:0, % TFA 26.20 26.20 20.40 20.40 20.40 15.93 
C l6: 1. % TFA 1.70 1.70 1. 19 1. 19 1.19 0.59 
C l8:0. % TFA 5.40 5.40 2.25 2.25 2.25 0.53 
C l8: 1 tra11s. % TFA 
C l8: 1 cis. % TFA 11.00 11 .00 5.14 5. 14 5.14 16.46 
Cl8:2, % TFA 18.40 18.40 19.12 19. 12 19.12 56.32 
Cl8:3. % TFA 9.40 9.40 39.07 39.07 39.07 9.23 
Others. % TFA 20.00 20.00 10.30 10.30 10.30 0.76 
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TABLE 19-2 Continued 

Sorghum Forage Sorghum Forage Sorghum Grain, Sorghum Grain. 
Feed Name Safflower Meal Silage. Immature Silage. Marure Dry. Ground Steam-Flaked Sorghum Hay 

CP, % OM 26.21 11.74 11.30 12.48 12.48 10.18 
Arg. %CP 8.31 4.07 4.07 3.83 3.83 4.10 
His.% CP 2.46 2.47 2.47 2.25 2.25 1.94 
ne. %CP 3.52 3.9 1 3.91 4.11 4.11 3.96 
Leu,% CP 6.23 13.04 13.04 13.1 1 13. 11 7.39 
Lys. % CP 3.09 2.64 2.64 2.22 2.22 4.85 
Met. %CP 1.48 1.93 1.93 1.74 1.74 1.64 
Phe. % CP 4.41 5.24 5.24 5.15 5.15 4 .78 
Thr, % CP 3.14 3.59 3.59 3.3 1 3.3 1 4.10 
Trp. % CP 0.93 1. 16 1.16 1.20 1.20 2.09 
Val. % CP 4.96 5.00 5.00 5.28 5.28 5.22 
TFAs. % OM 3.88 1.74 1.44 2.92 2.92 1.24 
Cl2:0. % TFA 2.86 2.86 O.Q4 0.04 2.86 
C l4:0. % TFA 0.89 0.89 0.08 0.08 0.89 
C l6:0. % TFA 5.40 20.64 20.64 17.16 17.16 20.64 
C l6: 1. % TFA 0.43 0.43 0.63 0.63 0.43 
Cl8:0. % TFA 1.60 2.42 2.42 1.65 1.65 2.42 
C l8: I tra11s, % TFA 
Cl8: I cis. % TFA 13.20 10. 18 10 .18 29.70 29.70 10.18 
C l8:2. % TFA 79.50 30.37 30.37 48.18 48.18 30.37 
C l8:3. % TFA 0.30 25.53 25.53 1.61 1.6 1 25.53 
Others. % TFA 6.68 668 0.95 0.95 6.68 

Sorghum-
Sorghum Sorghum- Sudangrass Soybean Meal. 

Feed Name Soybean Si I age Sudangras.~ Hay Silage Soybean Hay Soybean Hulls Expellers 

CP, % DM 11.66 9.8 1 12 .25 20.08 11.88 47.60 
Arg, %CP 3.87 4. 10 3.06 3.87 5.21 7.29 
His. %CP 1.69 1.94 1.66 1.69 2.61 2.62 
ne. % CP 3.73 3.96 3.57 3.73 3.70 4.54 
Leu,% CP 6.00 7.39 6 .12 6.00 6.30 7.59 
Lys, % CP 4.48 4.85 3.28 4.48 6.30 6.12 
Met. %CP 1.37 1.64 1.21 1.37 1.09 1.34 
Phe. % CP 4. 18 4.78 4.37 4. 18 3.87 5.05 
Tiir. %CP 3.83 4. 10 3.34 3.83 3.61 3.90 
Trp. % CP 0.93 2.09 1.07 0.93 1.34 1.34 
Val. % CP 5.00 5.22 4 .89 5.00 4.37 4.73 
TFAs. % DM 1.81 1. 10 1.63 1.91 1.6 1 6.12 
Cl2:0.%TFA 0.43 2.86 2.86 0.43 
C l4:0. % TFA 0.28 0.89 0 .89 0.28 1.47 0.07 
C l6:0, % TFA 17.97 20.64 20.64 17.97 16.22 11.55 
Cl6:1,%TFA 0.15 0.43 0.43 0. 15 0.28 0.09 
C l8:0.%TFA 6.71 2.42 2.42 6.71 7.03 3.71 
C l8:1 trtms. % TFA 0.70 1.42 
C l8:1 cis. % TFA 19.74 10. 18 10. 18 19.74 15.90 18.1 3 
C l8:2,%TFA 38.88 30.37 30.37 38.88 42.66 54.77 
C l8:3. % TFA 12.98 25.53 25.53 12.98 13.1 1 9.52 
Others. % TFA 2.85 6.68 6.68 2.85 2.64 0.75 

Soybean 
Meal. Solvent 

Soybean Mea l. Extracted. Soybeans. Soy beans. 
Feed Name Extruded 48% CP Soybean Silage Whole Raw Whole Roasted Spell Grain 

CP, % DM 40.43 52.64 17 .99 39.98 40.02 12.90 
Arg, %CP 7.29 7.29 3.87 7.25 7.25 4.79 
His. % CP 2.62 2.64 1.69 2.61 2.61 2.15 
lie. %CP 4.54 4.54 3.73 4.53 4.53 3.45 
Leu. % CP 7.59 7.63 600 7.58 7.58 6.54 
Lys, % CP 6.12 6. 16 4 .48 6.14 6.14 2.76 

cominued 
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406 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Soybean 
Meal. Sol vem 

Soybean Mea l. Ex1rac1ed . Soybeans. Soy beans. 
Feed Name Exlruded 48% C P Soybean Silage Whole Raw V.'hole Roas1ed Spell Grain 

Mel. % CP 1.34 1.38 1.37 1.33 1.33 1.54 
Phe, % CP 5.05 5.03 4. 18 5.03 5.03 4 .45 
Thr, % CP 3.90 3.95 3.83 3.89 3.89 2.95 
Trp. % CP 1.34 1.38 0.93 1.33 1.33 1.36 
Val. % CP 4 .73 4.76 5.00 4.72 4.72 4.44 
T FAs. % DM 15.08 1.08 2.86 16.99 15.35 J.66 
Cl2:0, % T FA 0.43 0.58 0.00 
C l4:0. % TFA 0.07 0.83 0.28 0.20 0.1 I 0.23 
C l6:0. % TFA I I .SS 17.28 17 .97 I 1.93 I 1.80 19.SO 
C l6: 1. % TFA 0.09 0. IS 0.08 0.07 
C I8:0. % T FA 3.7 1 4.45 6.71 4.05 4.30 J.08 
C l8: I trtms, % TFA 1.42 0.43 
C l8: I cis. % TFA 18. 13 13.22 19.74 21.99 23.58 14.66 
C l8:2. %TFA 54.77 54. 16 38.88 52.43 52.36 60.20 
C l8:3. % T FA 9.52 8.43 12.98 7.59 6.99 4 .32 
01hers, % T FA 0.75 1.20 2.85 1. 17 0.79 

Sudangrass 
Sudangrass Sudangrass Hay. Sudangrass Silage, Sugarcane Sugarcane 

Feed Name Hay, Mature Mid-Ma1ur ity Silage, Mature Mid-Maiuriiy Bagasse Hay Bagasse S ii age 

CP. % DM 808 14.73 9.54 13.37 3.89 4.99 
Arg, % CP 4 . 10 4. 10 3.06 3.06 2.83 2.83 
His. % CP 1.94 1.94 1.66 1.66 1.00 1.00 
lie. % CP 3.% 3.96 3.57 3.57 2.83 2.83 
Leu, % C P 7.39 7.39 6. 12 6.12 5.49 5.49 
Lys. % CP 4.85 4.85 3.28 3.28 2.83 2.83 
Mel. % CP J.64 1.64 1.21 1.21 0.67 0.67 
Phe. % CP 4.78 4.78 4.37 4.37 3.50 3.50 
Thr. % CP 4 10 4. 10 3.34 3.34 2.83 2.83 
Trp. % CP 2 .09 2.09 J.07 J.07 4.50 4 .50 
Val. % CP 5.22 S.22 4.89 4.89 3.83 3.83 
T FAs. % DM 0.99 1.05 1.53 1.61 0.72 0.91 
C l2:0. % TFA 2.86 2.86 2.86 2.86 1.1 9 1.19 
C l4:0. % TFA 0.89 0.89 0.89 0.89 0.43 0.43 
C l6:0, % TFA 20.64 20.64 20.64 20.64 16.44 16.44 
Cl6: 1. % TFA 0.43 0.43 0.43 0.43 0.48 0.48 
C IS:O. % TFA 2.42 2.42 2.42 2.42 1.33 1.33 
C I8: I trtms. % TFA 0.06 0.06 
C l8: 1 cis. % TFA 10.18 10.18 10.18 10.18 2.53 2.53 
C l8:2. % T FA 30.37 30.37 30.37 30.37 23.38 23.38 
C l8:3. % TFA 25.S3 2S.53 25.53 25.53 49.90 49.90 
01hers. % TFA 6.68 6.68 668 6.68 4.26 4 .26 

Sunflower Sunflower Swee! Corn Thpioca Toma lo 
Feed Name Meal Sunflower Seed Silage Cannery W;;t'ite (Cassava) Po mace 

CP. % DM 37.0 1 20.07 13.27 9.80 2.50 19.30 
Arg. % CP 8.03 7.99 3.87 2.32 4.00 I 1.5 
His, % CP 2.44 2.49 1.69 1.7 1 1.60 3.9 
Tie. % CP 4.00 3.9 1 3.73 3.4 1 3.20 4.1 
Leu. % C P 6.22 6. 12 6.00 8.54 5.20 7.1 
Lys. % CP 3.50 3.70 4.48 2.80 4.00 8 
Mel, % C P 2.19 2. 13 1.37 1.59 J.20 2.3 
Phe, % CP 4.SO 4.47 4.18 3.90 3.20 5.8 
Thr. % CP 3.63 3.59 3.83 3.4 1 3.60 3.3 
Trp. % CP 1.28 1.4 1 0.93 0.73 0.80 
Val. % CP 4.84 4.78 5.00 4.5 I 4.00 4.4 
T FAs, % DM J.02 37.20 3.06 3.8 1 0.48 12.30 
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NUTRIENT COMPOSITION OF FEEDS 407 

TABLE 19-2 Continued 

Sunflower Sunflower Sweet Corn Thpioca Tomato 
Feed Name Meal Sunflower Seed Silage Cannery Wa~te (Cassava) Po mace 

Cl2:0, % TFA 0.43 0.31 
Cl4:0. % TFA 0.76 0. 10 0.28 0.46 
Cl6:0. % TFA 11.59 5.20 17.97 17.83 38.50 
C l6: 1. % TFA 0. 10 0. 15 0.36 
C l8:0, % TFA 4.37 4. 10 6.71 2.42 
Cl8: I trans. % TFA 0.00 
Cl8: I cis. % TFA 41.93 39.40 19.74 19.24 38.50 
Cl8:2. % TFA 38.71 47.90 38.88 47.74 13.30 
Cl8:3, % TFA 0.59 0.40 12.98 8.25 6.60 
Others. % TFA 2.05 2.80 2.85 3.40 3.10 

Triticale Plus Trit ica le Triticale Silage, 
Feed Name Triticale Grain Triticale Hay Pea Silage Silage. Mature Mid-Maturity Urea 

CP, % OM 12.05 10.33 15.98 14.16 17.78 281.00 
Arg, %CP 4.91 3.84 3.84 3.84 3.84 
His. % CP 2.28 2.53 2.53 2.53 2.53 
ne. % CP 3.25 3.04 3.04 3.04 3.04 
Leu. % CP 6.40 5.86 5.86 5.86 5.86 
Lys, % CP 3.16 1.83 1.83 1.83 1.83 
Met. %CP 1.67 1.31 1.31 1.31 1.3 1 
Phe. % CP 4.56 4.78 4.78 4.78 4.78 
1l1r. %CP 3.07 2. 14 2.14 2.14 2.14 
Trp. % CP 1.05 1.03 1.03 1.03 1.03 
Val. % CP 4.30 3.68 3.68 3.68 3.68 
TFAs, % DM I.SS 1.46 2.13 2.48 2.38 
Cl2:0. % TFA 1. 12 1.12 1.12 1. 12 
Cl4:0, % TFA 0.23 0.42 0.42 0.42 0.42 
C!6:0, % TFA 19.50 11.42 11 .42 11.42 11.42 
Cl6: 1. % TFA 2.23 2.23 2.23 2.23 
Cl8:0. % TFA 1.08 0.92 0.92 0.92 0.92 
Cl8: I tra11s. % TFA 
Cl8: I cis. % TFA 14.66 1.49 1.49 1.49 1.49 
Cl8:2. % TFA 59.45 14.53 14.53 14.53 14.53 
C l8:3. % TFA 4.32 62.82 62.82 62.82 62.82 
Others. % TFA 0.76 5.06 5.06 5.06 5.06 

Wheat Grain. Wheat Hay. Wheat Hay. Wheat Wheat Silage. 
Feed Name Wheat Bran Rolled Headed Vegetative Middlings Headed 

CP. % OM 17.40 13.49 9.88 10.50 19.10 10.73 
Arg. %CP 6.94 4.79 2.02 2.02 6.65 2.02 
His, % CP 2.75 2. 15 3.60 3.60 2.6 1 3.60 
lie. %CP 3.19 3.45 4.01 4.01 3.1 1 4.01 
Leu. %CP 6.21 6.54 6.64 6.64 6.09 6.64 
Lys. % CP 4.05 2.76 4.21 4.21 3.98 4.21 
Met, %CP 1.46 1.54 1.77 1.77 1.49 1.77 
Phe, %CP 3.91 4.45 4.24 4.24 3.98 4.24 
Thr. % CP 3.19 2.95 4.21 4.21 3.17 4.21 
Trp. %CP 1.84 1.36 1.03 1.03 1.43 1.03 
Val. % CP 4.82 4.44 5.80 5.80 4.53 5.80 
TFAs, % OM 4.02 1.78 1.01 0.89 3.85 1.53 
Cl2:0. % TFA 1.19 1.19 6.56 
Cl4:0. % TFA 0.10 0.23 0.43 0.43 0.10 0.54 
Cl6:0. % TFA 17.05 19.50 16.44 16.44 17.09 16.76 
C l6: 1, % TFA 0.48 0.48 0.12 1.67 
Cl8:0. % TFA 1.08 1.08 1.33 1.33 1.17 1.94 
C 18: I tram-. % TFA 0.06 0.06 
C 18: I cis. % TFA 17.81 14.66 2.53 2.53 17.69 3.80 
C l8:2. % TFA 59 09 60.20 23.38 23.38 57.78 19.96 
C l8:3, % TFA 4.73 4.32 49.90 49.90 4.7 1 44.30 
Others. % TFA 0.14 4.26 4.26 1.34 4.46 

co11ti11ued 
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408 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE 19-2 Continued 

Wheat Silage, 
Feed Name Yegetmive Wheat Straw Whey. Dry Whey. Wet 

CP, % OM 13.35 4.50 17 .83 7.42 
Arg. %CP 2.02 2.02 2.75 2.17 
His. % CP 3.60 3.60 1.83 1.65 
lle. %CP 4.01 4.01 5.07 5.39 
Leu,% CP 6.64 6.64 8.78 9.04 
Lys. % CP 4.21 4.21 6.94 7.22 
Met. %CP 1.77 1.77 1.40 1.39 
Phe. % CP 4.24 4.24 3.23 2.96 
Thr. %CP 4.21 4.21 5.46 6.17 
Trp. %CP 1.03 1.03 1.57 
Val. %CP 5.80 5.80 4.80 5.13 
TFAs. % OM 1.42 0.55 5.27 0.97 
Cl2:0, % TFA 6.56 1.19 0 .72 0.72 
Cl4:0, %TFA 0.54 0.43 6.75 6.75 
Cl6:0.%TFA 16.76 16.44 35.74 35.74 
Cl6: 1. %TFA 1.67 0.48 0.94 0.94 
Cl8:0,%TFA 1.94 1.33 17.81 17.81 
Cl8: I trtms, % TFA 0.06 2.64 2.64 
Cl8: 1 cis. % TFA 3.80 2.53 27.08 27.08 
Cl8:2. %TFA 19.96 23.38 6.89 6.89 
Cl8:3.%TFA 44.30 49.90 
Others. % TFA 4.46 4.26 1.42 1.42 

0 AA and individual FA data were provided by Comell University (Higgs et al. . 2015). Because data originmed from a single source. the number of samples 
and standard deviation are not presented in the table. 

TABLE 19-3 Composition of Inorganic Mineral Sources and Element Absorption Coefficients for Dairy Callie on a 
I 00 Percent DM Basis•.h.c.d.c.f 

Mineral Source 

CALCIUM SOURCES 

Bone meal (NRC16Fl01 l) 
Primary mineral 
Secondary minera l 
Minor mineral 1 
Minor mineral 2 
Minor mineral 3 

Calcium carbonate, CaC03 (NRCl6Fl 003) 
Primary mineral 

Calcium chloride anhydrous. CaC12 (NRC16F 1004) 
Primary mineral 
Secondary minera l 

Calcium chloride dihydrate. CaC12 · 2H20 (NRCl6Fl005) 
Primary mineral 
Secondary minera l 

Calcium hydroxide, Ca(OH)2 (NRC16F l006) 
Primary mineral 

Calcium oxide. Cao (NRC16Fl009) 
Primary mineral 

Calcium phosphate (dibasic), CaHPO, (NRC 16FI007) 
Primary mineral 
Secondary minera l 
Minor mineral 1 

Calcium phosphate (monobasic). Ca(H,PO.J2 (NRC l6Fl 008) 

Primary mineral 
Secondary minera l 
Minor mineral I 

Mineral 

Ca 
p 

Na 
Fe 
s 

Ca 

Ca 
Cl 

Ca 
Cl 

Ca 

Ca 

Ca 
p 

Fe 

Ca 
p 

Fe 

% 

31.0 
12.9 
5.7 
2.7 
2.5 

39.4 

36.l 
63.9 

27.5 
48.2 

54.l 

71.5 

22.0 
19.3 
1.4 

16.4 
2 1.6 

1.6 

Absorption Coefficient 

0.60 
0.80 
1.00 
0.01 
NIA 

0.50 

0.60 
0.92 

0.60 
0.92 

0.60 

0.33 

0.60 
0.75 
0.01 

0.60 
0.80 
0.01 
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NUTRIENTCOMPOS!T!ONOF FEEDS 

TABLE I 9-3 Continued 

Mineral Source 

Calcium sulfate di hydrate, CaS0
4

• 2H
2
0 (NRC16Fl010) 

Primary mineral 
Secondary minera l 

Dolomite limestone (magnesium) (NRC l 6FI 012) 
Primary mineral 
Secondary minera l 

Limestone. ground (NRC l6F 1013) 
Primary mineral 
Secondary minera l 

Oysrershell. ground (NRCl6FI0 14) 
Primary mineral 

Phosphate. Curacao (NRCl6Fl024) 
Primary mineral 
Secondary minera l 

Phosphate. deAuorinated (NRC 16F 1025) 
Primary rnineral 
Secondary minera l 
Minor mineral 1 

CHLORIDE SOURCES 

Ammonium chloride. NH4Cl (NRC16F1069) 
Primary mineral 

Calcium chloride anhydrous. CaC1
2

(NRC 16F 1004) 
Primary mineral 
Secondary mineral 

Magnesium chloride hexahydrate. Mg Cl,· 6H20 (NRCI 6FI 0 15) 
Primary mineral 

Secondary minera l 

Potassium chloride. KCI (NRC 16F 10 16) 
Primary mineral 
Secondary minera l 

Sodium chloride (salt). NaCl (NRC16FIO 17) 
Primary mineral 

Secondary minera l 

COBALT SOURCES 

Cobalt carbonate. CoC03 (NRC16FI038) 
Primary mineral 

Cobalt carbonate hexahydrate. CoC03 · 6H20 (NRCl6FI039) 
Primary mineral 

Cobalt chloride hexahydrate, CoCl
2 

• 6H
2
0 (NRC I 6FI 040) 

Primary mineral 
Secondary minera l 

Cobalt sulfate heptahydrate. CoS04 • 7H20 (NRC l 6FI 041) 
Primary mineral 
Secondary minera l 

COPPER SOURCES 

Copper chloride di hydrate, CuCl2 • 2Hp (NRC l 6F 1043) 
Primary mineral 
Secondary minera l 

Copper oxide. CuO (NRCl6FI045) 
Primary mineral 

Mineral 

Ca 
s 

Ca 
Mg 

Ca 
Mg 

Ca 

Ca 
p 

Ca 
p 

Na 

Cl 

Cl 
Ca 

Cl 
Mg 

Cl 
K 

Cl 
Na 

Co 

Co 

Co 
Cl 

Co 
s 

Cu 
Cl 

Cu 

% 

23.3 
23.5 

22.3 
10.0 

35.0 
1.0 

38.0 

35.1 
14.1 

32.0 
18.0 
4.9 

66.3 

63.9 
36.1 

34.9 
12.0 

50.0 
50.0 

60.7 
39.3 

46.0 

25.9 

24.8 
29.8 

2 1.0 
11.4 

37.2 
4 1.7 

79.9 

409 

Absorption Coefficient 

0.60 
NIA 

0.45 
0.12 

0.45 
0.12 

0.50 

0.45 
0.85 

0.45 
0.65 
1.00 

0.92 

0.92 
0.60 

0.92 
0.27 

0.92 
1.00 

0.92 
1.00 

NIA 

NIA 

NIA 
0.92 

NIA 
NIA 

0.05 
0.92 

0.005 

co111i1111ed 
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410 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE I 9-3 Continued 

Mineral Source 

Copper sulfate pentahydrate, CuS0
4

• 5H,O (NRC 16Fl044) 
Primary mineral 
Secondary mineral 

IODINE SOURCES 

Calcium iodate, Ca(IO,), (NRC16Fl048) 
Primary mineral 
Secondary minera l 

EDDI (NRC16Fl047) 
Primary mineral 

Potassium iodide. Kl (NRC 16Fl031) 
Primary mineral 

Secondary minera l 

IRON SOURCES 

Ferrous carbonate. FeC0
3

(NRC16F105 1) 
Primary mineral 

Ferrous sulfme heptahydrate, FeS04 • 7H20 (NRCl6FI049) 
Primary mineral 
Secondary minera l 

Ferrous sulfate monohydrate. FeS04 H,O (NRCl6Fl050) 
Primary mineral 
Secondary minera l 

Iron ox ide. FeO (NRCJ6FJ052) 
Primary mineral 

MAGNESIUM SOURCES 

Dolomite limestone (magnesium) (NRC I 6FJ 012) 
Primary mineral 
Secondary minera l 

Magnesium carbonate. MgC0
3 

(NRCl6FJ018) 
Primary mineral 

Magnesium ch loride hexahydrare. Mg Cl,- 6H20 (NRCl 6Fl 0 15) 
Primary mineral 
Secondary mineral 

Magnesium hydroxide. Mg(0H)2 (N RC l 6F 10 19) 
Primary mineral 

Magnesium oxide, MgO (NRC l 6Fl 020) 
Primary mineral 
Secondary mineral 

Magnesium sulfate heptahydrare. MgS04 · 7H20 (NRC16Fl 021) 
Primary mineral 
Secondary minera l 

MANGANESE SOURCES 

Manganese carbonate. MnC0
3 

(NRC l 6Fl 056) 
Primary mineral 

Manganese chloride. MnCl, (NRC 16Fl054) 
Primary mineral 
Secondary minera l 

Manganese chloride tetrahydrate, MnCl,- 4 H,O (N RC I 6F 10 55) 
Primary mineral 
Secondary minera l 

Mineral 

Cu 
s 

Ca 

I 
K 

Fe 

Fe 
s 

Fe 
s 

Fe 

Mg 
Ca 

Mg 

Mg 
Cl 

Mg 

Mg 
Ca 

Mg 
s 

Mn 

Mn 
CJ 

Mn 
Cl 

% 

25.5 
12.8 

63.5 
10.0 

80.3 

68.8 
2 1.0 

38.0 

2 1.8 
12.4 

32.9 
18.9 

60.0 

IO.O 
22.0 

30.8 

12.0 
34.9 

41.7 

56.2 
<I 

9.8 
13.3 

47.8 

43.0 
56.3 

27.7 
35.8 

Absorption Coefficient 

0.05 
NIA 

NIA 
0.60 

NIA 

NIA 
1.00 

0.10 

0.20 
NIA 

0.20 
NIA 

0.01 

0.12 
0.45 

0.23 

0.27 
0.92 

0.23 

0.23 
0.45 

0.27 
NIA 

0.0015 

0.005 
0.92 

0.005 
0.92 
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NUTRIENT COMPOSITION OF FEEDS 

TABLE I 9-3 Continued 

Mineral Source 

Manganese oxide. MnO (NRC16Fl059) 
Primary mineral 

Manganese sulfate monohydrme. MnS04 • H,O (NRCl6Fl057) 
Primary mineral 
Secondary minera l 

Manganese sulfate pentahydrate. MnS04 · 5H,O (NRC16Fl 058) 
Primary mineral 
Secondary minera l 

PHOSPHORUS SOURCES 

Ammonium phosphate (dibasic) . (NH4)
2
HP0 4 ( NRC16FI022) 

Primary mineral 

Minor mineral 1 
Minor mi neral 2 

Ammonium phosphate (monobasic). (NH4)H
2
P04 (NRCl6Fll023) 

Primary mineral 
Minor mineral 1 
Minor mineral 2 

Bone meal (NRC16Fl0 1 l) 
Primary mineral 
Secondary minera l 
Minor mineral 1 
Minor mineral 2 
Minor mineral 3 

Calcium phosphate (dibasic), CaHP04 (NRC l6Fl007) 
Primary mineral 
Secondary minera l 
Minor mineral 1 

Calcium phosphate (monobasic) . Ca(H,PO ) , (NRC I 6Fl 008) 
Primary mineral 
Secondary minera l 
Minor mineral I 

Phosphate, Curacao (NRC 16FI024) 
Primary mineral 
Secondary minera l 

Phosphate. deHuorinated (NRC 16F 1025) 
Primary mineral 
Secondary minera l 
Minor mineral I 

Phosphate. monosodium (H,0) (NRC16FI026) 
Primary mineral 
Secondary minera l 

Phosphoric acid. H,P04 (NRC 16F 1027) 
Primary mineral 

Sodium tripolyphospha1e, Na
5
P p ,. (NRC l 6Fl 028) 

Primary mineral 
Secondary minera l 

POTASSIUM SOURCES 

Pota.~sium bicarbonate. KHC01 (N RC l 6F I 029) 
Primary mineral 

Potassium carbonate. K2C01 (NRCI6F I 030) 
Primary mineral 

411 

Mineral % Absorption Coefficient 

Mn 77.5 0.003 

Mn 32.5 0.005 
s 19.0 N/A 

Mn 22.8 0.005 
s 13.3 N/A 

p 20.6 0.80 
s 2.2 NIA 
Fe 1.2 0.01 

p 24.7 0.80 
s 1.5 N/A 
Fe 1.7 0.01 

p 12.9 0.80 
Ca 31.0 0.60 
Na 5.7 1.00 
Fe 2 .7 0.0 1 
s 2.5 N/A 

p 19.3 0.75 
Ca 22.0 0.60 
Fe 1.4 0.0 1 

p 2 1.6 0.80 
Ca 16.4 0.60 
Fe 1.6 0.01 

p 14.I 0.85 
Ca 35.1 0.45 

p 18.0 0.65 
Ca 32.0 0.45 
Na 4.9 1.00 

p 22.5 0.90 
Na 16.7 1.00 

p 31.6 0.90 

p 25.0 0.75 
Na 31.0 1.00 

K 39.1 1.00 

K 56.6 1.00 

continued 
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412 NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

TABLE I 9-3 Continued 

Mineral Source 

Potassium chloride, KCI (NRC 16F 10 16) 
Primary mineral 
Secondary minera l 

Pota~sium sulfate. ~S04 (NRCl6Fl032) 
Primary mineral 
Secondary minera l 

SELENIUM SOURCES 

Selenite. sodium. Na2Se03 (NRC l6F J061) 
Primary mineral 
Secondary minera l 

Selenate, sodium decahydrate. Na2Se04 · I OH20(NRC 16FI062) 
Primary mineral 
Secondary minera l 

SODIUM SOURCES 

Sodium bicarbonate, NaHC0
1

(NRC16F 1033) 
Primary mineral 

Sodium carbonate monohydrace, NaC03 · H,O (NRC 16Fl034) 
Primary mineral 

Sodium chloride (sail). NaCl (NRCl6FIOl7) 
Primary mineral 
Secondary minera l 

Sodium sesquicarbonate dehydrate, Na2C0 1 +NaHC03 ·2H,0 (NRC l6FI035) 
Primary mineral 

SULFUR SOURCES 

Ammonium sulfate, (NH4),S04 (NRCI 6Fl037) 
Primary mineral 

Calcium su lfate dihydrate, CaS0
4 

• 2H
2
0 (NRCl6Fl010) 

Primary mineral 
Secondary minera l 

Magne.~ium sulfate heptahydrate. MgS04 • 7H,O (NRCI 6Fl 021) 
Primary mineral 
Secondary mineral 

Potassium sulfate. K2 SO, (NRCl6FI032) 
Primary mineral 

Secondary miner.i i 

Sodium sulfate, Na
2
S04 (NRCl6F1036) 

Primary mineral 
Secondary miner.i i 

ZINC SOURCES 

Zinc carbonace, ZnC03 (NRCl6FI064) 
Primary mineral 

Z inc chloride. ZnCl2 (NRC I 6FI 065) 
Primary mineral 

Secondary mineral 

Zinc oxide. ZnO (NRC I 6FI 066) 
Primary mineral 

Mineral 

K 
Cl 

K 
s 

Se 
Na 

Se 
Na 

Na 

Na 

Na 
Cl 

Na 

s 

s 
Ca 

s 
Mg 

s 
K 

s 
Na 

Zn 

Zn 
Cl 

Zn 

% 

50.0 
50.0 

4 1.8 
17.4 

45.6 
36.6 

2 1.4 
12.5 

27.0 

37.l 

39.3 
60.7 

30.5 

24.1 

23.5 
23.3 

13.3 
9.8 

17.4 
4 1.8 

10.0 
14.3 

52.1 

48.0 
52.0 

78.0 

Absorption Coefficient 

1.00 
0.92 

1.00 
NIA 

NIA 
1.00 

NIA 
1.00 

1.00 

1.00 

1.00 
0.92 

1.00 

NIA 

NIA 
0.60 

NIA 
0.27 

NIA 
1.00 

NIA 
1.00 

0.20 

0.20 
0.92 

0. 16 
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NUTRIENTCOMPOS!T!ONOF FEEDS 

TABLE I 9-3 Continued 

Mineral Source 

Zinc sulfate monohydmte, ZnS0
4 

• H,O (NRC16Fl067) 
Primary mineral 
Secondary minera l 

0 DM = 100 percent except phosphoric acid= 75 percent. 
•Mineral concentrations <l percent not shown. 
' NI A= not applicable. 
d For Mg. absorpt ion coefficients assume 1.2 percent Kin diet. 

Mineral 

Zn 
s 

% 

36.4 
17.7 

413 

Absorption Coefficient 

0.20 
NIA 

' Ash content for all sources is equal to 100 percent except fort he following: bonemeal=79 percent; ammoniumphosphate(dibasic). (NH4),HP04 = 36 percent; 
ammon ium phosphate (monobasic). (NHJH, P04 = 36 percent; ammonium sulfate. (NH4) 2S04 = 33 percent. 

/ Feeds containing detectable concelllrations of nitrogen have the following CP co111en1: bone meal= 13.2 perce111; ammonium phosphate (dib:L5ic). 
(NH

4
),HPO,= I 15.9 percent; ammonium phosphate (monobasic), (NH

4
)H

2
P0

4
=70.9 percent; ammonium sulfate, (NH

4
),S0

4 
= 134.J percent; the CP in these 

feeds is a5sumed to be 100 percent A fraction. 
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21 

Nutrient Requirement Tables 

Tables 21 - 1 to 21 -3 are intended to be used as a general 
guide to compare the expected nutrient concentrations of 
diets fed to meet the minimum requirements of dairy cattle 
at varying stages of maturity, lactation stages, growth rates, 
milk production, and milk composi tion. The nutrient con
centrations are based the required amounL~ of each nutrient 
di vided by the predicted dry matter intake (DMI) using 
predict ion equations presented in Chapter 2 (Dry M atter 
Intake) for heifers and milking cows, Chapter 10 (N utrient 
Requirements of the Young Calf), and Chapter 12 (Dry and 
Transition Cows). 

Requirements for each nutrient in cal ves, hei fer s, dry 
cows, and milking cows are based on the calculated re
quirements for each nutrient provided i n the indiv idual 
chapters corresponding to that nutrient. Energy and pro
tein requirements for growth are presented in Chapter 11 
(Growth). Dietary rumen-undegraded protein (RUP) was 
estimated as the difference between total dietary crude 

470 

protein (CP) and rumen-degraded protein where dietary 
CP is based on the expected ratio of metabolizable protein 
to total dietary CP. There is no speci fie RUP requirement 
as the metabol i zable protein supply would depend on the 
microbial protein produced from rumen fermentation 
and RUP supplied by individual ingredients in the d iet. For 
energy and protein, provisions for mobi lization and replen
ishment o f body reserves during the lactation cycle have 
been included. 

Deviations from expected DMis wi ll result in different 
nutrient concentrations required to meet the animal 's nu
trient requi rements. In addition, nutrient requirements for 
metabolic fecal excretion and availabili ty of some nutrients 
are dr iven by both DMI and the amount and composition 
of the individual feed ingredients within the diet. Thus, the 
most accurate estimates of the actual nutrient concentrations 
needed to meet the animal 's requirements are best depicted 
by using the diet software. 
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TABLE 21-1 Predicted Nutrient Concentrations (DM Basis) Needed to Meet the Nutrient Requirements for Holstein Cattle at Varying Stages of 
Lactation and Ages of M aturity 

Age. days 

BW. kg 

Growth Rate, kg/d 

Dry mauer intake, kg/d 
ME.Meal/kg 

NEL. Meal/kg 
Rumen-degraded protein. % 
Rumen-undegraded protein. % 

Crude protein, % 
Metabolizable protein. % 
Net protein. % 
N DF. min % 
Forage NDF, min % 

S1arch max. % (varie.~) 

Macrominerals. % 
Ca 
p 

Mg 
K 
Na 
Cl 
s 

DCAD-S mF.q/kg min 
Trace minerals. mg/kg 

Cu 
Co 
I 
Fe 
Mn 
Se 
Z n 

Vitamins. IU/kg 
Viramin A 
Vitamin D 
Viramin E 

30 

65 

0.7 

1.4 
3.68 

2 1.0 
16.5 
10.7 

0.59 
0.45 
0.15 
1.00 
0.35 
0.28 

5 

0.78 
90 
50 
0 .3 
70 

5.218 
1.5 18 
86 

100 

120 

0.7 

3.9 
2.26 

10.0 
6.6 
16.6 
9.5 
5.1 
25- 33 
19-25 
15-20 

0.78 
0.32 
0.14 
0.5 1 
0 .17 
0.14 

0.20 
39 

16 
0 .20 
0.69 
6 1 
49 
0.3 
47 

3.390 
924 
49 

Growing Calves and Heifers 

225 

230 

0.9 

6 .6 
2.09 

10.0 
4.4 

14.4 
8.1 
4.4 
25- 33 
19-25 
15-20 

o~ 

o~ 

0 .12 
o~ 

0 .16 
0 .14 

o~ 
42 

16 
0.20 
0 .58 
46 
44 
0.3 
4 1 

3.829 
1.044 
56 

350 

330 

0.8 

8 .5 
1.95 

10.0 
2 .6 

12.6 
6.8 
3.9 
25- 33 
19-25 
15-20 

0.44 
0.2 1 
0. 12 
0.54 
0. 16 
0. 13 

0.20 
45 

15 
0.20 
0.54 
32 
40 
0.3 
36 

4.265 
1.163 
62 

475 

420 

0.7 

9.8 
1.92 

10 .0 
1.7 

11.7 
6.1 
3.6 
25- 33 
19- 25 
15- 20 

0.37 
0.1 8 
0.12 
0.56 
0.15 
0.13 

0.20 
50 

15 
0.20 
0.53 
24 
38 
0.3 
34 

4.698 
1.28 1 
68 

600 

530 

0.9 

11.0 
2. 12 

10.0 
2.7 

12.7 
14.0 
10.7 
25- 33 
19- 25 
15- 20 

o.w 
0.19 
0. 10 
OM 
0. 16 
0 .13 

o~ 

60 

17 

0.20 
0.54 
28 
43 
0.3 
35 

5.288 
1.442 
77 

Dry Cows 

Days Preparrum 

60-2 Id I <2 ld 

740 740 

0.0 0.0 

13.9 13.0 
1.93 1.89 
1.28 1.28 
10.0 10.0 
1.9 3.6 

11.9 13.6 
5 .2 6.2 
3.6 4.2 
25- 33 25- 33 
19-25 19- 25 
15-20 15-20 

0.3 1 0.37 
0. 19 0.2 1 
0. 13 0.13 
0.62 0.65 
0 .1 6 0.16 
0.13 0.13 

0.20 0 .20 
66 - 100 

18 19 
0.20 0.20 
0.5 1 0.54 
13 14 
38 41 
0.3 0.3 
30 30 

5.850 6.272 
1.595 1.7 10 
85 17 1 

Lactating Cows by Parity (Body Weight) and Days in Milk " 

First (570 kg) 

Days-in-Milk 15 

Milk. kg 33 

Fat % 3.9 

Prote in % 3. 1 

20.8 
2.39 
1.5 1 
10.0 
6.2 

16.2 
9.9 
6.7 
25- 33 
19-25 

22-30 

0.57 
0.35 
0. 17 
1.03 
0.2 1 
0.29 
0.20 
148 

9 
0.20 
0.46 
16 
28 
0.3 
57 

3.02 1 
1.099 
22 

150 

39 

3.6 

3.0 

23.9 
2.61 
1.72 
10 .0 
7.0 

16.0 
9.8 
6.7 
25- 33 
19- 25 

22- 30 

0.57 
0.35 
0. 17 
0.97 
0.21 
0.30 
0.20 
130 

8 
0.20 
0.42 
16 
26 
0.3 
58 

2.7% 
954 
19 

20 

53 

3.7 

2 .8 

25.8 
2.58 
1.6 1 
10.0 
7.5 

17.5 
10.8 
7.4 
25- 33 
19-25 

22- 30 

0.64 
0.39 
0.18 
I.JO 
0.23 
0.34 

0.20 
157 

10 
0.20 
0.47 
2 1 
3 1 
0 .3 
66 

3.687 
1.085 
22 

Mature (700 kg) 

100 

55 

3.5 

2.8 

29.4 
2.73 
1.80 
10.0 
7.4 

17.4 
10.7 
7.3 
25- 33 
19-25 

22-30 

0.60 
0.37 
0.18 
1.00 
0.22 
0.32 

0 .20 
135 

0.20 
0.42 
19 
28 
0.3 
62 

3.303 
952 
19 

200 

43 

3.8 

3.3 

27.4 
2.60 
1.73 
10.0 
7.5 

17.5 
10.8 
7.3 
25- 33 
19- 25 

22- 30 

0.58 
0.35 
0. 17 
0.99 
0.21 
0.29 
0.20 
137 

10 
0.20 
0.41 
16 
27 
0.3 
6 1 

3. 103 
1.02 1 
20 

• Energy and protein requiremenls for dry and lactating cows have been adjusted for growth (0. 19 and 0.08 kg/d) for fi rst versus mature cows and changes in energy reserves (-0.36. - 1.00. 0.20. - 1.70. 
0-2 1, and 0 .21 kg/d) for the respective groups beginning with dry cows at less than 2 1 days prepanum. 
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TABLE 21-2 Predicted Nutrient Concentrations (DM Basis) Needed to Meet the Nutrient Requirements for Jersey Cattle at Varying Stages of 
Lactation and Ages of Maturity 

~ Lactating Cows by Parity (Body We ight) and Days in Milk " 

~ Dry Cows First (425 kg) Mature (520 kg) 

tIJ Growing Calves and Heifers Days Prepartum Days in Milk 15 150 20 100 200 

~ Age. days 30 100 225 350 475 60a 60-2ld l <2 ld Milk.kg 22 27 35 37 3 1 e 
t:O BW. kg 45 90 175 245 31a 4aa 555 555 Fat % 4.9 4.9 5.a 4.8 4.8 

~ Growth Rate, kg/d 0.5 a.6 a.7 a.6 a.7 a.7 a.a a.o Protein % 3.9 3.7 3.5 3.5 3.7 

~ Dry matter intake. kg/d 1.a 3.a 5.1 6 .5 7.4 8.3 10.4 9.8 16.5 19.4 20.5 23.5 2 1.9 n ME.Meal/kg 3.69 2.41 2. 16 2.a2 2. 13 2.25 2.04 2. Ia 2.41 2.72 2.67 2.8a 2.68 

~ NEL. Meal/kg - - - - - - 1.36 1.4 15 1.53 1.79 1.67 1.85 1.78 

~ 
Rumen-degraded protein. % - 10.a 10.0 10.0 1a.o 1a.a 1a.o 10.0 10.0 10.0 10.0 10.0 10.0 

~ 
Rumen-undegrnded protein, % - 7.8 4.4 3.1 3.1 2.9 1.8 3.1 6.8 7.6 8.0 8.0 7.6 

0 Crude pro1ein, % 22.9 17 .8 14.4 13. 1 13.l 12.9 11.8 13. 1 16.8 17.6 18 18 17.6 
Metabolizable protein.% 18.2 1a .6 8.2 7.2 6.9 6.6 5.5 6.1 1a.2 1a.6 II. I 11.a 1a .7 z Net protein. % 11.0 5.2 4.4 4.0 4.10 4.10 3.8 4.1 7.0 7.2 7.6 7.5 7.3 
NDF. min % - 25-33 25-33 25-33 25-33 25-33 25-33 25-33 25-33 25-33 25-33 25-33 25-33 n Forage N OF, mi n % - 19-25 19-25 19-25 19-25 19-25 19-25 19-25 19-25 19- 25 19-25 19-25 19-25 

0 S1arch max. % (varie.~) - 15-2a 15-20 15-20 15-20 15-20 15-20 15-20 22-30 22-30 22-30 22-30 22-30 
Macrominerals, % 

~ Ca 0.75 0.84 0.58 0.44 0.43 0.39 0.31 0.36 0.56 0.56 0.63 0.60 0.57 

~ p 0.55 0.34 0.26 0 .21 0.20 0. 19 0.2 1 0.23 0.33 0.34 0.37 0.35 0.34 

I Mg 0.15 0.14 0. 12 0.12 0. 12 0.10 0.13 0. 13 0.16 0.16 0. 17 0.17 0.16 

e K 1.20 0.50 0.52 0.53 0.56 a .60 0.62 0.65 0.% 0.89 1.a1 0.92 0.93 
Na 0.43 0.17 0.16 0 .16 0.16 0.16 0.16 0.16 0.20 0.20 0.2 1 0.21 0.20 

~ Cl 0.34 0.14 0.14 0.13 0.1 3 0. 13 0.12 0.13 0.27 0.27 0.3 1 0.29 0.27 
(') s - 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0 DCAD-S. mEq/kg min - 39 40 43 50 60 66 -100 133 114 140 119 124 i'-1 
i'-1 Trace minerals. mg/kg 
(D Cu 6 17 15 15 16 17 18 19 9 8 9 8 8 
(') Co 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 0.20 
«"""+-

I 1.08 0.77 0.64 0.61 0.60 0.61 0.58 0.62 0.45 0.41 0.46 0.4 1 0.41 (D 
0... Fe 110 68 46 32 32 29 13 14 13 14 17 16 14 

Mn 60 52 44 39 42 44 38 4 1 25 23 28 25 25 

~ Se 0.3 0.3 0.3 0 .3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 
i'-1 Zn 84 49 4 1 36 36 35 30 30 53 54 59 56 53 
0 Vitamins. JU/kg 
0 Vitamin A 6.084 3.286 3.745 4.162 4.592 5.273 5.850 6.242 2.836 2.405 2.7% 2.520 2.616 
H) 

Viramin D 1.770 896 1.021 1. 135 1.252 1.438 1.595 1.702 1.03 1 875 1.017 884 95 1 \/) 
Vitamin E 90 48 54 6 1 67 77 85 170 21 17 20 18 19 

•Energy and protein requi rements for dry and lactating cows have been adjusted for growth (0. 14 and 0.06 kg/d) for first versus mature cows and changes in energy reserves (-0.24. -0.75. 0. 15. - 1.28. 0. 16. 
and 0.16 kg/d) for the respective groups beginning with dry cows at les.~ than 2 1 days prepartum. 
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NUTRIENT REQUIREMENT TABLES 473 

TABLE 21 -3 Pre d ic ted Prote in and A mino A c i d R equi re m e n ts for F irs t- L actatio n and Matu re H o ls te i n and J e rsey Cows at 

Va ry ing D ays in Milk 

Holstein Jersey 

Parity (Body Weight, kg) First (570 kg) Mature (700 kg) First (425 kg) Mmure (525 kg) 

Days in milk 15 150 20 100 200 15 150 20 JOO 200 
Milk. kg/d 33 39 53 55 43 22 27 35 37 31 
Milk protein. % 3.06 3.02 2.76 2.83 3.26 3.90 3.70 3.49 3.46 3.69 
Milk protein, g/d 1,0IO 1, 178 1,463 1,557 1,402 858 999 1,222 1,280 1, 144 
Dry matter intake. kg/d 20.8 23.9 25.8 29.4 27.4 16 .5 19.4 20.5 23.5 2 1.9 
Protein intake. g/d 3.370 4.063 4.515 5.1 16 4.795 2.772 3.414 3.690 4.230 3.854 

Rumen degraded. g/d 2.080 2.390 2.580 2.940 2.740 1.650 1.940 2.050 2.350 2.190 
Rumen undegraded. g/d 1.290 1.673 1.935 2. 176 2.055 1. 122 1.474 1.640 1.880 1.664 
Net protein. g/d 1,399 1,598 1.902 2, 145 2,005 1,149 1,401 1,554 1,764 1.601 
Metabolizab le protein. g/d 2.057 2.350 2.797 3, 154 2.948 1,690 2.060 2.285 2.594 2.354 

(eff. = 0 .68) 

Target Absorbed Essentia l Target 
Amino Acids Efficiency Target Absorbed Amino Acids, g/d 

Histidine 0.75 47 56 60 8 1 76 39 54 50 67 6 1 
lsoleucine 0.69 105 123 142 17 1 158 88 113 117 142 127 
Leucine 0.74 164 193 2 15 275 256 137 183 179 229 206 
Lysine 0.70 143 170 188 244 227 120 162 156 202 183 
M elltionine 0.70 47 55 62 79 73 39 52 52 66 59 
Phenylalanine 0.60 105 123 139 173 16 1 87 114 115 143 129 
Threonine 0.60 96 I t4 125 16 1 150 80 107 103 133 12 1 
T ryptophan 0.63 23 27 31 39 36 19 26 25 32 29 
Valine 0.85 116 136 132 153 178 96 127 127 159 143 

Total e.~sential amino acids 0.68 978 997 1.1 15 1.500 1.3 16 994 938 924 1.173 1.054 
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AA 
AC 
ACP 
ADF 
ADG 
ADH 
ADIP 
ADL 
ADP 
AEA 
Al 
AMS 
AOAC 

BCS 
BHBA 
BRIX 
BSE 
BUN 
BV 
BW 

CCK 
CJD 
CLA 
Co A 
CP 
CV 

DA 
DCAD 
DCAD-S 
dCP 
DDGS 
DE 
DEI 
DEJnp 
dFA 

Appendix B 

Acronyms and Abbreviations 

amino acid 
absorption coefficient 
acyl carrier protein 
acid detergent fiber 
average daily gain 
antidiuretic hormone 
acid detergent insoluble protein 
acid detergent lignin 
apparently digestible protein 
apparent efficiency of IgG absorption 
Adequate Intake 
automatic milking system 
Association of Official Analytical Chemists 

body condition score 
~-hydroxybutyric acid 
unit of measurement of sugar concentration in an aqueous solution 
bovine spongiform encephalopathy; "mad cow disease" 
blood m·eaN 
biological value 
body weight 

cholecystokinin 
Creutzfeldt- Jakob disease 
conjugated linoleic acid 
coenzymeA 
crude protein 
coefficient of variation 

displaced abomasum 
diet cation- anion difTerence calculated with Na, K, and Cl 
dietary cation-anion difference calculated with Na, K, Cl, and S 
digested crude protein 
dried distillers grains with solubles 
digestible energy 
digestible energy intake 
nonprotein DEi 
digested fatty acid 
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APPENDIXB 

DFM 
DfM 
DM 
DMI 
DMTI 
dNDF 
DOM-I 
DON 
ORI 
dROM 

dRUP 
dSt 

EAA 
EAR 
EBG 
EBW 
EBWtr 
ECW 
EDDI 
EMPS 
EN 
EO 
eROM 
EUCP 

FA 
FAD 
FFM 
FMN 
INDF 
INDFD 
FPCM 
FPstarter 
FWJ 

GasE 
GE 
GET 
GHG 
GM 
GPx/GSHpx 

HCI 
HCN 
HMBi 
HMTBA/HMB 
HP 

JCW 
lg 
iNDF 
[U 

IV 
IVNDFD 

direct-fed microbial 
days in milk 
dry matter 
dry matter intake 
divalent metal transporter I 
digested NDF 
de-epoxy DON 
deoxyni valenol/vomitoxin 
Dietary Reference Intake 
digested residual organic matter 

intestinally digested rumen-undegraded protein 
digested starch 

essential amino acid 
estimated average requirement 
empty body gain 
empty body weight 
empty body water 
extracellular fluid water 
ethylenediamine dihydriodide 
efficiency of microbial protein synthesis 
endogenous N 
essential oil 
endogenous ROM 
endogenous urinary CP 

fatty acid 
Aavin adenine dinucleotide 
fat-free mailer 
flavin mononucleotide 
forage NDF 
digestibility of forage NDF measured in vitro o r in situ 
fat- and protein-corrected milk 
time relative to first offer of starter 
free water intake 

gaseous energy 
gross energy 
gross energy intake 
greenhouse gas 
genetically modified 
glutathione peroxidases 

hydrochloric acid 
prussic acid/hydrocyanic acid 
isopropyl ester of HMTBA 
DL-2-hydroxy-4-methyl thio butanoate 
heal production 

intracellular fluid water 
immunoglobulin 
indigestible NDF 
international unit 
iodine value 

in vitro NDF digestibility 
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IVNDFD48 
IVSD 

LB 
LCFA 
LDA 

MalBW 
MBW 
MCFA 
MCP 
ME 
MEg 
MEI 
MEiLD 
MEm 
MFD 
MFP 
MicN 
MilkE 
M1R 
Mn-SOD 
MNU 
MOS 
MP 
MPY 
MR 
MSE 
MSPE 
MTL 
MUFA 
MUN 
MW 
MY 

NAN 
NANMN 
NDF 
NDIP 
NDSC 
NDSF 
NEAA 
NEFA 
NEL 
NEm 
NFC 
NFFS 
nfNDF 
NP 
NPN 

OM 

IVNDFD after 48-hour incubation 
in vitro starch digestibil ity 

degradation rate 
rate of passage 

large breed 
long-chain fatty acid 
left displacement of abomasum 

mature body weight 
metabolic body weight 
medium-chain fatty acid 
microbial crude protein 
metabolizable energy 
ME for gain 
ME intake 
ME intake from liquid d.iet 
ME for maintenance 
milk fat depression 
metabolic feca l protein 
microbial N 
milk net energy 
mid-infrared 
manganese superoxide dismutase 

NUTRIENT REQUIREMENTS OF DAIRY CATTLE 

microbial N derived from urinary tu-ea-N 
maltooligosaccharides, o ligosaccharides containing mannose 
metabolizable protein 
milk protein yield 
milk replacer 
mean squared error 
mean squared predictio n error 
maximum tolerable level 
monounsaturated fatty acid 
milk urea N 
molecular weight 
mean milk y ie ld 

nonammonia nitrogen 
nonammonia-nonmicrobial N 
neutral deterge111 fiber 
neutral detergent insoluble protein 
neutral detergent soluble carbohydrate 
neutral detergent soluble fiber 
nonessential amino acid 
nonesterified fatty acid 
net energy for lactation 
net energy for maintenance 
nonfiber carbohydrate 
nonforage fiber sources 
nonforage NDF 
net protein 
nonprotein nitrogen 

organic matter 
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PA 
paNDF 
PD 
pdNDF 
PDV 
PEM 
peNDF 
PSPS 
PTH 
PUFA 

qPCR 

RDA 
RE 
RH 
RMSE 
RM SEP 
ROM 
ROS 
RP 
RUP 

SB 
sec 
SFDMI 
sNPNCPE 

Ta 
TBW 
TCA 
TDN 
TDS 
TFA 
THI 
TMR 
TP 
TRx 
TSE 
TSH 

UE 
UFA 
UL 
UN 
USP 

vCJD 
VFA 
voc 

WDG 
wsc 

pasture availability 
physically adjusted NDF 
purine derivatives 
potentially digestible NDF 
portal-drained viscera 
polioencephalomacia 
physically effective NDF 
Penn State Particle Separator 
parathyroid hormone 
polyunsaturated fatty acid 

quantitative polymerase chain reaction 

Recommended Dietary Allowance 
retained energy 
relative humidity 
root mean squared error 
root mean squared error of prediction 
residual organic matter 
reactive oxygen species 
rumen protected 
rumen-undegradable protein 

small breed 
somatic cell count 
solid feed DMI 
supplemental nonprotein nitrogen on a crude protein-equivalent basis 

air temperature 
total body water 
tricarboxy I ic acid 
total digestible nutrients 
total dissolved solids 
total fatty acid 
temperature humidity index 
total mixed ration 
tme protein 
thioredoxin reductases 
transmissible spongiform encephalopathy 
thyroid-stimulating hormone 

minary energy 
unsaturated fatty acid 
tolerable upper intake level 
urinary nitrogen 
United States Pharmacopeia 

variant CJD 
volatile fatty acid 
volatile organic compound 

wet distillers grains 
water-soluble carbohydrate 
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Preface 

The Commiuee on NuLrient Requirements of D airy 
Caulc, in accordance with the Statement o f Task (. ee A ppen
dix A) developed lhe eighth revised edition of the Nutrient 
Requirements of Dai1y Callie and accompanying sortware 
model. A lthough extensively revised and in many cases ex
panded, most chapters in the previous edition (NRC, 2001) 
are included in tllis version. Although nutrient interactions 
abound, the commiuee maintained the approach of separat
ing discuss ion (chapters) mainly by nutrient (e.g., energy, 
protein, minerals). but some chapter. discuss speci fie classes 
o f animal (calves or transition cows). New chapters on pro
duction systems, feed by-products, additives, Loxic agents. 
and feed anal ysi s were added. Chapters include a review of 
the literature (mostly on papers published after 2000) wilh an 
ernphasi. on ju Lification of requirements and equations. The 
software model was extensively revised from the previous 
edition to include all of lhe revisions discussed in the text. 

Info1mation in some chapter is not directly used in the 
software, but they arc in-depth reviews of topics related 
lo the nutrition and feeding or dairy cattle. M ost chapters 
b1clude equations that were incorporated into the oftware 
lo estimate nutrient supply, requirements (or responses), and 
other outputs that may have value to nutritionists and other 
users. The availability of the needed inputs was paramount 
when deciding on which equauons lo include. The inputs 
required are usually available from on-farm data or from com
mercial feed testing laboratories. For ome outputs, published 
equations were evaluated and, if appropriate, focorporated 
directly into the model (e.g., estimated water consumption) . 
When multiple published equation. were available, lhe com
mittee evaluated the inference space of the equations, Lhe 
avajlability or the needed inputs, and fit slati. tics and chose 
o nes we thought were best. 1n ome case., u ers are allowed 
Lo choose specific equations. The committee auempted 10 

describe . trenglhs and weaknesses of various equations. 
For other output • . data from mostly published sources were 
collated, and new equations were derived from the database 

xvi 

(e.g., milk protein yield responses). L ast, in situations where 
very liuJe data were available, equations may .represent simple 
mean responses (e.g., some mineral requirements). Adequate 
in formation is in U1e text o that users can determine how 
equations were de1ived. 

A s with previous editioris, changes were not made 10 

requirements (or recommendations) unless new data or a 
reanaly is o f older data indicated changes were necessary. 
H owever. most nutrient requirements underwent at least 
minor revisi on. The greate t changes occurred with protein. 
The protein/amino acid supply and requirement system was 
completely revised compared to the sevenlh edition, w ith 
much greater emphasis on amino acid rather than protein. 
Dry mauer intake equations were developed for all classes 
of caule, and in some cases. include feed factors in addition 
to animal characteristics. The calr requirement system for 
protein. energy, and minerals underwent ex tensive revision. 
To e timate environmental impact. methane production is 
estimated, as is manure excretion of nitrogen and phosphorus. 
The feed com position database is completely revised and 
includes estimate of variation and ranges for many common 
feeds. A llhough this edition is a significant and comprehen
sive update, substantial gaps in knowledge still exist, and 
the. e were pointed out in specific chapters. "fhi. was done to 
not only encourage research in those areas but also indicate 
why requirements or supply functions were 1101 presented for 
certain nutrients. 

The software does not use stochastic processes; however, es
timates or variance for equation coefficients and various fil sta
tistics are included. User can use that information todetennine 
the amount of confidence they assign to specific estimates. A 
maj or goal in development o f lhe feed composition data tables 
wa. to generate accurate esLimates of variation by rigorously 
screening data. For many minerals and vitamins, inadequate 
data were available to derive accurate estimates or variation. 
and 10 indicate the level of unccrLainty in those situations, the 
tenn Adequate Intake was used in place of requirement. 
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PREFACE 

T he software model is integral lo the book. The interface 
is similar to the 200 I model, bul output has been extensively 
revised and provides more information 1han previously and 
i111 a user- friendly formal. As w ith all soflwarc, the oulpul L 
only as accurate as the inpuls, and users are encouraged LO 

use actual data, ralher than defaults, whenever possible. T hjs 
revision and its accompanying software should be o f value 

xvii 

to teachers and studenLi; of dairy caule nulrition. field nutri
tionists and veterinarians, nu1ri1ion scientists, and ultimately 
producers and consumers of dairy products. 

Richard A. Erdman and William P. Weiss, Co-Chairs 
Commiuee on N utrient RequiremenL'i. of Dairy Cattle 
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