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ABSTRACT 

Accurate estimates of the available 
energy content of feeds are necessary to 
formulate diets and to evaluate the nutri- 
tional and economic value of different 
feedstuffs. Estimation methods must be 
rapid, inexpensive, and accurate before 
they are accepted widely by commercial 
feed testing laboratories. Currently, most 
laboratories use empirical equations 
based on ADF or NDF to estimate avail- 
able energy content of feeds. Those 
equations are incorrect theoretically and 
lack adequate precision. Summative 
models that account for several sources 
of variation have been developed. These 
models are based on the composition of 
the fiber and nonfiber fractions. Adjust- 
ments are made to account for variations 
in digestibilities of fiber and protein and 
in the concentrations of fat and ash. Ad- 
ditional improvements are needed to ad- 
just for associative effects, feed intake 
effects, and physical characteristics of 
the feed. 
(Key words: feed energy, nutrient com- 
position, statistical models) 

Abbreviation key: DDM = digestible DM, 
DE = digestible energy, EE = ether extract, 
ME = metabolizable energy, NDS = neutral 
detergent solubles, NE = net energy, PDNDF 
= potentially digestible NDF, = standard 
error of prediction, sYx = standard error of 
estimation. 
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INTRODUCTION 

The total amount of energy in a feed (gross 
energy) can be measured relatively simply us- 
ing bomb calorimetry; however, the variability 
in digestibility and metabolism among feeds 
precludes the use of gross energy for formula- 
tion of diets or comparison of feeds. Sources 
of variation include animal, feed, and dietary 
factors. Different measures of available energy 
have been developed to account for some or all 
of the variation in energy utilization, but con- 
version among most measures of feed energy 
is possible. 

Available energy of feeds must be known 
for diet formulation and for nutritional and 
economic comparisons among feedstuffs. The 
large demand for energy of high producing 
ruminants requires accurate determination of 
available energy of feeds. Unfortunately, avail- 
able energy cannot be determined easily; there- 
fore, estimation methods have been developed. 
Many commercial feed testing laboratories use 
equations in conjunction with data from chem- 
ical analyses to estimate available energy con- 
tent of feeds. Because variability in chemical 
composition and available energy content 
usually is much greater for forages than for 
concentrates, the majority of equations have 
been derived from data of forages (36). The 
composition and energy content of concen- 
trates also can vary significantly (7); therefore, 
equations are needed for concentrates. The ob- 
jective of this paper is to outline methods to 
estimate available energy of feeds by integra- 
tion of chemical analyses and mathematical 
models. 

Conversions Among Energy Terms 

Available energy can be expressed as 
digestible energy (DE), metabolizable energy 
(ME), net energy (NE), and TDN. Digestion 
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experiments are used to determine DE or TDN 
of diets. Metabolism trials are used to deter- 
mine ME by measurement of urinary and 
methane energy, but those experiments require 
special equipment and are expensive. Whole 
body calorimetry is used to determine NE, but 
only a few laboratories in the world are 
equipped to conduct such experiments. 

Each term accounts for different losses in 
energy that occur during digestion and rnetabo- 
lism. Energy lost in feces is the most variable 
of the losses among feeds. Fecal losses can 
range from near 0 to almost 100% of the gross 
energy (45). This large variation requires that 
fecal losses must be measured or estimated for 
each feed or diet fed. Two measures of feed 
energy, DE and TDN, account for digestibility 
losses. The TDN value also accounts for some 
urinary losses and is not equivalent to either 
DE or ME (32). For this paper, actual DE and 
TDN were determined by feeding cattle or 
sheep at maintenance and measuring digestibil- 
ity. On average, 1 kg of TDN equals 4.409 
Mcal of DE (49). 

Metabolizable energy usually is calculated 
from DE or TDN using standard equations 
(38). Those equations are based on the propor- 
tionality of TDN or DE to ME and do not 
consider what compounds contribute to the 
total available energy. The ME values in most 
composition tables are calculated using Equa- 
tion [l]. 

ME(Mcal/kg) = 
-.45 + 1.01 x DE(McaUkg). [l] 

Equation [2] is approximately equivalent to 
Equation [ l ]  when feeds contain between 2 
and 4 McaVkg of DE. 

ME(McaVkg) = .82 x DE(Mcal/kg). [2] 

Both equations will yield ME values for feeds 
when they are fed at maintenance. Those two 
equations do not account for variability in the 
conversion of DE to ME. Within each equa- 
tion, feeds with the same DE have the same 
ME. 

Both NE for gain and NE for maintenance 
are calculated from ME (determined using 
Equation [2]) using polynomial equations de- 
rived by Garrett (22). Most NEL values in 
NRC feed composition tables (38) were calcu- 
lated from TDN using Equation [3]. 

NEL(McaUkg) = 
,0245 x TDN(%) - .12. [31 

Van Es (53) proposed using ME to calculate 
NEL. The equations used to calculate NE 
values of feeds adjust for intake effects so that 
NE values are for feeds when they are fed at 
productive intake levels. 

Once TDN or DE is known, all other ex- 
pressions of energy can be calculated by using 
appropriate equations. Actual DE or TDN 
values can be determined only by digestion 
trials, which are too laborious and expensive to 
be conducted on all possible feeds and diets. 
Estimation of DE or TDN by using a combina- 
tion of chemical and mathematical techniques 
is the principal subject of this paper. 

Statistical Evaluation of Models 

Many chemical components are related to 
the available energy concentration of a feed. 
The relationship can be simply a statistical 
correlation or a direct cause and effect relation- 
ship. A strong statistical relationship does not 
necessarily imply a direct causal relationship. 
A direct causal relationship between a feed 
constituent and its available energy concentra- 
tion should be population-independent; i.e., the 
same relationship exists for a group of corn 
samples as exists for a group of alfalfa sam- 
ples. Statistical relationships are population- 
dependent . 

Extrapolation beyond the limits of the 
population that was used to derive statistical 
relationships usually is ill-advised. To avoid 
extrapolation, the population used to derive a 
statistical equation must be well defined. The 
type of feedstuff, growing conditions, and 
postharvest processing and storage can in- 
fluence available energy concentration. When 
an individual observation deviates from those 
used to derive the equation, the accuracy and 
precision of the estimate are questionable. The 
population of data used to derive the statistics 
must be considered in comparison of different 
equations or statistical measures of relation- 
ships. 

The most commonly used measures of the 
strength of the relationship between a depen- 
dent variable and an independent variable are 
the coefficient of correlation (r) and coefficient 
of determination (r2 for a simple regression 
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and R2 for multiple regression). The 3 is the 
proportion of variability in the dependent vari- 
able that is accounted for by the independent 
variable, but it does not imply a causal rela- 
tionship (39). The r is an index of the strength 
of the relationship but has no direct meaning; 
therefore, r2 will be used as the measure of 
correlation. The r2 statistic is population- 
dependent. The $ usually is higher when the 
range of independent variables is wide instead 
of narrow (39). Additionally, when dependent 
variables are spaced widely apart, r2 is usually 
higher than when the values are equally dis- 
tributed (39). This means that, when used for 
comparison of different models that were de- 
rived from different populations, r2 should not 
be the sole statistic used to evaluate the 
models. Finally, r2 measures how well a popu- 
lation of observations fits a particular model; it 
does not indicate how well a single observa- 
tion fits the model. In estimation of energy 
values, the accuracy of the individual predic- 
tion is most important. 

For determining how well a model will 
predict a dependent variable from the indepen- 
dent variable or variables, two measures of 
variability are used: standard error of estima- 
tion (s,,.~) and standard error of prediction 
(sYnew). The equations for these measures are 
in the text by Neter and Wasserman (39). 
Basically, sy.x considers errors only in the 
regression parameters. The syx is valid for 
estimation of the mean dependent variable for 
a given independent variable. For prediction of 
energy values of feeds, individual observations 
are most useful; therefore, sy.new should be 
used. The s ~ . ~ ~ ~  includes both regression error 
and the variation in the dependent variable. 
The Sy.new is always larger than the %... A 
confidence interval for prediction is con- 
structed using the appropriate t value and 
sy.new. Confidence intervals increase as the 
independent variable deviates from its mean. 
All regression equations are more precise 
predictors when the value of the independent 
variable is near the mean than when they devi- 
ate greatly from the mean. 

Single Component Models to Estimate 
Feed Energy 

Feed constituents or fractions can be classi- 
fied as uniform or nonuniform based on the 
Lucas test (50). Uniform fractions have con- 

Journal of Dairy Science Vol. 76, No. 6 ,  1993 

stant digestibility or availability across all 
feeds. With respect to available energy, ash, 
lignin, neutral detergent solubles (NDS), and 
fatty acids are considered to be uniform frac- 
tions. The concentrations of these components 
in feeds have a direct impact on available 
energy concentration. These compounds con- 
tain no DE (ash and lignin), have constant 
digestibilities (NDS and fatty acids), or contain 
more energy per unit than other chemical frac- 
tions (fatty acids). Often, concentrations of 
these compounds in feeds are poorly correlated 
with available energy concentration, probably 
because their concentrations are relatively low 
and do not vary greatly among or within most 
feedstuffs. Ash concentrations of most feed- 
stuffs are between 1 and 10% of the DM (45). 
The relatively low ash in feeds makes ash 
inadequate for estimation of available energy 
content of most feeds. For example, both corn 
grain and cottonseed hulls have about 2% ash; 
yet on average, corn has about 40 percentage 
units more TDN than cottonseed hulls. The 
value of ash in estimation of available energy 
within a feedstuff class depends on the amount 
of ash and its variability. Fisher and Fowler 
(20) reported that ash content of cereal grain 
forages varied enough to be correlated (r2 = .6) 
with digestible DM (DDM). Alfalfa samples 
compiled by Mertens (34) averaged 9.1% ash; 
the 95% confidence interval was 6.2 to 12.0%. 
Use of the average ash concentration instead of 
actual ash may increase error by up to 3 TDN 
units. For corn gluten feed (7), ash content 
averaged 6.5%; the 95% confidence interval 
was 6.0 to 7.0%. In that case, use of the 
average ash content could increase error in 
TDN by about .5 unit. In either case, ash is not 
sufficient to account for large variation in 
available energy content. 

Most feeds contain between 0 and 5% ether 
extract (EE) on a DM basis (45). Fatty acids 
behave as a uniform feed fraction (43), but 
digestibility of EE (the most common measure 
of feed fat) varies among feeds, especially 
when forages are compared with concentrates. 
Equations based solely on EE are not accurate 
for estimation of available energy values for a 
diverse population of feeds. A relatively strong 
statistical relationship (r2 = .7) between TDN 
and EE has been observed when only data 
from concentrate feeds were used in the regres- 
sion analysis (21). The I.2 was relatively strong, 
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but the error (sy,new = 9.7 TDN units) was too 
large for acceptable predictions of energy. Fat 
content can vary considerable within a feed. 
Belyea et al. (7) reported that 10 samples of 
corn gluten feed had a mean concentration of 
6.6% EE; the 95% confidence interval was 5.2 
to 8.0%. In this case, the maximum error in- 
troduced by using the mean instead of an 
extreme value is about 3 TDN units. The data 
collected by Belyea et al. (7) were from a 
single source and represented only variation 
caused by production of the feed. Variations in 
composition of feeds would be much greater if 
more sources of variation were included. 

Even though lignin constitutes only a small 
proportion of feeds [about 1 to 12% of the 
DM; (38)], lignin has a relatively high correla- 
tion with digestibility (47, 54). Theoretically, 
lignin is indigestible and should account for 
some of the variation in fiber digestibility (56). 
Minson (36) compiled 34 different equations 
that estimate DDM of forages from lignin con- 
tent. Most of the equations had &? > .8 and 
Sy,new < 4% DDM. The error increased as the 
population used to derive the equation became 
more diverse. For an equation based on legume 
samples, r2 = 3 1 ,  and Sy.new = 2.3% DDM 
(48), but, when grasses were included, r2 = .49, 
and s ~ , ~ ~ ~  = 5.8% DDM. The regression 
coefficients varied greatly, depending on the 
type of forage and method of lignin analysis. 
Based on the summary by Minson (36), differ- 
ent lignin-based equations should be used for 
cool season grasses, warm season grasses (in- 
cluding corn silage), and legumes. Further- 
more, an equation derived using a particular 
method of lignin analysis is not valid for lignin 
data measured using a different method. No 
data were available on the use of lignin for 
prediction of available energy in concentrate 
feeds. Because of the extremely low lignin 
content of most concentrate feeds (ca. 1 to 
2%), lignin as the sole independent variable is 
unlikely to have much value for prediction of 
available energy of concentrates. 

Crude protein functions as a uniform frac- 
tion for most feeds (28). Concentrations of CP 
are correlated positively (r2 = .15 to .90) to 
available energy concentrations of forages 
(36). Crude protein content also is correlated 
positively (r2 = .40 to .65) to the concentration 
of NDS and negatively to the fiber content in 
feeds (34). Several equations have been used 

to estimate DDM from CP concentrations in 
forages (36), but s ~ . ~ ~ ~  are relatively high (6 to 
7 percentage units of DDM). Type of forage 
(grass or legume), cutting, and stage of growth 
influence the regression parameters to such an 
extent that several different equations are 
needed (37, 48). Even though CP is a uniform 
feed fraction, it is not an accurate predictor of 
available energy in forages because it consti- 
tutes a relatively small fraction (5 to 25%) of 
the total forage, and the variability in the di- 
gestibility of the nonprotein fraction can be 
high. Fonnesbeck et al. (21) reported that CP 
was not a good predictor of available energy in 
concentrates. 

Fiber is the most common variable used to 
predict energy content of feeds (40). Forages 
contain relatively large amounts of fiber, it is 
easy to measure, and a large database is availa- 
ble. Fiber can be measured several different 
ways, but ADF and NDF are used most fre- 
quently by ruminant nutritionists. The negative 
relationship between fiber content and availa- 
ble energy occurs because fiber is, in general, 
less digestible than nonfiber. Theoretically, 
NDS (the converse of NDF) is more correct to 
use in regression models because it is a uni- 
form fraction with true digestibility near 100% 
(56). Fiber, however, is not a uniform feed 
fraction, and its digestibility varies both among 
and within feedstuffs (9, 56). The most com- 
prehensive compilation of equations for 
prediction of available energy from ADF or 
NDF was published by Minson (36), but 
several newer equations are available (16, 27). 
Correlations between ADF or NDF content 
and DDM are relatively high (r2 > .6), but 
sy,new also are relatively high [2 to 8 percent- 
age units (33, SS)].  Prediction error is less 
when one equation is used for grasses and 
another for legumes. Generally, equations 
based on ADF have lower sy.new than equa- 
tions based on NDF, but the difference is not 
large (27, 36). The precise prediction of availa- 
ble energy from a single component (e.g., 
ADF) is questionable. Lack of fit (regression 
error) accounted for 55% of the total error in 
prediction of energy using ADF (1). 

Single-component equations have several 
limitations: they are empirical and, therefore, 
population-dependent. Feeds not represented in 
the data set used to derive the equation may 
not be predicted with sufficient degree of ac- 
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curacy or precision. Because of the effects of 
growing conditions and postharvest factors, 
feedstuffs continuously change. No individual 
feed that is currently fed has been truly 
represented in a population collected in the 
past. Different equations are needed for each 
feedstuff class (e.g., concentrates and forages, 
grasses and legumes, and high and low fiber 
concentrates), and classification often is diffi- 
cult, especially for forage mixtures. In an at- 
tempt to alleviate some of these problems, 
different types of multicomponent models have 
been developed. 

Multicomponent Equation9 

Multicomponent models can be empirically 
or theoretically based. Multicomponent empiri- 
cal models are derived similarly to single- 
component models. The concentrations of 
several feed fractions are regressed on availa- 
ble energy, usually stepwise. Variables with a 
significant effect are included in the final 
model. Multiple regression models for predic- 
tion of available energy using proximate analy- 
sis components [CP, EE, crude fiber, and N- 
free extract (17,21)] and NDF and CP (41,51) 
have been derived. Typically, R2 for most 
multiple regression models are between .5 and 
.7, which are only slightly higher than for 
single-component models. The improvement in 
R2 probably is only a statistical artifact, be- 
cause R2 almost always increases as the num- 
ber of independent variables increase (39). The 

of most multiple regression models is 
similar to the sYx for single-component models 
based on fiber. 

A more robust method of prediction of 
available energy from feed constituents uses 
theoretical rather than empirical relationships. 
Theoretically based models should be 
population-independent. Goering and Van 
Soest (25) developed a simple, theoretically 
sound, summative equation that can be used to 
estimate DDM. 

DDM = .98 x NDS + dNDF - M [4] 

where dNDF = digestible NDF, M = metabolic 
fecal losses (approximately 12.9), and all 
values are expressed as a percentage of DM. 
The .98 is the true digestibility of the NDS 
fraction. Equation [4] could be expanded to 
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include terms for ash and fat content, which 
would make the estimation of available energy 
appropriate for most feeds. The limitation of 
Equation [4] is that digestibility of NDF must 
be known. Because NDF digestibility is not 
constant across or within feeds, several differ- 
ent constants are needed. To overcome this 
problem, Goering and Van Soest (25) esti- 
mated NDF digestibility using an empirical 
equation based on the logarithm of the lignin: 
ADF ratio. Equation [4] produced accurate 
values for forages and roughages (12, 44, 46), 
but not for concentrate feeds (12, 23). Many 
concentrate feeds have relatively low ADF 
compared with forages but have high NDF 
concentrations; for those feeds, ADF 
represents a small proportion of the total fiber 
(estimated as NDF). 

Conrad et al. (12) derived a summative 
equation based on the same principles outlined 
by Goering and Van Soest (25). The model 
included terms for CP, EE, nonstructural car- 
bohydrate, and potentially digestible NDF 
(PDNDF). The digestibility of the CP fraction 
was calculated using ADIN. Nonstructural car- 
bohydrate was considered to be essentially 
100% digestible. Ether extract was used as the 
measure of fat and given a constant digestibil- 
ity (85%). The novel aspect of the model of 
Conrad et al. (12) was the use of surface area 
relationships to estimate the proportion of 
NDF unavailable for digestion. Two correc- 
tions for lignin were made by Conrad et al. 
(12). First, because lignin is indigestible, it 
was subtracted from NDF, thus yielding 
lignin-free NDF. Second, to correct for the 
inhibition by lignin of cellulose and hemicellu- 
lose digestion, the proportion of NDF surface 
area covered by lignin surface area was calcu- 
lated. Surface area was calculated by raising 
mass to the .67 power. The equation (1 2) for 
estimation of PDNDF was 

PDNDF = (NDF - lignin)(l - [lignidNDFId7) 
PI 

where all variables are expressed as a percent- 
age of the DM, and lignin was measured using 
the ADF-sulfuric acid method. Then, PDNDF 
was multiplied by its digestibility coefficient. 
The digestibility coefficients for PDNDF and 
EE were the only empirical coefficients in the 
model. Estimated NEL values were correlated 
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strongly with actual NEL (r2 = .96) for a 
highly diverse population of feeds, including 
forages and concentrates. The Sy.new was .022 
Mcal of NEL. 

Girard and Dupuis (24) evaluated the model 
of Conrad et al. ( 1  2) and reported that PDNDF 
as calculated using the model functioned as a 
uniform fraction. Harlan et al. (27) reported 
that the 1ignin:NDF surface area term was 
highly correlated with digestibility for a range 
of forages and that the term accounted for 
many differences between grasses and le- 
gumes. However, Girard and Dupuis (24) 
pointed out that the total model contained a 
theoretical flaw. Conrad et al. (12) used mostly 
theoretical true digestibilities for each feed 
fraction to estimate TDN of feeds, but TDN is 
based on apparent digestibilities, not on true 
digestibilities. When me digestibility coeffi- 
cients are used, metabolic fecal excretion must 
be considered. Girard and Dupuis (24) added a 
term to the model of Conrad et al. (12) to 
account for metabolic fecal losses. Additional 
modifications to the model were made to im- 
prove the accuracy for estimation of available 
energy of high fiber concentrate feeds (e.g., 
distillers grains) and high fat feeds (61, 62). 
Those improvements included replacement of 
EE with fatty acids, correction for N contami- 
nation of the NDF fraction, and addition of a 
term for metabolic fecal TDN. Girard and 
Dupuis (24) corrected for metabolic fecal DM. 
The abridged modified model (61, 62) is 

TDN = .98 x (100 - NDFN - CP - ash 
- FA - 1)  + .93 x CP + 2.25 
x FA + .75 x (NDFN - lignin) 
x [ I  - ( l i g n i n / N D F ~ ) , ~ ~ ~ ]  - 7 

161 

where FA = fatty acids, NDFN = N-free NDF, 
and all values are expressed as a percentage of 
DM. The full model (61, 62) includes terms 
for ADIN to adjust for depressed CP digesti- 
bility. Equation [6] was tested on a database of 
247 feeds, which included forages, roughages, 
grains, protein feeds, and high fiber concen- 
trates (62). The estimated values were un- 
biased and highly correlated (r2 = .78) with 
actual values and had a low error (sy.new = 2.5 
TDN units). Correlations and Sy.new varied 
among feedstuff classes ($ ranged from .54 for 
forages to .74 for grains, and Sy.new ranged 
from 1.5 TDN units for grains to 2.8 TDN 
units for protein feeds). The TDN values ob- 
tained using Equation [6] were then converted 
to NEL using Equation [3]. 

The NEL values obtained using Equations 
[6] and [3] were compared with values ob- 
tained using equations based on ADF (Table 
1). Both methods produced accurate results, 
but a single multicomponent model was used 
for all forages; whereas three separate equa- 
tions based on ADF were used. The same 
equation was used to estimate NEL for concen- 
trates and compared with values in NRC (38) 

TABLE 1.  Chemical composition and actual and estimated NEL for forages. 

Actual Est. Est. 
Forage NDF ADF Lignin NEL' NEL~ NEL~ Ref.4 

(%) (Mc&g) - 
Alfalfa 38 29 7.4 1.47 1.42 1.54 (63) 
Alfalfa 49 37 7.7 1.37 1.30 1.33 (6) 
Alfalfa 58 42 8.4 1.20 1.18 1.20 (6) 
Bromegrass 56 34 3.3 1.40 1.40 1.46 ( 30) 
Bromegrass 70 39 4.5 1.30 1.25 1.32 (35) 
Grass-legume mix 49 41 9.1 1.15 1.28 1.24 (29) 
Grass-legume mix 65 41 6.3 1.30 1.35 1.24 (34) 
Corn silage 51 28 4.0 1.60 1.56 I .48 (38) 
Corn silage 57 29 3.8 1 .40  1.33 1.46 (50) 

'Actual NEL determined by converting TDN (measured by digestion trials) to NEL using Equdon [3]. 
2Estimated NEL calculated using Equation [6] and chemical composition data. 
3Estimated NEL calculated using ADF and equations from Adams (2): legume, NEL = 2.297 - ,0262 X ADF, grass, 

NEL = 2.387 - ,0273 x ADF. and corn silage, NEL = 2.297 - 0290 x ADF. Grass legume mix estimated by averaging 
results obtained from the legume and grass equations. 

4Reference source for the composition and TDN data. 
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tables (Table 2). The equation yielded accurate 
values for grains and by-products. Using table 
values for energy, especially for by-product 
feeds, can be extremely inaccurate. 

Other Factors Affecting Energy Values 

All of the equations discussed address only 
the chemical composition of the feed without 
consideration of physical characteristics of the 
feed, animal factors, and associative effects. 
Processing of grains and forages affects digest- 
ibility and metabolizability of their energy (8, 
42). Grinding forages and grains increases the 
surface area of particles (relative to mass) and 
reduces rumen retention time. Increased sur- 
face area probably is the reason that digestibil- 
ity of grains increases when they are ground 
(8). Grinding forages, especially high quality 
forage, generally reduces their digestibility 
(42). Grinding increases passage rate, which 
decreases the amount of fiber (the major 
source of energy in forages) that is digested. 
Grinding forages also decreases methane loss 
and other metabolic costs (42). Use of particle 
size of feeds in energy prediction models has 
not been investigated extensively. Additional 
terms to account for depressed digestibility of 
fiber by reduced particle size could be added to 
the summative models when an appropriate 
mathematical function is identified. 

The major animal factor that affects energy 
availability is feed intake; as ruminants con- 
sume more DM, digestive efficiency decreases 
(52). Most tabular values for DE and TDN are 
for maintenance feeding; NE values have been 

adjusted to reflect the feed intake appropriate 
for production. The adjustment for depressed 
digestibility made by the NRC (38) is constant 
for most feeds. Relative to digestibility at 
maintenance, the NRC reduces TDN by 8 per- 
centage units for feeds when they are fed at 
amounts appropriate for production. This ad- 
justment is incorporated in Equation [3]. How- 
ever, the effect feed intake has on digestibility 
is not constant (11, 18, 57, 59). Variation in 
fiber digestibility can be explained partially by 
differences in rates of digestion and passage 
among feeds and diets (3, 60). The interaction 
between digestion and passage rates is shown 
clearly in Equation 171, which was derived by 
Waldo and Smith (60). 

[71 

where D = fiber digestibility, and l~ and kp = 
rates of digestion and passage, respectively. 
Accurate rates of passage and digestion are 
needed to make use of Equation [7],  but they 
are difficult to obtain and are variable. Factors 
that affect rate of passage include type of 
feedstuff (lo), forage to concentrate ratio (lo), 
and particle size (31). Rate of digestion is 
affected by type of feedstuff (58), particle size 
(19), and rumen pH (26). Those effects and 
interactions must be quantified before Equa- 
tion [7] can be incorporated into Equation [6] 
to be used to estimate accurately the digestibil- 
ity coefficient for PDNDF. 

Because many of the components of NDS 
can be digested readily in the intestines, Equa- 
tion [7] should not be used for that fraction. 

TABLE 2. Chemical composition and actual and estimated NEL for concentrate feeds. 

Feedstuff NDF ADF ADL NEL' NEL' NEL~ Ref.4 
Actual Est. Est. 

(%) (McaVkg) 
Corn grain 11 3 .3 2.06 2.10 1.96 ( 5 )  
Barley grain 17 7 .8 1.90 1.95 1.94 ( 5 )  
Soybean meal 10 5 .6 2.10 1.97 2.01 ( 5 )  
Soyhulls 60 43 1.9 1.64 1.60 1.77 (29) 
Corn gluten feed 38 10 .6 1.78 1.74 1.91 ( 5 )  
Cottonseed hulls 65 49 17.5 1.02 1.15 .98 (29) 

'Actual NEL determined by converting TDN (measured by digestion trials) to NEL using Equation [3]. 

2Estimated NEL calculated using Equation [6] and chemical composition data. 
3Estimated NEL from NRC Feed Composition Table (38). 
4Reference source for the composition and TDN data. 
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The digestibility of NDS decreases about 2 
percentage units for every increment of energy 
intake above maintenance and is not affected 
greatly by forage to concentrate ratio (1 1). 
This discount could be added to the digestibil- 
ity coefficient of the NDS fraction in Equation 
[61. 

Adjustment for Variable Metabolic Efficiencies 

Digestibility has been the only variable dis- 
cussed relative to available energy concentra- 
tion. Fecal losses of energy account for the 
greatest variation in available energy content 
among feeds. Conversion of DE to ME and NE 
is much less variable, and reasonable accuracy 
can be obtained using standard equations. 
However, the efficiencies of conversion of DE 
to ME or NE vary among feeds. Some varia- 
tion can be accounted for by chemical compo- 
sition and mathematical modeling. The ME 
content of feeds can be determined from the 
composition of feeds using an equation based 
on proximate analysis or on the detergent sys- 
tem, but digestibility of the individual fractions 
must be known (41). Summative models that 
can be used to predict digestibility of in- 
dividual components (12, 62) could be modi- 
fied to predict ME or NE by use of appropriate 
coefficients for each fraction. More complex 
models using more specific composition data 
(ash, CP, EE, starch, cellulose, and fermenta- 
tion acids in silages) have been derived and 
appear to be accurate (15). Models for predic- 
tion of ME or NE based on nutrient composi- 
tion account for additional variation, so two 
feeds with the same DE may have different 
ME, depending on their nutrient composition. 
Fat is used more efficiently for production than 
carbohydrate (4). Therefore, ME and NE for 
feeds with high concentrations of fat are un- 
derestimated when standard conversion equa- 
tions are used. The amount of carbohydrate 
fermented to propionate (inversely propor- 
tional to methane production) in the rumen 
(14) affects conversion efficiency. This effect 
can introduce relatively large error when in- 
dividual feeds are used (13), but much less 
error when total diets are evaluated. The main 
limitation to improved accuracy of conversion 
of DE or TDN to ME or NE is the limited 
number of actual ME and NE values. 

CONCLUSiONS 

Because of the variability within and among 
feedstuffs (including concentrates), accurate 
determination of available energy for feeds and 
diets are economically and nutritionally impor- 
tant. Actual ME and NE values are difficult to 
obtain because of the cost and equipment 
needed. Measurement of DE or TDN is easier 
but still not practical for commercial applica- 
tion. Accurate equations based on theoretically 
sound principles are needed to estimate energy 
of feeds. Estimation of available energy using 
empirical equations is population-specific and 
imprecise. Complex equations require more 
composition data but are more robust (less 
population-specific) and usually more accurate 
and precise. Additional factors, such as interac- 
tions among feeds, rate of passage, and diet 
composition, must be further researched so that 
mathematical models can be derived to ac- 
count for additional variation. Variation among 
feeds in the efficiency of conversion of DE or 
TDN to other energy measures also must be 
explored further. 
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