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ABSTRACT

Weiss, W.P., Conrad, H.R. and St. Pierre, N.R., 1992, A theoretically-based model for predicting total
digestible nutrient values of forages and concentrates. Anim. Feed Sci. Technol., 39: 95-110.

A model using concentrations of neutral detergent fiber (NDF), lignin, crude protein (CP), ash,
fatty acids or ether extract, and acid and neutral detergent insoluble crude protein, was developed for
predicting total digestible nutrients (TDN) of feeds. The model incorporates theoretical digestion
coefficients for CP, lipid, and non-fiber carbohydrate. Digestibility of NDF was estimated using a
surface area model based on the lignin =ncrustation theory. The digestible amount of each nuirient
was summed and then a term describirg metabolic fecal TDN was subtracted. The model was tested
on an independent set of 248 feeds (including forages and concentrates). The mean square error for
all feeds was 61 g TDN kg~—' dry matter which is comparable with the error term for in vivo digestion
data. The model was equallv accurate and precise for forages and concentrate feeds.

INTRODUCTION

Feed energy, unlike many other nutrients, cannot be determined using stan-
dard analytical techniques. Therefore, most commercial laboratories provide
users with estimated energy values. Estimating available energy with equa-
tions is probably the most common method used by commercial laboratories.
Most equations are based on the negative relationship between fiber concen-
tration and available energy, and have been derived by regression methods
(Fonnesbeck et al., 1984; Minson, 1982). Regression equations have several
limitations. First, the prediction error can be high (Abrams, 1988). Secondly
the equation is population specific. The equations should not be used on sam-
ples outside the population that was used to derive the equation. Thirdly,
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most equations have been derived using forage data; few equations are avail-
able for estimating energy values of concentrates.

A model based on the principles outlined by Goering and Van Soest (1970)
and Osbourn (1978) was derived by Conrad et al. (1984). The Conrad et al.
model uses the concentrations of neutral detergent fiber (NDF), lignin, ash,
fat, and crude protein (CP) to estimate available energy (TDN or net energy-
lactation (NE,) ). The equation had a high r? and low prediction error for the
test population which included forages, grains, and some byproduct feeds.

Girard and Dupuis (1988) pointed out that the model of Conrad et al.
(1984 )had a theoretical flaw. The 1984 model was based on true digestion
coefficients, but TDN is based on apparent digestion: cociiicicnts. Apparent
digestibility is equal to true digestibility corrected for metabolic fecal losses.
Girard and Dupuis (1988) modified the Conrad et al. equation to include a
metabolic fraction (—142gkg=!).

The objective of this research was to improve and expand the prediction
equation developed by Conrad et al. (1984 ) so that it would be theoretically
sound and accurate for most feeds.

MATERIALS AND METHODS
Model derivation

The model is based on a summative approach for calculating the TDN value
of feeds. Total digestible nutrients was chosen as the term for available energy
because a large data base is available for TDN, and TDN can be transformed
into other expressions of feed energy using standard equations (National Re-
search Council (NRC), 1982). To use our equations, feeds are fractionated
into potentially available NDF, ether extract (EE), CP, and non-fiber carbo-
hydrate. These fractions are multiplied by their true digestibilities and then
summed. An estimate of metabolic fecal TDN is subtracted from the total
leaving an estimate of TDN. Theoretical values were used when available,
otherwise empirical coefficients were derived from available data. These em-
pirical values should be replaced by theoretical values when adequate data
become available.

Energy from crude protein

The true digestibility of any uniform feed fraction can be determined using
the Lucas test (Van Soest, 1982), i.e. regressing concentration of the nutrient
on concentration of the digestible nutrient. Using the Lucas test, the true di-
gestibility of CP from most forages is approximately 0.9 (Holter and Reid,
1959), and 1.0 for diets of predominantly concentrates (Arroyo-Aguilu and
Evans, 1972; Fonnesbeck et al., 1984). True digestibility of CP in feeds can
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be reduced by heat treatment. The concentration of acid detergent insoluble
CP (ADICP) when expressed as a proportion of total CP is correlated highly
with digestibility of forage protein (Thomas et al., 1982) and can be used to
estimate the true digestibility of forage CP (Eqn. (1); Weiss et al., 1983).
Concentration of ADICP in concentrate feeds, however, is not as strongly
correlated with protein digestibility as in forages (Cleale et al., 1987). Naka-
mura et al. (1989) and Van Soest (1989) reported that true or adjusted pro-
tein digestibility decreased about 0.004 units for every unit increase in AD-
ICP as described in eqn. (2)

deP-F =¢€Xp ( -0.0012 AD[CP) ( 1 )
kscp.c =1-0.0004*ADICP (2)

where; kycpr is true digestibility of forage CP, kycp.c is true digestibility of
concentrate CP, and ADICP is expressed as g kg~ total CP. The TDN from
the CP fraction (Ecp) is determined using equation (3)

Ecp =kycp XCP (3)

Energy for nutrient fractions are expressed on a TDN equivalent basis, i.e.
carbohydrate and protein energy=4 Mcal kg ! and fat=9 Mcal kg~!. Atwa-
ter gave digestible protein a value of 5.2 Mcal kg—'; which is theoretically
correct (Maynard et al., 1979). However, most published TDN values give
protein a value of 4.

For commercial applications, estimating ADICP at about 85 gkg~! CP to
obtain a kycp.r of 0.9 probably would be adequate for unheated forages. For-
age that are heat damaged should be analyzed for ADICP and the data ap-
plied to eqn. (1). Most concentrates are not heat damaged, and do not have
to be analyzed for ADICP. Since the true digestibility of CP in concentrates
is approximately 1.0, a value of 0 for ADICP can be used in eqn. (2) for
unheated concentrates. In concentrates that have undergone heating, e.g. dried
distillers grains, analyze for ADICP and use eqn. (2).

Energy from NDF

The NDF term in the Conrad et al. (1984) model has been modified to
account for neutral detergent insoluble CP (NDICP). Most, if not all feed-
stuffs, contain some NDICP, but the proportion of NDF that is NDICP var-
ies among feedstuffs. For many forages that have not undergone heating,
NDICP comprises less than 100 g kg—! NDF (Mertens, 1973; Weiss et al.,
1986). For many concentrates, however, NDICP can account for a substan-
tial proportion of total NDF. The proportion of NDF that is NDICP was
approximately 200 g kg~ ! NDF for dried brewers grains and 400 g kg~' NDF
for dried distillers grains (Krishnamoorthy et al., 1982).

The presence of NDICP creates two problems for the original equations of
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Conrad et al. (1984). The energy from non-fiber carbohydrate fraction (dis-
cussed below) is calculated by difference. Because total CP and NDF are sub-
tracted from unity, NDICP is subtracted twice. The other problem with
NDICP is that the lignin/NDF surface area model derived by Conrad et al.
(1984) is based on the premise that NDF is comprised of carbohydrates (cel-
lulose and hemicellulose) and lignin. There is no evidence that lignin inter-
feres directly with CP digestion; therefore, the surface area model should in-
clude only carbohydrate and lignin. Furthermore, the true digestibility of
NDICP is considerably higher than most reported digestion coefficients for
NDF (Arroyo-Aguilu and Evans, 1972; Colburn et al., 1968).

Some, but not all, NDICP is associated with the lignin fraction and should
not be considered a contaminant of NDF (Van Soest, 1965; Mertens, 1973).
Measurement of lignin CP is laborious and error-prone because of the small
amounts of material being analyzed. For practical applications, a relatively
simple assay is needed to estimate lignin CP. Mertens (1973 ) suggested that
ADICP can be used as an estimate of lignin associated CP for forages. How-
ever, ADICP in forages is partially digestible (averages 0.34 SE=0.11; Yu,
1974), but lignin is assumed to be indigestible. The partial digestibility of
ADICP for concentrate feeds averages 0.66 (SE=0.04; Van Soest, 1989).
Based on eqns. (1) and (2), ADICP has a digestibility of 0.3 and 0.6 for
forages and concentrates. These values are similar to empirical data. Indiges-
tible ADICP (IADICP) was chosen to estimate lignin-bound CP, and is esti-
mated using eqns. (4) and (5)

Forages: IADICP=0.7 X ADICP (4)
Concentrates: IADICP=0.4 x ADICI (5)

where IADICP and ADICP are expressed as g kg —' DM. Nitrogen-adjusted
NDF (NDFy) for forages is calculated as

NDFy =NDF~-NDICP+IADICP (6)

where NDF, NDICP, and IADICP are expressed as g kg~' DM.

For accurate prediction of energy from NDF, NDFy, should be used. This
suggests that feeds should be analyzed for NDICP which will increase the cost
and time of analyzing feed samples. For unheated forages, NDICP can be
predicted froin CP and NDF concentrations. An empirical eqn. (7) was de-
rived by regressing NDICP on concentration of CP and NDF from a variety
og éegumes and grasses (Colburn et al., 1968; Mertens, 1973; Weiss et al.,
1986).

NDICP=-87.7+0.33 X CP+0.143 X NDF (R*>=0.77; 5,, =8.0) (7)

where ND_ICP, CP, and NDF are expressed as g kg ~! DM. Concentrates that
have relatively high concentrations of NDF and CP should be analyzed for
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NDICP. This includes distillers and brewers grains, and corn gluten feed. The
term to estimate TDN from NDF (Enpg) 1S

Enpr=0.75 (NDFy —LIG) X [1— (LIG/NDF\ )%} (8)

where LIG=acid detergent-sulfuric acid lignin and NDFy and LIG are ex-
pressed as g kg—' DM. The digestion coefficient (ksnpr=0.75), is empirical
and was derived from the data base used to develop the model. This is consid-
erably Iess than the 0.96 derived by Girard and Dupuis (1988). There are
two reasons for this difference. First, we have removed NDICP from NDF.
The digestibility of NDICP is greater than that for NDF; therefore, the diges-
tibility of NDFy would be less than that for NDF. Secondly, kynpr cOrrects
for passage of undigested potentially digestible cell wall. Some potentially di-
gestible cell wall flows out of the gastro-intestinal tract before it can be di-
gested. Other experimental data support the value of kynpr=0.75. Particulate
turnover rates (k,) at maintenance levels of feeding range between 0.02 and
0.04 h—! (Colucci et al., 1982). The average in situ digestion rate (k4) of
NDF from a diverse population of feeds forages and concentrates) was 0.08
h—! (Varga and Hoover, 1983) and for forages it was 0.076 h—'. Waldo and
Smith (1972) developed a model that incorporates digestion and passage to
estimate digestibility (D)

D=kq/ (ks +ky) )

Using average in situ k4 and an average k, of 0.02, the average digestibility of
potentially digestible NDF would equal about 0.8. Since the test data base
was predominantly forage a value near 0.76 would be expected. The best so-
lution, once accurate digestion rates for NDFy are available is to replace a
constant k4 npr With equation (9) which would account for variable rates of
digestion and passage. This is discussed in more detail below.

Energy from ether extract

The ether extract (EE) fraction of feeds consists of a heterogeneous mix-
ture of different lipids including compounds that are highly digestible (fatty
acids) and compounds that contain almost no digestible energy (pigment and
waxes ). Composition of the ether extract fraction varies among feeds. The
EE fraction of forages has a high concentration of non-nutritive compounds,
whereas, EE of concentrate feeds tend to consist of a large proportion of fatty
acids. The variability in digestibility within EE and the diverse composition
of the fraction precludes the use of a single digestibility constant for EE in a
broad spectrum equation.

Fatty acids (FA) provide the majority of digestible energy from the EE
fraction. True digestibility of FA is dependent upon their concentration in the
diet (Palmquist, 1991). In diets with 10 g FA kg=—' DM, true digestibility of



100 W.P. WEISS ET AL.

FA was 1.0, but decreased to 0.78 in diets with 80 g FA kg~' DM (Palmquist
1991). Typical diets contain approximately 30 g kg~' DM of FA; therefore,
torn Alanctihility AFf FA frantinn wnnld ha arnnnd 0 04 Fattv aride can he
L1Uuv ulgcauuuu.y Ul ' LLAaViVUll WUUIU UV QLVULIU V. 77T 1 Gy Gviwueg val vwe
measured using a relatively s1mple and i nexpenswe method (Sukhija and
Palmquist, 1988). When actual fatty acid data are available, TDN from the

EE fraction (Egg) can be calculated using eqn. (10)
Egg =FAX2.25 (10)

The 2.25 is based on Atwater’s constants for equating lipid to carbohydrate
(Maynard et al., 1979). Concentration of fatty acids also can be estimated
from EE. Based on limited data (analyses conducted by D. Palmquist, per-
sonal communication ), non-fatty acid EE is equal to about 10 g kg~' DM.

Hence, Egg can be determlned using eqn. (11)
Ege=2.25%X (EE—10) (11)

PR ~ st d e Lo 1 P NP Uy e - -

rorages ana many concenirates nave 10w LUIlLCIll.I'dllUIl UI DD, dI](.l the duucu
cost of EE or FA analysis probably is not justifiable. For feeds with high and
variable amounts of lipid, e.g. oil seeds and many byproduct feedstuffs, the
improved accuracy may justify the added analytical expense.

Energy from non-fiber carbohydrates (NFC)

G v

Nicactihility Af nlant matarinl that 1e enlithla 11 nantral dataraant  ~all enl_

| =08 UDI.IULIII-] Vi yuuu 111Gaiwviidl 1At 1D DUiIUVIV 111 11vuililli gl u\«lbls\«lll \\vhll VL
ubles) is high and constant among feeds. Estimates of the true digestibility of
cell solubles range from 0.85 to 1.2 (values obtained using the Lucas test)

with an verage of 0.98 for cattle and sheep fed at maintenance (Van Soest,
1982). The concentration of NFC is calculated by difference and its TDN
(Enrc) is determined using eqn. (12) when Egg is determined using eqn.
(10) and by eqn. (13) when Egg is determined using equation (11)

A - . A

Ecs=0.98 (1000—-NDFy —CP—-Ash—~FA—-10+IADICP) (12)
Ecs=0.98 (1000 -NDFy —CP —~Ash—-EE+IADICP) (13)
where all vaiues are expressed a g kg—! DM. The term, — 10 is an estimate of

indigestible EE.
Metabolic fecal energy

All the equations for estimating energy from feed components are based on
true digestibility, but TDN is based on apparent digestibility. The model must
include a term for metabolic fecal TDN. Girard and Dupuis (1988) used 142
g kg~! DM intake as an estimate of metabolic fecal dry matter. The equations
they developed were used to estimate digestible dry matter. The equations
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derived in this paper are to be used to estimate TDN. Van Soest (1982) sum-
marized many experiments, an-} metabolic dry matter excreted by cattle and
sheep averaged 130 g kg~' DM intake. Composition of fecal cell solubles from
sheep fed different forages a seraged about 300 g ash, 300 g CP, 250 g water
soluble, nitrogen-free material, and about 150 g EE kg—! fecal cell soluble dry
matter (Jarrige, 1965). Data on digestibility of fecal N is limited. Anthony
(1970) reported that the apparent digestibility of N from cattle manure was
about 0.5. This corresponds to a true digestibility of 0.7. The energy from CP
in fecal cell solubles is 27 (130x0.3x0.7). Fecal EE is comprised of FA
(usually quite low) and indigestible compounds such as waxes and pigments;
the relative amounts will depend upon the diet. Based on average composi-
tion of the EE fraction of alfalfa (Palmquist and Jenkins, 1980) and digesti-
bility data of FA (Palmquist, 1991), composition of fecal EE from forage fed
animals would be about 830 g indigestible lipid, 110 g endogenous FA, and
60 g undigested FA kg~' fecal EE. For a corn based diet, fecal EE would be
comprised of 510 g indigestible lipid, 360 g endogenous FA, and 130 g undig-
ested FA kg~ fecal EE. Averaging the forage and corn data, fecal EE contains
about 670 g indigestible lipid and 330 g FA kg—!. Based on output of 130 g
metabolic cell solubles, fecal Exz would equal 14 (130x0.15x0.32x2.25).
The water soluble, N free material in feces would have 31 units of energy
based on a digestibility of 0.98 (130 0.25Xx0.98=31). The estimated TDN
value for metabolic fecal cell solubles (MFpy) is 72 g kg=' (144 31+27)
which was rounded to 70.

Metabolic TDN is probably not constant; variations due to fiber content of
the diet (Arroyo-Aguilu and Evans, 1972) and dry matter intake of the ani-
mal (Colburn et al., 1968) are likely. Additional data are needed to improve
the estimate of MFpn.

The TDN of a feed can be estimated by summing the energy provided by
each feed fraction and subtracting MF;pn. Equation (14) is used to calculate
TDN of feeds when EE values are known; equation (15) is used to calculate
TDN of feeds when FA values are available

TDN,, =0.98 (1000—NDFy —CP—-ASH+IADICP—EE)
+k4cpCP+2.25(EE—-10) (14)

+0.75(NDFy —LIG) [1— (LIG/NDFy)%%7]-70
TDN,, =0.98 (1000—NDFy —~CP—-ASH+IADICP—-FA-10)

+kacpCP+2.25FA (15)
+0.75(NDFy —LIG) [1— (LIG/NDFy)®*"]-70
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Data base

The data from Table 2 in Conrad et al. (1984) were used to derive the
model. To test the model, data from NRC feed composition tables and from
experiments published in major journals concerned with animal agriculture
were compiled. Data from experiments that had adequate feed composition
data [NDF, lignin (measured using sulfuric acid), CP, and ash] and in vivo
digestibility (maintenance feeding-cattle and sheep) were used. In most ex-
periments, EE was not measured; therefore, table values (NRC, 1982) were
used. Very few data on NDICP content of feeds were available; therefore,
NDICP was estimated for most of the forages using equation (7). The NDICP
values used for byproduct feeds, grains, and protein feeds came from pub-
lished reports (Krishnamoorthy et al., 1982) or from analyses conducted in
our laboratory. Amount of ADICP in forages was estimated at 85 gkg=' CP
except for heated forages (Yu, 1974) in which case the actual ADICP values
were used. Actual ADICP content of concentrates was used when available,
otherwise data from published reports or our laboratory were used. In most
experiments, TDN content of feeds was not determired, but digestible energy
or digestible dry matter was reported. Digestible energy and digestible dry
matter were converted to TDN using standard equations (Crampton et al.,
1957; Lofgreen, 1953).

Statistical analysis

Analysis of variance, regression analysis and correlation analysis were used
to test the precision and accuracy of the model. Feeds in the test database
were divided into four categories: forages and roughages, high fiber concen-
trates, high starch concentrates, and high protein concentrates. Actual TDN
values were regressed on estimated TDN values using the entire data base and
within each feed category. An unbiased prediction would yield a y-inter-
cept=0 and slore=1. Accuracy and bias of egns. (14) and (15) were tested
using the general linear model of Statistical Analysis System (SAS) (SAS,
1988 ). Main effects were method of determining TDN (actual or predicted),
feed category, and the category by method interaction. A significant F test for
method or method by category interaction would indicate that the prediction
equation was not accurate for particular feed categories. Correlations be-
tween the deviations (predicted-actual) and various nutrient fractions were
determined.

RESULTS AND DISCUSSION

Data f1:om sgyeral studies were summarized by NRC (1985) and estimates
of true digestibility of CP ranged from 0.84 to 0.95. Values produced from
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eqns. (1) and (2) fit well within this range. The effect ADICP has on true
digestibility also has been well documented (Thomas et al., 1982; Weiss et
al., 1983). Therefore, TDN from this fraction should be accurate. The energy
from the NFC fraction also shouid be accurate. Several researchers have re-
ported true digestibility coefficients for this fraction and it averages about
0.98 {Van Soest, 1982).

To confirm the Egg values obtained from egn. (11), those values were re-
gressed on apparent digestible EE values published by Schneider (1947). The
data base was a random sample of feeds including both concentrates and for-
ages (N=25). The slope of the regression line was 0.99 with an intercept of
—17.0 {r?*=0.98). Since the slope was not statisticaily different from 1, the
two methods produced essentially equal results. The intercept (—7.0) is an
estimate of metabolic fecal EE energy. This compares reasonably well with
the estimated fecal EE energy discussed above.

The coefficient for digestibility of potentially available cell wall (0.75) is
empirical. Girard and Dupuis (1988) reported an excellent relationship be-
tween NDF digestibiiity data from long term (> 72 h) in vitro data to values
calculated from the surface area model. For long term incubaticns, the diges-
tibility coefficient for potentially digestible cell wall should be approximately
1.0. We used in vivo digestion data from cattle and sheep fed at near mainte-
nance level. Additional proof of the accuracy of predicting energy from the
cell wall fraction is the overall accuracy of eqns. (14) and (15).

The TDN values predicted using equations (14) or (15) agreed well with
actual TDN for all feeds and within feedstuff categories (Figs. 1(a-¢)).
Regression statistics for the prediction model within feed categories and for
all feeds are in Table 1. All slopes were statistically not different from 1 and
all intercepts were statistically not different from 0. This indicates that the
prediction model was not biased. Deviations were not correlated to any feed
nutrient (P<0.10) for the entire population or within feed categories with
one exception. Within forages, the deviation was negatively correiated with
ash content (72=0.03, P<0.03). Analysis of variance revealed no difference
(P<0.50) in method of determining TDN (actual or predicted) and the in-
teraction between method and feed category was not significant (P<0.35).
Mean square error (MSE) for all feeds was 61 g kg~!' DM. A collaborative
study to determine the variation in measuring in vivo TDN (five laborato-
ries) of a single source of alfalfa reported a MSE of 31 gkg~' DM (Donnefer,
1966). Schneider and Lucas (1950) reported that between experiment MSE
was about 50 g TDN kg~! for feeds when fed alone and about 110 g TDN
kg—! when determined by the difference method. Therefore, the minimum
error expected owing to variation in our test population would be about 30-
50 g kg—! DM. Distribution of deviations for all feedstuffs was: 109/243
(0.440) with deviations +30; 166/248 (0.669) with deviations *50; 3:0/
248 (0.121) had deviations > 90. The lack of bias as revealed by regression
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Fig. 1. Relationship between TDN predicted using egns. (14) or (15) and actual TDN for
different feed categories. The solid line represents the perfect relationship (Y=1X+0).
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TABLE 1

Regression statistics and residual error for predicting TDN using egns. (14) or (15) ingkg~' DM

Feed Group N Intercept Slope r MSE?
by SE b, SE

All feeds 247 -39 23 1.05 0.04 0.78 61

Forages/roughages 191 -28 42 1.03 0.07 0.54 58

Fiber concentrations 26 43 84 0.96 0.11 0.73 65

Grains 7 71 187 0.88 0.21 0.74 23

Protein feeds 20 48 135 0.97 0.17 0.62 76

IStatistics based on the following regression model: actual TDN=b,+ b, predicted TDN.
2MSE, mean square error.
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analysis, the lack of a significant difference owing to the method of determin-
ing TDN, and the lack of substantial correlations between deviations and feed
components illustrate that eqns. (14) and (15) can be used to give accurate,
precise and unbiased estimates of TDN for a diverse population of feeds.

In general, eqns. (14) and (15) produced accurate estimates of TDN; how-
ever, certain feeds produced large deviations. In many cases, composite data
are questionable; in other instances, deficiencies in the model are evident.
Most of the large deviations occurred with the NRC data. These data are av-
erages from different experiments. Several contradictions occur within the
NRC table when TDN values and feed composition are compared among
similar feeds. In general, TDN values for protein feeds were underestimated
when using eqns. (14) or (15). Based on comparison data; however, it ap-
pears the energy value of protein feeds given by NRC are overstated relative
to soybean meal. For instance, cottonseed meal has twice as much NDF and
four times as much lignin as does soybean meal yet its TDN value is only 40
g kg—! less than that of soybean meal. Predicted TDN values for cottonseed
meals were about 100 g kg~ ! less than predicted TDN value for soybean meal.
Coppock et al. (1987), in a review of cottonseed products, suggested that the
TDN value for cottonseed given by NRC appeared high relative to soybean
meal. This could be owing, in part, to the use of older data because cottonseed
meal previously had relatively large amounts of EE (Schneider, 1947). A large
deviation also occurred for sunflower meal, but the NRC TDN value appears
extremely low relative to its composition.

Other relatively large deviations occurred for whole cottonseed and whole
soybeans. The predicted TDN value was about 100 g kg~! less than NRC for
cottonseeds with lint but about 100 g kg—' more for soybeans. Cottonseeds
have about 100 g kg~' more lignin, about 200 g kg—'! more NDF, about the
same amount of oil, and half as much CP as does whole soybeaus. Lignin is
considered to be indigestible; therefore, if all else were equal cottonseed should
have at least 100 g kg~! less TDN than soybeans. Smith et al. (1981) reported
that whole cottonseed with lint had a TDN of about 960 g kg~!. Cottonseed
in that experiment had 10 g less lignin and about 10 g kg~ less ash per kg
than the values presented in NRC. Smith et al. (1981) did not report NDF
values, but when NDF was estimated at 390 g kg~' and other values from
Smith et al. were used, a TDN value of 880 g kg—' was obtained using eqn.
(14). '

Deviations were large for many byproduct feeds when NRC data were used;
however, when actual experimental data were used the deviations were much
less. For example, using NRC composition of cottonseed hulls produced a
large deviation (160 g kg=') but when actual composition data were used the
deviation was 40 g kg~'. Similar results were found for corn gluten feed, soy-
hulls, sunflower silage, and bahiagrass. Owing to the extreme variation in
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composition data of byproduct feeds (Belyea et al., 1989), differences be-
tween actual data ar:d table values should be expected.

Other deviations point out deficiencies in the model. The largest overesti-
mations occurred with hulls (rice, oat, barley, peanut and almond). Part of
the problem, especially for rice and oat hulls could be due to the high silica
content of these feedstuffs (Van Soest and Jones, 1968 ). Another potential
error with low energy feeds is that actual TDN were determined by the differ-
ence method which can greatly increase error (Schneider and Lucas, 1950).

Necessary improvements

Equations (14) and (15) can be used to estimate TDN for most feeds ac-
curately and precisely. The model still must be improved when more data
become available. A factor not incorporated into those equations is the effect
of particle size and feced processing on TDN. Pelleted dehydrated alfalfa is
consistently underestimated by eqns. (14) and (15). Ground corn, flaked
corn 2nd whole corn have the same TDN value according to eqns. (14) and
(15), but flaking and grinding increase the energy value of the grain.

The two largest deficiencies in the model are the lack of adjustments for
variable feed intake and associative effects. Digestibility decreases as animals
consume more feed (Tyrrell and Moe, 1975). Equations (14) and (15) are
appropriate only when animals are fed at maintenance. The NRC adjusts for
reduced digestibility at higher levels of intake when TDN is converted to NE;
using eqn. (16)

NE, (Mcal kg=')=0.00245xX TDN—0.12 (16)

where TDN is expressed as g kg~'. That equation will work on TDN values
predicted using eqns. (14) or (15). This approach, however, does not allow
for variable depressions in digestibility among feedstuffs. Digestion of fiber
generally is slower than digestion of cell solubles; therefore, as passage rate
increases fiber should be affected more than cell solubles. Girard and Dupuis
(1988) discounted fiber digestion by 0.17 but cell soluble digestion by only
0.07 when intake increased from maintenance to four times maintenance. We
have been unable to develop a universal equation that predicts discount fac-
tors for all feedstuffs. As accurate rates of digestion and passage are generated
the depression in digestibility can be calculated based on eqn. (10).

The other major deficiency in eqns. (14) and (15) is that associative ef-
fects are not considered. This couid be one reason predicted TDN values de-
viate from actual values. For instance, if cottonsced repiaced grain in a high
grain diet, fiber digestion might be improved and this would be measured as
TDN of cottonseed. As data become availabie, mathematical functions can
be derived and added to equs. (14) and (15) to account for associative effects.
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CONCLUSIONS

A model using NDF, lignin (sulfuric acid method), ash, EE or FA, CP,
NDICP and ADICP has been developed that can be used to accurately esti-
mate TDN content of a diverse population of feeds. For commercial appli-
cation, NDF, lignin, CP, and ash should be determined, but estimated values
for EE, NDICP and ADICP can be used to determine an energy value of un-
heated forages. For heated forages, byproducts feeds, and most concentrates
a complete analysis is needed for high accuracy. This model will provide a
means to make accurate comparisons of the energy content of feeds and aid
in accurate diet formulation.
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