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INTRODUCTION
The Cornell Net Carbohydrate and Protein System (CNCPS) model has a
mechanistic ruminal submodel that uses carbohydrate and protein degradation rates to
predict the amount of feed that is fermented in the rumen and the amount that escapes
undigested to the lower gut (Russell et al., 1992; Sniffen et al., 1992). The CNCPS has
been modified as new information becomes available (Fox et al., 2003a). Overall, model
validations indicated that it can provide realistic estimates of animal performance over a
wide range of dietary ingredients (Fox et al., 2003a). However, preliminary analyses
indicated the CNCPS did not provide realistic predictions of milk production when alfalfa
silage was the sole dietary ingredient; it underpredicted nutritive value of diets based on
alfalfa silage in lactating dairy cows with a mean bias as great as 50%.
The amount of inputs necessary to perform simulations using the CNCPS is high. In
addition, it requires methods of feed analysis that are not always currently available,
such as non-protein N (NPN).The use of feed library information to characterize feeds
when their chemical composition is not available is a known constraint in adequate
modeling and simulation. The objective of this evaluation work was to identify limiting
factors that caused this under-prediction of the nutritive value of diets based on alfalfa
silage. As a first step, CNCPS feed library values were adjusted to predict observed
productions. Then, changes were evaluated with more rations.

ADJUSTMENT OF ALFALFA SILAGE INPUTS FOR THE CNCPS MODEL
Alfalfa silage inputs for the CNCPS v. 4.0 were initially calibrated using diets based
solely on alfalfa silage. Because a large portion of alfalfa silage CP is NPN and much of
the carbohydrate is NDF, these parameters were adjusted in stepwise fashion to
evaluate their impact on predictions of milk production. These initial analyses used four
published datasets (Cadorniga and Satter, 1993; Dhiman et al., 1993; Dhiman and
Satter, 1993, 1997; Tessman et al., 1991).

Predicting Milk Production from Diets Based on Only Alfalfa Silage
In the 1990's, L. D. Satter and his colleagues conducted a series of lactation trials to
evaluate alfalfa silage based rations and to determine the nutrient category (energy
versus protein) that was most limiting milk production (Cadorniga and Satter, 1993;
Dhiman and Satter, 1993; Tessman et al., 1991). In these experiments, alfalfa silage
supplied 98.2% of diet DM (19.3% CP and 43.9% NDF). The feeding trials were
relatively short term (average of 14 wk). The Holstein cows in the studies were early
lactation animals with a high potential for milk production (Table 1). Some of the cows
were rumen cannulated and energy sources (e.g. glucose, propylene glycol or
propionate) or amino acids (casein) were infused directly into the abomasum to
determine which nutrient category was limiting (energy versus protein). Because
abomasal infusion of casein resulted in a much greater increase in milk production than
the energy sources, it appeared that protein was the first limiting nutrient category. This
conclusion was consistent with the observation that fish meal and roasted SBM
(supplements that would escape ruminal fermentation) increased milk production
(Dhiman et al., 1993; Dhiman and Satter, 1993). All of the studies had a feed
description that included ADF, NDF, CP, NPN and NEl, but NDF digestion rates were
not provided. The CP of these rations varied from 16.7 to 20.6% DM and the NDF
values ranged from 41.8 to 45.5% DM. The studies had 46 early lactation Holstein dairy
cows. Table 2 lists the ration ingredients.

Table 1. Description, milk production and DMI of dairy cows (mean ± SD)
Alfalfa Silage
AS+HMEC+ AS+HMEC+
Item
AS+HMECa
(AS)a
SBMa
FMa
Animal Description
69
20
No. of Cows
46
55
Body weight, kg
608 ± 11.1
553 ± 19.9
601 ± 19.8
608 ± 30.8
Body condition score
3 ± 0.0
3 ± 0.2
3 ± 0.0
3 ± 0.3
No. of lactation
2 ± 0.9
3 ± 0.5
3 ± 0.3
3 ± 0.4
Days in milk
42 ± 5.0
43 ± 4.7
40 ± 5.5
73 ± 5.3
Change in BW, kg
-0.05 ± 0.3
0.02 ± 0.3
0.24 ± 0.2
0.07 ± 0.1
Milk Production
Milk yield, kg/d
22.7 ± 5.4
32.4 ± 3.0
3.5% FCM, kg/d
23.1 ± 5.3
32.5 ± 2.1
Milk Fat, %
3.7 ± 0.1
3.6 ± 0.2
Milk Protein, %
2.8 ± 0.2
2.9 ± 0.1
DMI, kg/d
18.1 ± 1.6
21.7 ± 1.2
a
AS is alfalfa silage, HMEC is high moisture ear corn,
FM is fish meal.

35.5 ± 2.8
33.0 ± 3.2
33.2 ± 2.9
35.4 ± 2.8
3.6 ± 0.3
3.4 ± 0.1
3.3 ± 0.5
3.0 ± 0.1
22.4
± 2.0
22.7 ± 2.1
SBM is soybean meal, and

The CNCPS feed library (CNCPS v. 4.0) did not have silages that were exactly the
same, but we were able to adjust these values to closely mimic the ones used by Satter
and his colleagues. In some cases, Dairy NRC (2001) was used as a source of
information. The NPN content of the derived alfalfa silages averaged 51.0% of total CP.
The CNCPS inputs were obtained so that the animal description, production, and
environment effects were accounted for. In these initial evaluations, the average shrunk
BW was 553 kg and the BCS was 3 (Table 1). Cows were in their second lactation,
were approximately 73 DIM, produced 22.7 kg/d (3.7 and 2.8 % fat and protein,
respectively), consumed 18.1 kg DM/d, and lost 0.05 kg BW/d. The cows were kept in
tie stall barns, were fed ad libitum once a day, and were milked twice a day. Milk
samples were collected weekly and analyzed for milk fat and crude protein contents.

Table 2. The ration ingredients (%) used in the CNCPS (mean ± SD)
AS+HMEC AS+HMEC+
Alfalfa Silage AS+HM
Ingredient
FMa
ECa
+SBMa
(AS)a
Alfalfa silage
High moisture corn
Corn grain
Soybean meal
Fish meal
Ca2PO4
Mono CaPO4
Na(CO3)2
MgO
Limestone
Salt
Vitamin + minerals

98.2

66.7
26.5
5.4

58.7
35.9

67.6
28.2

4.52
1.1

0.62
0.26
0.05

0.7

0.45
0.02

0.40
0.05
0.03
0.03
0.03
0.33
0.06

2.93
0.7

0.45
0.10

a

AS is alfalfa silage, HMEC is high moisture corn, SBM is soybean meal, and
FM is fish meal.

Analyzing the NPN Content of Alfalfa Silages
The CP of alfalfa silages in the standard CNCPS feed library ranges from 16 to 25 %
in the DM. This CP is partitioned into three fractions: A = NPN, B= true protein and C=
unavailable protein (Van Soest et al., 1981). The B fraction is further sub-divided into
B1, B2, and B3. The B1 fraction is soluble in buffer (Roe et al., 1990), precipitated by
TCA (Krishnamoorthy et al., 1983; Van Soest et al., 1981) and is mostly available to
ruminal microorganisms. The B2 fraction has a slower degradation rate than B1 fraction
and some of it escapes to the lower gut. The B3 fraction is insoluble in neutral detergent
but is soluble in acid detergent and has an even slower ruminal degradation rate
(Goering and Van Soest, 1970; Krishnamoorthy et al., 1982). The C fraction is insoluble
in acid detergent solution and is considered to be unavailable.

In the CNCPS feed library, the NPN values of alfalfa silage range from 70 to 95%,
expressed as % of soluble CP. Based on total CP, the NPN values are 28 to 67%. The
NPN content of CP ranged from 38% (Dhiman and Satter, 1993) to 76.4% (Broderick et
al., 1990) (Table 3). Recently, Makoni et al. (1997) reported that alfalfa silage CP could
have as little as 55.5% NPN and as much as 66% of this CP was peptides and amino
acids.
In the CNCPS, NPN is assumed to be converted rapidly to ammonia and does not
contribute to the ruminal peptide pool, which is derived from the degraded true protein
fractions. NPN is determined as the nitrogen passing into the filtrate after precipitation
with a protein specific reagent (Licitra et al., 1996). When trichloroacetic acid (TCA) is
used as a protein precipitant, peptides of less of ten amino acids units are not
precipitated. Therefore, they are allocated to the NPN fraction. Because peptides and
amino acids can stimulate microbial growth to a greater extent than ammonia (Russell
et al., 1992), these solubilized peptides contribute to microbial growth, and allocating
them to the NPN pool results in the underestimation of microbial growth and MP
allowable milk.

Table 3. Nutrient composition of alfalfa silage (mean ± SD)
AS+HMEC
AS+HMEC
Nutrient
Alfalfa silagea AS+HMECa
+SBMa
+FMa
composition
DM ,%
46.5 ± 1.8
41.2 ± 6.9
41.4 ± 4.3
40.0 ± 1.1
CP, %
19.3 ± 1.3
20.9 ± 3.6
21.4 ± 2.9
20.9 ± 3.1
NDF, %
43.9 ± 1.4
42.5 ± 0.6
44.6 ± 2.9
39.9 ± 0.7
ADF, %
36.3 ± 1.5
33.7 ± 4.1
36.5 ± 3.1
38.8 ± 2.3
Lignin, %
7.1 ± 0.6
9.6 ± 0.4
8.4 ± 1.8
11.1 ± 1.0
Ash, %
11.5 ± 0.0
11.6 ± 1.4
11.9 ± 2.4
8.4 ± 1.0
NPN, %CP
51.0 ± 7.1
57.0 ± 9.0
63.9 ± 5.2
51.4 ± 2.2
NH3-N, % CP
8.9 ± 1.3
9.1 ± 3.1
11.3 ± 4.0
8.7 ± 0.0
AA-N, % CP
36.3 ± 4.1
39.4 ± 6.1
43.9 ± 1.9
41.7 ± 0.0
PH
4.7 ± 0.1
4.7 ± 0.1
4.7 ± 0.0
4.7 ± 0.0
NEL, Mcal/kg
1.4 ± 0.0
1.4 ± 0.1
1.3 ± 0.1
1.4 ± 0.2
a
AS is alfalfa silage, HMEC is high moisture corn, SBM is soybean meal, and FM
is fish meal.
Estimating the CHO B2 Degradation Rate of Alfalfa Silage
The CHO B2 fraction can be determined by subtracting the C fraction (Lignin×2.4)
from ash-free NDF once the NDF has been corrected for associated protein, but the
rate of CHO B2 degradation is much more difficult to estimate. The CNCPS feed library
indicates that alfalfa silage CHO B2 degradation rates vary from 4.0 to 5.5 %/h (Fox et
al., 2003b), but these rates are somewhat peculiar. When the CP content of the alfalfa
silage is high (e.g. less mature material), the degradation rate is often low and vice

versa. This examination indicated that at least some currently used CHO B2
degradation rates probably are inconsistent.
The CHO B2 degradation rates typically are estimated from either in situ nylon bag
experiments or in vitro digestion, and these methods do not always give realistic
estimates of lag time, fermentation rate or the extent of digestion (Varel and
Kreikemeier, 1995). If the nylon bags have very small pores, bacteria cannot easily
colonize the fiber, and conversely, feed materials can leak from the bags if the pore size
is too great (Dewhurst et al., 1995). When the bacteria are exposed to oxygen prior to in
vitro digestion, there can be a significant lag time before digestion is observed, standard
log transformations are confounded, and it is difficult to estimate a first order rate
(Vanzant et al., 1998). These studies indicated that in vitro degradation rates
consistently were slower than in situ (in sacco) methods by more than 3%/h (Dewhurst
et al., 1995; Varel and Kreikemeier, 1995).
In vitro fermentations indicate that the CHO B2 of legumes is degraded faster than
that of grasses (Van Soest, 1994; Varga and Hoover, 1983). Early work indicated that
the degradation rate of coarsely chopped alfalfa silage was only 4 to 7%/h, but finely
chopped silage appears to have a higher CHO B2 degradation rate (5 to 9 %/h) (Ewing
and Johnson, 1987; Krishnamoorthy et al., 1983; Mertens, 1973; Mertens and Ely,
1979; Van Soest et al., 1981; Waldo et al., 1972; Williams et al., 1992). If the dry matter
disappearance is not corrected for indigestible residues, the estimated rate can be too
low. More recently, in vitro gas production has been used to estimate rates, and the
correlation between the gas production and NDF disappearance was high (Pell and
Schofield, 1993; Prasad et al., 1994; Schofield and Pell, 1995a, b). Gas production
measurements are not confounded by indigestible residues, but they can be
confounded by pH changes and variations in molar proportions of VFA. When Doane et
al. (1997) used gas measurements to estimate the NDF digestion rate of alfalfa silages,
the values were as high as 12%/h. Additionally, Van Soest et al. (2000) reported values
ranging from 5.9%/h to 12.5%/h, which are based on data of Mertens (1973).

Inputs and Adjustments
Using the feed description of L. D. Satter and his colleagues, average NPN was
initially set at 51.0% of total CP (90% of the soluble CP) and the NDF degradation rate
was initially set at 5.5%/h based on CNCPS feed library values (Fox et al., 2003b).
When these inputs were used, the ME allowable milk was 16.1 kg/d, but MP allowable
milk was only 10.1 kg/d (Figure 1). Given the observation that the actual milk production
values averaged 22.7 kg/d, it appeared that the feed library was not giving an accurate
estimate of nutrient availability for milk production.
Our first attempt in adjusting the alfalfa silage inputs for the CNCPS to more
correctly represent the pools and digestion rates involved a reduction in conventional
NPN and the movement of some of this N to the B1 protein fraction (amino acids).
When we moved 70% of this N to the B1 fraction, only 16% of the total N went directly

to ruminal ammonia. Prior to this adjustment, the B1 fraction accounted for less than 6%
of the total CP, but thereafter, the B1 fraction increased to approximately 37.6% of the
CP. When this adjustment was made, predicted ME and MP allowable milk productions
were 16.3 and 13.3 kg/d, respectively.
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Our second attempt to adjust the alfalfa silage inputs involved increasing NDF
degradation rate from 5.5 to 11%/h. When this adjustment was made (and NPN was left
unchanged), ME and MP allowable milk productions were 18.8 and 15.0 kg/d,
respectively. When the NDF degradation rate was 11%/h and 70% of the NPN was
moved to protein B1, ME and MP allowable milk estimates were 19.0 and 18.6 kg/d,
respectively, and these values were similar to the actual milk production. When both of
the changes in CNCPS inputs were employed, predicted ME and MP allowable milk
was in agreement with the predictions with the Dairy NRC (2001) model (Figure 1).

Figure 1. CNCPS prediction using
only alfalfa silage diets.
Solid black bar is the
actual milk production,
empty
bar
is
MP
allowable
milk,
and
diagonal bar is ME
allowable milk.

EVALUATION OF THE CNCPS WITH OTHER ALFALFA SILAGE BASED DIETS
Preliminary results indicated that alfalfa silage inputs for the CNCPS could be
modified to obtain more accurate predictions of milk production when alfalfa silage was
the sole ration ingredient, but the question then arose: Would these adjustments be
useful over a wider and more realistic range of rations?
The CNCPS model predictions were evaluated with 9 studies that had 25 different
rations, containing corn, soybean meal, fish meal, and alfalfa silage. These studies had
a total of 144 lactating Holstein cows. Each ration description had sufficient information
to provide necessary inputs for the CNCPS. Predictions of ME or MP allowable milk
were compared with the actual milk productions. The rations were grouped as: 1) alfalfa
silage (AS) plus high moisture ear corn (HMEC); 2) AS plus HMEC plus Soybean meal
(SBM) or 3) AS plus HMEC plus fish meal (Fish meal) (Table 2).
Group 1 rations had from 54-70% AS and 20-40% HMEC (Broderick, 1995;
Broderick et al., 1990; Broderick et al., 2000; Dhiman and Satter, 1993; Valadares Filho
et al., 2000). These experiments used 55 animals, the average body weight was 601 kg,
and the body condition score was 3.0. The animals were in the early stage of their third
lactation. The animals consumed a TMR of 21.7 kg DM/d and produced 32.4 kg milk/d
with 3.6 % fat and 2.9% CP. The lactation period lasted for 86 days. The AS had an
average of 20.9% CP; 42.5% NDF and 57.0% NPN (% of total N) (Table 3).
Group 2 rations had 54-64% AS, 25-38% HMEC, and 2-8% SBM (Broderick, 1985;
Broderick et al., 1990; Broderick et al., 2000; Jerred et al., 1990; Petit and Veira, 1991).
The AS had an average CP of 21.4%; 44.5% NDF and an NPN content of 63.9% (%
total CP). Sixty-nine lactating cows were used, the average body weight was 608 kg,
and animals were housed in tie stall barns. They were on their third lactation, milk
production averaged 33.0 kg milk/d (3.6% fat and 3.0% crude protein), and the lactation
period was 86 d.
Group 3 rations were derived from the experiments of Broderick et al. (1995; 2000).
AS ranged from 64-70%, HMEC was 25-31% and fish meal was 2.8-3% of the ration
DM. The average CP, NDF and NPN values for the AS were 20.9%, 39.9% and 51.4%,
respectively. These studies had 20 cows. The average body weight was 608 kg, the
body condition score was 3.3, the lactation trials lasted 100 d, and the DMI averaged
22.4 kg DM/d. The average milk production was 35.5 kg (3.4% fat and 3.3% CP).
The CNCPS indicated that the MP allowable milk was always lower than the ME
allowable milk (Figures 2A and 2B), and the adjustments did not significantly affect the
ME allowable milk values. The non-adjusted MP allowable milk values were highly
correlated with actual milk production (r2 = 71.2%) but there was a very large bias
(approximately 9.2 kg/d). When the adjustments were used, there was only a small
increase in the r2 (76.7%), but the bias was greatly reduced (approximately 2.8 kg/d).
Paired t-test comparisons indicated that the adjustments significantly improved the
prediction of milk production (P < 0.05), and predicted MP allowable milk was closer to
the actual milk production.

Adjustments based on NPN and NDF degradation rate improved the CNCPS
prediction, but it should be realized that these corrections were based on high quality
alfalfa silages. When alfalfa matures, there is often an increase in NDF and lignin, and
the CHO B2 degradation rate may decrease. Because poor quality alfalfa silage has
less CP, the need for an NPN adjustment would decrease. If alfalfa lacks sugar to
promote adequate silage fermentation, and the decline in pH is slow, a larger fraction of
the amino-N (peptides and amino acids) would be converted to non-amino-N, and the
need for moving NPN to the B1 protein pool would also decline. Further work is needed
to accommodate maturity and quality effects, but the overall strategy of modifying NPN
and CHO B2 degradation rates is likely to improve the prediction of dairy cow
performance.
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Figure 2. Predicted ME (a) and MP (b) allowable milk of the validation distribution. The
symbols indicate rations based on alfalfa silage (AS) alone (z{), AS plus
high moisture ear corn (HMEC) (SU), AS plus HMEC plus SBM ( ), and
AS plus HMEC plus fish meal (). Open and closed symbols are values
before and after the adjustment, respectively.

CONSIDERATIONS FOR FUTURE RESEARCH ON PROTEIN
Concerns about the impact of livestock on the environment have increased in recent
years, and will continue to be a concern (Fox et al., 2002). The prediction of N utilization
and its main routes of excretion (fecal or urinary) and forms have been targeted as one
of the areas that need further refinement in the CNCPS (Fox et al., 2002). The CNCPS
has a complex feed N fractionation with five chemically distinguished fractions and their
corresponding digestion rates (Sniffen et al., 1992), but evaluations indicate that the
simple use of values of the feed library decreased the accuracy in predictions. The
question then arises: Can our current fractionation scheme be modified to decrease the
number of inputs while maintaining or enhancing accuracy?

Degradation rates for the true protein fractions (B1, B2, and B3) are not always easy
to estimate, and may not always have the same first order degradation rate. The
unavailable N (C fraction) may also need to be re-evaluated. The C fraction is
chemically defined as the N recovered with ADF (ADIN) (Sniffen et al., 1992). However,
Lucas’s test has shown that for some feeds, ADIN does not behave as a completely
indigestible entity. Van Soest (1994, p. 295) indicates that as much as 60% of ADIN of
distillers’ grain can be degraded and absorbed, but it is poorly metabolized. Nakamura
et al. (1994) found poor relationships between ADIN and N indigestibility for protein
concentrates. In situ protein fractionation is often used in protein evaluation systems
(AFRC, 1993; NRC, 2001), but in situ N models have a greater aggregation than the
CNCPS N fractions. The A in situ fraction includes not only NPN but also rapidly
solubilized protein, and protein in particles of smaller size than the porosity of the nylon
bag (NRC, 2001). Distinction between NPN (CNCPS A fraction) from true protein
(CNCPS B fractions) is necessary because NFC and FC bacteria have different
patterns of N utilization (Russell et al., 1992).
Current feed library values for protein degradation rates are largely based on
enzymatic studies (Sniffen et al., 1992), but these methods do not follow always first
order kinetics (Kohn and Allen, 1995). If the ratio of feed sample to enzyme
concentration is inappropriate, the reaction may not be an enzyme-excess, substratelimited system. Furthermore, given the complexity of the ruminal proteolysis, it seems
unlikely that one commercial protease will be able to mimic microbial proteolysis. A
complex mixture of commercial proteases with activities similar to those found in the
rumen and/or microbial-cell preparations is probably more desirable, but such mixtures
have not been systematically evaluated (Kohn and Allen, 1995; Luchini et al., 1996).
Luchini et al. (1996) used a mixture of commercial enzymes (trypsin, carboxypeptidase
B, chymotrypsin, and carboxypeptidase A), but this mixture could not detect differences
due to heat damage or mimic the digestion rates obtained with strained ruminal fluid.
Near-infrared reflectance spectroscopy (NIRS) is routinely performed by a variety of
commercial laboratories, and it is conceivable that this method could be used to
determine protein digestion rates. NIRS has the potential to account for
physicochemical properties, 3-dimensional structures, inert barriers (cell walls) and antinutritional factors (e.g. tannins). Hoffman et al. (1999) used NIRS to calibrate the
degradation rate of the true protein fractions (B) with in situ methods for legume and
grass silage samples (SEP = 1.4 h-1) and the R2 was 87%. Further work will be needed
to see if NIRS can be used to develop rates for the CNCPS.
Electrophoresis separates proteins via differences in charge and molecular weight.
This technique can be used to assess the effect of chemical and physical treatments on
ruminal protein degradation, but it should be noted that only soluble proteins can be
examined (Makoni et al., 1993; Messman and Weiss, 1994; Messman et al., 1994).
Many proteins (e.g. corn gluten meal) have a large fraction of insoluble proteins, and the
recovery of this fraction is often incomplete (Messman and Weiss, 1994). The CNCPS
currently uses a scheme that employs borate-phosphate buffer to determine the amino
acid profile of the protein insoluble proteins that escape ruminal degradation (O'Connor
et al., 1993). These intestinal digestion coefficients are then used to estimate

percentage of absorbed amino acids, (100 % for A, B1, and B2 protein fractions, 80 %
for B3 fraction, and 0 % for C fraction). The use of amino acid profiles for each feed N
fraction could improve the accuracy of prediction of the amino acid flow.
Intestinal metabolism and its transport mechanisms play a crucial role in the profile
of available amino acids, and it is now clear that amino acids can have different
efficiencies of utilization (Reeds et al., 2000). The recovery of intestinally infused
essential amino acids (EAA) at the portal vein ranged from 0.61 for histidine to 0.83 for
valine (MacRae et al., 1997). Enterocytes are polarized cells with unique amino acid
transport mechanisms in the apical and basolateral membranes (Matthews, 1991). The
rate of absorption of amino acids is related to their concentrations and to the overall
kinetic characteristics of their intestinal transports (Matthews, 1991). The prediction of
available portal amino acids rather than intestinal amino acids may improve the
accuracy in predicting of amino acid available for growth and lactation. If the affinity for
each transporter in the apical and basolateral membranes could be determined, the
likelihood of an amino acid arriving to the portal bloodstream can be computed from the
concentration of amino acids in the intestine (Fox and Tedeschi, 2003).

CONCLUSION
Previous feed descriptions of high quality AS led to an under-prediction of milk
production. Theses inputs can be easily changed. When the NPN and CHO B2
degradation rates were modified, the ability of the CNCPS model to predict milk
production was improved (r2 = 71.2 to 76.7%) and the bias was decreased from 9.2 to
2.8 kg/d. This comparison indicated that NPN and CHO B2 degradation rate are crucial
information for alfalfa based diets.

REFERENCES
AFRC. 1993. Energy and Protein Requirements of Ruminants. Agricultural and Food
Research Council. CAB International, Wallingford, UK.
Baker, S. K. 1999. Rumen methanogens, and inhibition of methanogenesis. Aust. J.
Agric. Res. 50:1293-1298.
Broderick, G. A. 1985. Alfalfa silage or hay versus corn silage as the sole forage for
lactating dairy cows. J. Dairy Sci. 68:3262-3271.
Broderick, G. A. 1995. Performance of lactating dairy cows fed either alfalfa silage or
alfalfa hay as the sole forage. J. Dairy Sci. 78:320-329.
Broderick, G. A., D. B. Ricker, and L. S. Driver. 1990. Expeller soybean meal and corn
by-products versus solvent meal for lactating cows fed alfalfa silage as sole forage.
Journal of Dairy Science. 73:453-462.
Broderick, G. A., R. P. Walgenbach, and E. Sterrenburg. 2000. Performance of lactating
dairy cows fed alfalfa or red clover silage as the sole forage. J. Dairy Sci. 83:15431551.

Cadorniga, C. and L. D. Satter. 1993. Protein versus energy supplementation of high
alfalfa silage diets for early lactation cows. Journal of Dairy Science. 76:1972-1977.
Dewhurst, R. J., D. Hepper, and A. J. F. Webster. 1995. Comparison of in sacco and in
vitro techniques for estimating the rate and extent of rumen fermentation of a range
of dietary ingredients. Anim. Feed Sci. Technol. 51:211-229.
Dhiman, T. R., C. Cadorniga, and L. D. Satter. 1993. Protein and energy
supplementation of high alfalfa silage diets during early lactation. Journal of Dairy
Science. 76:1945-1959.
Dhiman, T. R. and L. D. Satter. 1993. Protein as the first-limiting nutrient for lactating
dairy cows fed high proportions of good quality alfalfa silage. Journal of Dairy
Science. 76:1960-1971.
Dhiman, T. R. and L. D. Satter. 1997. Yield response of dairy cows fed different
proportions of alfalfa silage and corn silage. J. Dairy Sci. 80:2069-2082.
Doane, P. H., P. Schofield, and A. N. Pell. 1997. Neutral detergent fiber disappearance
and gas and volatile fatty acids production during the in vitro fermentation of six
forages. J. Anim. Sci. 75:3342-3352.
Ewing, D. L. and D. E. Johnson. 1987. Corn particle starch digestion, passage and size
reduction in beef steers: A dynamic model. J. Anim. Sci. 64:1194-1204.
Fox, D. G. and L. O. Tedeschi. 2003. Predicting dietary amino acid adequacy for
ruminants. Pages 389-410 in Amino Acids in Animal Nutrition. J. P. F. D'Mello, ed.
CABI Publishing, Cambridge, MA.
Fox, D. G., L. O. Tedeschi, T. P. Tylutki, J. B. Russell, M. E. Van Amburgh, L. E. Chase,
A. N. Pell, and T. R. Overton. 2003a. The Cornell Net Carbohydrate and Protein
System model for evaluating herd nutrition and nutrient excretion. Anim. Feed Sci.
Technol.:(Accepted).
Fox, D. G., T. P. Tylutki, G. L. Albrecht, P. E. Cerosaletti, and L. O. Tedeschi. 2002.
Environmental protection and the Cornell University nutrient management planning
system: Future perspectives. Pages 79-98 in Proceedings of Cornell Nutrition
Conference for Feed Manufacturers, Syracuse, NY. New York State College of
Agriculture & Life Sciences, Cornell University.
Fox, D. G., T. P. Tylutki, L. O. Tedeschi, M. E. Van Amburgh, L. E. Chase, A. N. Pell, T.
R. Overton, and J. B. Russell. 2003b. The Net Carbohydrate and Protein System for
evaluating herd nutrition and nutrient excretion: Model documentation. Mimeo No.
213. Animal Science Dept., Cornell University, Ithaca, NY.
Goering, H. K. and P. J. Van Soest. 1970. Forage fiber analysis: Apparatus, reagents,
procedures, and some applications. Agric. Handbook No. 379. ARS, USDA,
Washington, DC.
Jerred, M. J., D. J. Carroll, D. K. Combs, and R. R. Grummer. 1990. Effects of fat
supplementation and immature alfalfa to concentrate ratio on lactation performance
of dairy cattle. J. Dairy Sci. 73:2842-2854.
Kohn, R. A. and M. S. Allen. 1995. In vitro protein degradation of feeds using
concentrated enzymes extracted from rumen contents. Anim. Feed Sci. Technol.
52:15-28.
Krishnamoorthy, U., T. V. Muscato, C. J. Sniffen, and P. J. Van Soest. 1982. Nitrogen
fractions in selected feedstuffs. J. Dairy Sci. 65:217-225.

Krishnamoorthy, U., C. J. Sniffen, M. D. Stern, and P. J. Van Soest. 1983. Evaluation of
a mathematical model of rumen digestion and an in vitro simulation of rumen
proteolysis to estimate the rumen-undegraded nitrogen content of feedstuffs. Br. J.
Nutr. 50:555-568.
Licitra, G., T. M. Hernandez, and P. J. Van Soest. 1996. Standardization of procedures
for nitrogen fractionation of ruminant feeds. Anim. Feed Sci. Technol. 57:347-358.
Luchini, N. D., G. A. Broderick, and D. K. Combs. 1996. Characterization of the
proteolytic activity of commercial proteases and strained ruminal fluid. J. Anim. Sci.
74:684-692.
MacRae, J. C., L. A. Bruce, D. S. Brown, and C. Graham. 1997. Amino acid use by the
gastrointestinal tract of sheep given lucerne forage. Am. J. Physiol. (Grastrointest.
Liver Physiol.). 36:G1200-G1207.
Makoni, N. F., G. A. Broderick, and R. E. Muck. 1997. Effect of modified atmospheres
on proteolysis and fermentation of ensiled alfalfa. Journal of Dairy Science. 80:912920.
Makoni, N. F., J. A. Shelford, S. Nakai, L. J. Fisher, and W. Majak. 1993.
Characterization of protein-fractions in fresh, wilted, and ensiled alfalfa. Journal of
Dairy Science. 76:1934-1944.
Matthews, D. M. 1991. Protein absorption, development and present state of the
subject. Wiley-Liss, Inc., New York, NY.
Mertens, D. R. 1973. Application of theoretical mathematical models to cell wall
digestion and forage intake in ruminants. Ph.D. Dissertation, Cornell University,
Ithaca.
Mertens, D. R. and L. O. Ely. 1979. A dynamic model of fiber digestion and passage in
the ruminant for evaluating forage quality. J. Anim. Sci. 49:1085-1094.
Messman, M. A. and W. P. Weiss. 1994. Use of Electrophoresis to Quantify Ruminal
Degradability of Protein from Concentrate Feeds. Anim. Feed Sci. Technol. 49:2535.
Messman, M. A., W. P. Weiss, and M. E. Koch. 1994. Changes in total and individual
proteins during drying, ensiling, and ruminal fermentation of forages. J. Dairy Sci.
77:492-500.
Nakamura, T., T. J. Klopfenstein, and R. A. Britton. 1994. Evaluation of acid detergent
insoluble nitrogen as an indicator of protein quality in nonforage proteins. J. Anim.
Sci. 72:1043-1048.
NRC. 2001. Nutrient Requirements of Dairy Cattle (7th ed.). National Academy Press,
Washington, DC.
O'Connor, J. D., C. J. Sniffen, D. G. Fox, and W. Chalupa. 1993. A net carbohydrate
and protein system for evaluating cattle diets: IV. Predicting amino acid adequacy.
J. Anim. Sci. 71:1298-1311.
Pell, A. N. and P. Schofield. 1993. Computerized monitoring of gas production to
measure forage digestion in vitro. J. Dairy Sci. 76:1063-1073.
Petit, H. V. and D. M. Veira. 1991. Effects of grain level and protein source on yield,
feed intake, and blood traits of lactating cows fed alfalfa silage. J. Dairy Sci.
74:1923-1932.

Prasad, C. S., C. D. Wood, and K. T. Sampath. 1994. Use of in vitro gas production to
evaluate rumen fermentation of untreated and urea treated finger millet straw
(Eleusine coracana) supplemented with different levels of concentrate. J. Sci. Food
Agric. 65:457-465.
Reeds, P. J., D. G. Burrin, B. Stoll, and J. B. van Goudoeve. 2000. Role of the gut in the
amino acid economy of the host. Pages 25-46 in Proteins, peptides and amino
acids in enteral nutrition. P. Fürst and V. Young, ed. Karger, Vevey, Switzeland.
Roe, M. B., C. J. Sniffen, and L. E. Chase. 1990. Techniques for measuring protein
fractions in feedstuffs. Pages 81-88 in Proc. Cornell Nutr. Conf. Feed Manuf.,
Rochester, NY. Cornell University, Ithaca, NY.
Russell, J. B., J. D. O'Connor, D. G. Fox, P. J. Van Soest, and C. J. Sniffen. 1992. A net
carbohydrate and protein system for evaluating cattle diets: I. Ruminal fermentation.
J. Anim. Sci. 70:3551-3561.
Schofield, P. and A. N. Pell. 1995a. Measurement and kintetic analysis of the neutral
detergent-soluble carbohydrate fraction of legumes and grasses. J. Anim. Sci.
73:3455-3463.
Schofield, P. and A. N. Pell. 1995b. Validity of using accumulated gas pressure
readings to measure forage digestion in vitro: A comparison involving three forage.
J. Dairy Sci. 78:2230-2238.
Sniffen, C. J., J. D. O'Connor, P. J. Van Soest, D. G. Fox, and J. B. Russell. 1992. A net
carbohydrate and protein system for evaluating cattle diets: II. Carbohydrate and
protein availability. J. Anim. Sci. 70:3562-3577.
Tessman, N. J., H. D. Radloff, J. Kleinmans, T. R. Dhiman, and L. D. Satter. 1991. Milk
production response to dietary forage:grain ratio. Journal of Dairy Science. 74:26962707.
Valadares Filho, S. C., G. A. Broderick, R. F. D. Valadares, and M. K. Clayton. 2000.
Effect of replacing alfalfa silage with high moisture corn on nutrient utilization and
milk production. J. Dairy Sci. 83:106-114.
Van Soest, P. J. 1994. Nutritional Ecology of the Ruminant (2nd ed.). Comstock
Publishing Associates, Ithaca, NY.
Van Soest, P. J., C. J. Sniffen, D. R. Mertens, D. G. Fox, P. H. Robinson, and U. C.
Krishnamoorthy. 1981. A net protein system for cattle: The rumen submodel for
nitrogen. Page 265 in Protein Requirements for Cattle (MP109-P), Stillwater, OH.
Oklahoma State University.
Van Soest, P. J., M. E. Van Amburgh, and L. O. Tedeschi. 2000. Rumen balance and
rates of fiber digestion. Pages 150-166 in Proceedings of Cornell Nutrition
Conference for Feed Manufacturers, Rochester, NY. New York State College of
Agriculture & Life Sciences, Cornell University.
Vanzant, E. S., R. C. Cochran, and E. C. Titgemeyer. 1998. Standardization of in situ
techniques for ruminant feedstuff evaluation. J. Anim. Sci. 76:2717-2729.
Varel, V. H. and K. K. Kreikemeier. 1995. Technical note: Comparison of in vitro and in
sity digestibility methods. J. Anim. Sci. 73:578-582.
Varga, G. A. and W. H. Hoover. 1983. Rate and extent of neutral detergent fiber
degradation of feedstuffs in situ. Journal of Dairy Science. 66:2109-2115.
Waldo, D. R., L. W. Smith, and E. L. Cox. 1972. Model of cellulose disapperance from
the rumen. J. Dairy Sci. 55:125-129.

Williams, C. B., J. W. Keele, and D. R. Waldo. 1992. A computer model to predict empty
body weight in cattle from diet and animal characteristics. J. Anim. Sci. 70:32153222.

