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ABSTRACT - A mathematical model based on Cornell Net Carbohydrate and Protein System (CNCPS) was developed
and adapted in order to evaluate beef cattle rations at tropical climate conditions. The presented system differs from CNCPS
in the modeling of insoluble particles’ digestion and passage kinetics, which enabled the estimation of fiber mass in rumen and

its effects on animal performance. The equations used to estimate metabolizable protein and net energy requirements for gain,

net energy requirement for maintenance and total efficiency of metabolizable energy utilization were obtained from scientific

articles published in Brazil. The parameters of the regression equations in these papers were estimated using data from Bos

indicus purebred and crossbred animals reared under tropical conditions. The model was evaluated by using a 368-piece of
information database originally published on 11 Doctoral theses, 14 Master’s dissertations and four scientific articles. Outputs

of the model can be considered adequate.
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Introduction

The nutritional management is of great importance
for the beef cattle production due its large impact on the
production costs and animal performance. Several
computational tools have been developed aiming to reduce
feeding costs. In 1961, Waugh applied linear programming
techniquesto solve the problem of feeding costs minimization
for dairy cows (Agrawal & Heady, 1972). The continuous
increase inscientific information and complexity concerning
the established relationships between animal, food and
environment, has led to the inevitable incorporation of
non-linear functions in the recently developed models
(NRC, 1996; NRC, 2001; Foxetal.,2004).

The system developed at Cornell University — CNCPS
(Cornell Net Carbohydrate and Protein System) is a
mathematical model to evaluate diets and performance of
dairy and beef cattle, and it has been used and improved
since its publicationin 1992 (Foxetal., 2004). The referred
system can be considered as a great innovation in the ways
of determining the transformations of the ingested nutrients
in the rumen. Its set of equations has helped to better
quantify the degradation and escape processes of different
carbohydrates and nitrogen fractions in the rumen, and
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allowed to estimate microbial growth more accurately than
its predecessors (Fox etal., 1992).

Henceforth, amodel based on CNCPS set of equations
for beef cattle diets was adapted and evaluated by
considering degradation and transit kinetic properties of
feedstuffs to estimate protein and energy adequacy of diets
inrelationto animal requirements. The improvements were
done to enhance average daily gain prediction for feedlot
cattle under tropical conditions.

Material and Methods

The set of mathematical expressions that constitute
CNCPS (Russelletal., 1992; Sniffenetal., 1992; Tedeschi
etal., 2000; Foxetal.,2004), were modified to some extent
(Tables 1 and 2) to account for a generalized approach
related to feed passage and degradation Kinetics in the
ruminant gastrointestinal tract (Vieira et al., 2008ab). The
energy and protein requirements were predicted according
to parameters estimated under tropical feedlot conditions
(Fontes, 1995; Henrique et al., 2005), with the exception of
the maintenance protein requirement (Fox etal., 1992). The
complete set of mathematical expressions related to the
presented approach can be found in Henrique (2007).
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Instead of the five CNCPS fractions, the feed crude
protein was divided into four fractions, namely: A,
representing the non-protein fraction in short peptides;
B1 or neutral detergent soluble true protein, grouped as
such due to its nutritional uniformity (Van Soest, 1967;
Broderick, 1994; Rodrigues & Vieira, 2006); B2 or potentially
degradable neutral detergent insoluble true protein; and
Corindigestible true protein.

The fractions that compose the feed total carbohydrates
(TC)are: A’, or low molecular weight carbohydrates (simple
sugars) soluble in neutral detergent solution; B1’, in which
there are non-fibrous compounds of polymeric nature
(soluble in neutral detergent), such as non-amylaceous
polysaccharides and starch (Van Soest et al., 1991; Hall,
2003); B2’, or potentially degradable fibrous carbohydrates
insoluble in neutral detergent solution; and C’, which is
basically indigestible fibrous carbohydrates encrusted
by lignin (Sniffenetal., 1992).

Table 1 - Definitions of symbols and acronyms used in the equations

The present model was evaluated with information
obtained from 11 Doctoral theses and 14 Master’s
dissertations developed at the Universidade Federal de
Vicosa (Barbosa, 1978; Margon, 1981; Galvéo, 1991; Estrada,
1996; Gesualdi Junior, 1999; Resende, 1999; Backes, 2003;
Magalh&es, 2003; Miranda, 2005; and Obeid, 2005),
Universidade Estadual Paulista (Arrigoni, 1995; Henrique,
2002; Ledo, 2002; Mendes, 2003; and Faturi, 2005),
Universidade de Sdo Paulo (Pereira, 2002; Putrino, 2002;
Aferri, 2003; and Oliveira, 2004), Universidade Federal de
Lavras (Fontes, 1993), Universidade Federal de Minas Gerais
(Languidey, 1975; and Pacola, 1977) and Escola Superior de
Agricultura Luiz de Queiroz (Bulle, 2000; Fernandes, 2004;
and Almeida, 2005), and also four articles published at the
Revista Brasileira de Zootecnia (Fernandes et al., 2004;
Chizzottietal., 2005; Silvaetal., 2005; Pereiraetal., 2006).
Fromthose data, 275 were related to individual observations
obtained at the appendix of the theses and dissertations,

Symbol Unit Definition

CA;' gdtl Amount of sugars and organic acids ingested

cB1y gdtl Amount of fast degradable polysaccharides ingested

CcB2; gdtl Amount of degradable fiber ingested

dEBM / dt kg d1 Empty body mass gain

dM / dt kg d1 Body mass gain

EBM kg Empty body mass

fiber; gdt? Amount of fiber ingested

FHC ax g kgl M Fiber holding capacity of the rumen

Kyt h-1 Fraction B1 (soluble true protein) degradation rate

Ka'i h-1 Fraction A’ (sugars and organic acids) degradation rate

Kqoi h-1 Fraction B2 (degradable protein insoluble in neutral detergent) degradation rate
Kao'i h-1 Fraction B1’ (fast degradable polysaccharides) degradation rate
Kao'i h-1 Fraction B2’ (potentially degradable fiber) degradation rate

ei
Kl h-1
k dmls

mg
ri

h-1 Rate of ruminal escape of the fluid dispersed fibrous particles

Liquid dilution rate in the rumen

Gross efficiency of metabolizable energy use for maintenance and gain
h-1 Passage rate of the long particle fiber to the ventral rumen portions

Metabolizable protein required for gain
Mean retention time of fiber in the rumen
Positive integer order of time dependency related to the preparation of fiber to digestion

Net energy requirement for maintenance

Net protein requirement for gain

Amount of fraction B1 (soluble true protein) ingested

Amount of fraction B2 (degradable protein insoluble in neutral detergent) ingested
Ruminally degraded sugars and organic acids

Ruminally degraded soluble true protein

Ruminally degraded protein insoluble in neutral detergent

Ruminally degraded fast degradable polysaccharides

Filling effect of the fiber in the rumen

In dmls Natural logarithm

M kg Body mass

MEI MJ d-t Metabolizable energy intake
MP, gdtl

MRT; z |

N mls

NEg MJ d1 Net energy required for gain
NE,, MJ dt

NE, MJ dt Total net energy ingested
NP, gdtl

PB1, gd?

PB2, gdt?

RDA; gd?

RDBI; gd?

RDB2; gdt?

RDB1', gd?

RDB2'; gdt? Ruminally degraded fiber
RE Mcal d1 Retained energy

RFM g kgl M Ruminal fiber mass

U; dmls

X gdt? Dry matter intake

ﬁg dmls

Efficiency of metabolizable protein utilization according to body size classes

*subscript “i” stands for ith feed.
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Table 2 - Equations used in the model that differ from CNCPS (version 5.0)

Variable Constraint Equation
kg,
RDB1, PBI, - —i—
ko + sz
RDB2, PB2; -k, | k,./3
Ky K, /3 Ky Tk
MRT when k;; does not apply to ingredient i 1
ky
otherwise N 1
kr') klt
RDA’; c4', k'
kdl'i+kl
RDB1". Bl —Kali
: 0T
RDB2". CB2!, ka'i 1+ kn/3
: kyy'+k, /3 kys'+k,,
DM
Kl k=3 —
D" X -MRT,
mg 0.305 0.176
k ——— —— +0.37
MEI + MY MEI +M
EBM zebu ~19.61+0.92-M
crossbred —-3434+092-M
dEBM 0.92-%
dt
NP, zebu 0.453-EBM " -1000 (AEBM.
crossbred 0.631- EBM " -1000- dEd#
MP, NNP,
B,
NE,, 0305- EBMY*
NE, zebu 0.158 - EBM " . 4.184 . 4EBM.
crossbred 0216- EBM ¥ .4.184 - dE:M
t
U, 32— halthe I N +C',{ﬁ+]—) 0.001
(kd} ;+k/—:/N)'(kd3 r+ke[) kn ei
RFM Z(ﬁber[-yi)}M
Li=1
FHC 23.84710.26-1n[727—'f‘f;”’*‘”ﬂ S fiber,
i=]

24 Y

and 93 were related to treatment averages, which totaled
368 data described in table 3. Animals’ characteristics
were: average body mass in the studied period, genetic
group, rate of body gain and total dry matter intake. Data
concerning feed were: dietary components and chemical
composition, when available. Necessary information for
the calculation of protein and carbohydrate fractions
used in the mathematical model was not completely
described in all studies. These gaps were filled with the
utilization of information contained in tables of feed
composition for beef cattle, published by NRC (1996),
Foxetal. (1999) and VValadares Filho etal. (2006).

The model evaluation was done by comparing
graphically the values of net energy and metabolizable
protein supplied by diets to those required by animals.
Another evaluation was based on the comparison of the
observed average individual body weight gain with those
predicted by the model simulation, as follows:
_0.305- MCV*"*

NE, @
4.184
_NE @
4.184
dM  12.341- RE""°. EBM "7 (NRC,1996) 3)
dt 0.956
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Table 3 - Description of the evaluation set of data

Genetic group n Gender M1 dM/dt? DMI3 Reference

(kg) (kg dt) (g dh)
¥ European-Zebu 3 Steer 394 1.16 8937 Aferri (2003)
% Angus-Nellore 1 Bull 427 1.566 9741 Almeida (2005)
% Canchim-Nellore 1 Bull 408 1.368 9086 Almeida (2005)
% Simental-Nellore 1 Bull 434 1.491 9622 Almeida (2005)
Nellore 3 Bull 365 1.021 7651 Almeida (2005)
Nellore-Simental 3 Bull 265 0.899 4950 Arrigoni (1995)
% Holstein-Zebu 16 Steer 337 1.126 8268 Backes (2003)
Nellore 8 Steer 321 1.106 7536 Backes (2003)
5/8 Holstein-Zebu 3 Steer 379 0.96 9365 Barbosa (1978)
¥ European-Zebu 3 Bull 346 1.267 7307 Bulle (2000)
Nellore 4 Steer 410 0.968 8425 Chizzotti et al. (2005)
% Nellore-Angus 1 Bull 525 1.43 10660 Estrada (1996)
Nellore 1 Bull 463 1.15 8800 Estrada (1996)
% Nellore-Holstein 1 Bull 527 1.41 10650 Estrada (1996)
% Nellore-Normando 1 Bull 532 1.55 10750 Estrada (1996)
% Nellore-Angus 4 Steer 407 1.284 10117 Faturi (2005)
Nellore e Canchim 5 Bull 347 1.286 9333 Fernandes (2004)
Y Caracu-Zebu 2 Bull 337 0.926 7545 Fernandes et al. (2004)
% Holstein-Zebu 2 Bull 339 1.103 7660 Fernandes et al. (2004)
Nellore 2 Bull 333 1.122 7210 Fernandes et al. (2004)
Holstein-Zebu 4 Bull 224 0.983 6375 Fontes (1993)
% Nellore-Limousine 12 Bull 427 1.238 9667 Galvédo (1991)
% Nellore-Marchigiana 12 Bull 417 1.218 10268 Galvédo (1991)
Nellore 12 Bull 348 0.864 7970 Galvéo (1991)
Santa Gertrudes 4 Bull 379 1.53 8000 Henrique (2002)
% Nellore-Limousine 40 Bull 406 1.065 7781 Gesualdi Janior (1999)
Holstein-Zebu 5 Bull 315 0.65 7004 Languidey (1975)
Guzera 75 unavailable 472 1.019 8749 Ledo (2002)
Holstein-Zebu 8 Steer 314 1.238 8571 Magalhdes (2003)
Zebu 32 Steer 384 0.462 7596 Margon (1981)
% Simental-Nellore 3 unavailable 420 1.15 10543 Mendes (2003)
Caracu 16 Bull 473 0.799 6654 Miranda (2005)
Nellore 28 Bull 415 0.901 5817 Miranda (2005)
Zebu 4 unavailable 440 1.363 9218 Obeid (2005)
Nellore 3 Steer 431 1.141 10180 Oliveira (2004)
Zebu 2 unavailable 336 1.109 10422 Pacola (1977)
Nellore 3 Steer 350 1.46 7923 Pereira (2002)
Holstein-Zebu 4 Steer 478 1.4 10925 Pereira et al. (2006)
5/8 Angus-Nellore 4 Bull 320 1.132 5793 Putrino (2002)
Nellore 4 Bull 254 0.905 3378 Putrino (2002)
5/8 Europeu-Zebu 24 Steer 367 1.068 10095 Resende (1999)
Holstein-Zebu 4 Steer 389 0.583 7348 Silva et al. (2005)

1 Body mass, 2 Daily body gain; 3 Dry matter intake.

Values of body weight gain observed and predicted
were compared graphically and analyzed by means of their
standardized residuals as suggested by Draper & Smith
(1966) and Montgomery (2005).

Results and Discussion

The total net energy (NE,) and metabolizable protein
(MP) supplied by the rations were 15% (Figure 1a) and 6%
(Figure 1a) higher than the animals’ requirements for these
nutrients, respectively. The nutrient supply and the animals’
requirements are outputs calculated from the following
inputs: observed dry matter intake, nutritional composition
of the diets and daily body mass gain. Because of that, if
the conclusion of the output analysis was that the amount

of nutrients was not enough to meet the requirements, then
the model would be considered improper. Nevertheless,
the results were suitable for the performance of the
animals and, consequently, the model was considered
adequate for diet evaluations.

The model was also tested upon its capacity to predict
performance of the animals from the observed dry matter
intake and the nutritional composition of the diet. This
evaluation was done by comparing the rate of body mass
gain (dM / dt) predicted by the model with the observed
values and analyzing their standard deviations. As it can be
observed in Figure 1c, the average of predicted values was
very close to the observed values, despite their great
dispersion. The dispersion of the standard residuals as a
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function of average daily gain (Figure 1d) was randomly
distributed around the zero axis, but presented a tendency
to decline from 0.0 to 1.0 kg daily gain. These results are
indicative that the model can be used to predict body mass
gain when dry matter intake and ration composition are
known, although some adjustments are still needed due to
the great dispersion of residuals (Figure 1d). Even with
high dispersion, 95% of the standard residuals are settled
between -2 and 2.

Van Soest (1994) discusses about the energetic
efficiency decrease (measured as a ratio between total net
energy and total digestible nutrients contained in ration) as
a function of the raise of fiber concentration of diet.
According to the author, this effect was originally noticed
by Kellnerin 1912 and, since then, several hypotheses have
beenraised to explainit;among them, the raise inaceticacid
proportion in rumen as a ratio of the raise of forage levels
indiet and the higher heat production (calorific increment)
generated rumination and fermentation of fibrous feed in
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the processes of mastication. Blaxter (1969) accomplished
several studies where the effects of change of proportions
of volatile fat acids (AGV) on energetic efficiency were
quantified. Acetic acid proportions varying from 30% to
90% reduced the energetic efficiency for maintenance from
87% to 85% (Blaxter, 1969). Although the author did not
analyze statistically the meaning of these differences, one
can notice that the difference in the efficiency (around two
percentage points) is low. Based on these results, Blaxter
concluded that the efficiency with which the alimentary
energy is utilized for maintenance is not greatly affected by
the ruminal proportions of AGV. The same does not occur
with energetic efficiency for body fataccumulation in adult
animals (observed at intake levels superior than maintenance).
Inthis case, efficiency was reduced from 58% to 32% when
the acetic acid proportion increased from 50% to 68%
(Blaxter, 1969). Concerning proteinand fataccumulation in
growing animals, Blaxter (1989), cited by Johnson et al.
(2003), reported energetic efficiency of 30% when fibrous
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Figure 1 - Netenergy (a) and metabolizable protein (b) supplied plotted against their respective requirement; observed versus predicted
body mass gain rate (c) and average daily gain standardized residuals plotted against observed daily gain (d).
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feeds were used and attributed the low efficiency to the high
calorific increment (measure of the energetic inefficiency)
generated by the metabolic use of acetic acid as energy
source. Despite these evidences, more efficient uses of
aceticacid for animal growth were reported in several other
experiments (Johnson, 1972; Orskov et al., 1979, cited by
Johnson et al., 2003) and the mechanism responsible for
high calorific increment of fibrous feed utilization for
growth and fat accumulation continues to be unknowable
(Van Soest, 1994; Johnson etal., 2003).

Energetic efficiency, measured with the same units
used by Van Soest (1994), i.e., the ratio between total net
energy and total apparently digestible nutrients contained
in ration multiplied by 100, did not suffer significant
influence of fiber concentration in the diet (r = -0.04 and
p — value = 0.40) when this analysis was done using the
results obtained with the proposed model in this research.
Therefore, the outputs of the presented model cannot be
used to corroborate the theory that fiber concentration
alone would influence the energetic efficiency.
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The proposed model was compared with the CNCPS
(version 5.0) concerning the ability to predict body mass
gain when observed dry matter intake and composition of
the diet was used as input to the models (Figures 2, 3, 4 and
Table 4). The predictions of the proposed model were closer
to the observed values (Figure 2a, c), while CNCPS
underestimated body mass gain (Figure 2b, d).

Kobayashi & Salam (2000) presented a method for
comparison of simulated and observed values using mean
squared deviation (MSD) and its components: squared bias
(SB), squared difference between standard deviations
(SDSD), lack of correlation weighted by the standard
deviation (LCS) and mean squared variation (MSV).
According to these authors, the lower the MSD value the
smaller the difference between predicted and observed
values. Analysisof MSD results inthe terms: SB, SDSD and
LCS, whose sumisequal to MSD. SDSD’s additionto LCS
provides the MSV value. SB represents the difference
between the means of observed and predicted values;
SDSD measures the difference of magnitude of the
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Figure 2 - Observed versus predicted body mass gain rate for the presented model (a) and the CNCPS (b); standardized residuals (predicted
minus observed) of the body mass gain rate for the presented model (c) and the CNCPS (d), plotted against observed average

daily gain.
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fluctuation between these values; LCS refers to the
fluctuation pattern of these values and MSV quantifies
the capacity of the model to simulate the variability of the
measurements around the mean. Therefore, the smaller the
value of each of those terms the better the predictive power
of the model.

Mean squared deviation (MSD) and squared bias (SB)
of the proposed model were smaller than that of the
CNCPS, but SDSD, LCS and MSV were greater (Figure 3
and Table 4). However, the difference between SB of both
models was so high that the best performance presented
by CNCPS at the other three factors (SDSD, LCS and MSV)
was not sufficient to counterbalance the difference in SB.
Because of that, MSD, which is the sum of terms SB, SDSD
and LCS, was smaller to the presented model. Those
results indicate the superiority of the proposed model in
relation to CNCPS to predict the body mass gain. But,
CNCPS predicted the fluctuation of the observed values
with more accuracy. This effect can be visualized when the
standard residuals dispersion of the proposed model and
of the CNCPS are compared in Figure 2c, d. In the referred
figure, it is possible to notice that the proposed model
standard residuals (Figure 2c) are more disperse than the
CNCPS (Figure 2d), although almost all CNCPS standard
residuals are below zero axis (Figure 2d).

The effect of fiber level in the diet upon energetic
efficiency was tested using calculated values for these
variables by both models (Figure 4a, b). The efficiency was
calculated according to Van Soest (1994)’s proposition.
Fiber level did not influence the energetic efficiency
calculated with the equations of the proposed model

0.300 1

0.250

0.200 1

0.150 1

MSD

0.100

0.050 A

PSS SS

0.000

MSD proposed model MSD CNCPS

SB OSDSD ELCS

Figure 3 - Mean squared deviation (MSD) and its components:
squared bias (SB), squared difference between standard
deviations (SDSD), and lack of correlation weighted
by standard deviation (LCS) inacomparison between
the presented model and the CNCPS.

(r =-0.14 and p — value = 0.14). However, the efficiency
computed using CNCPS outputs was affected by diet
concentration of fiber (r =-0.58 and p — value < 0.0001).

In Figure 4, the dispersions of standard residuals relative
to observed and predicted body mass gain are a function of
fiber level in the diet, obtained with the presented model
(Figure 4c) and with CNCPS (Figure 4d). By visual analysis of
these figures, we can see that the predictions of the presented
model are closer to the values observed at higher levels of fiber
in the diet (Figure 4c — standard residuals are closer to zero
axiswhen the fiber level isabove 0.40). The opposite occurred
in relation to CNCPS: as the fiber level raised, the standard
residuals got farther from the zero axis (Figure 4d).

The amplitude of fiber levels (18% to 62%) would be
sufficient to cause some effect on efficiency, as it was seen
with results related to CNCPS. However, the efficiency
calculated from the outputs of the presented model was not
affected by the fiber content of the diet (Figure 4a).

The superiority of the presented model in relation to
CNCPS was, probably, a consequence of the proposed
modifications to calculate: 1) degradation kinetic and
passage of nutrients through rumen; 2) net energy and
metabolizable protein requirements (based on proposed
equations by Fontes (1995), and 3) gross efficiency of
consumed metabolizable energy utilization (estimated from
information generated at tropical climate conditions). The
modifications related to fiber kinetic in rumen were based on
concepts that were discussed in details by Allen & Mertens
(1988), Van Soest (1994) and Vieira et al. (2008a, b). The
mechanistic characteristic of this part of the model may
have improved the predictions in the situations where the
fiber level indiet was higher. According to Van Soest (1994),
mechanistic models have wider applicability than the
empirical models, for being conceived from cause and effect
relations and not only correlation between variables. To
counterpart, equations utilized in the calculation of energy
and protein requirements and the efficiency of metabolizable
energy utilization are of empirical nature (both for the

Table 4 - Mean squared deviation and its components in a
comparison between the present model and CNCPS

Components Proposed model CNCPS
Squared bias (SB) 0.009 0.220
Squared difference between 0.005 0.001
standard deviations (SDSD)

Lack of correlation weighted 0.081 0.057
by standard deviation (LCS)

Mean squared variation (MSV) 0.085 0.058
Mean squared deviation (MSD) 0.093 0.277

CNPS = Cornell Net Carbohydrate and Protein System.
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proposed model and for CNCPS). According to Mertens
(1987), empirical equations predict adequately, only when
the situation to be predicted is similar to that in which the
parameters were estimated, and in the presented model the
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better predictive power.
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Figure 4 - Relationship between energetic efficiency, [NE] / [NDT], and fiber content of the diet, [Fiber], calculated with the proposed
model (a) and with CNCPS (b) and dispersion of standardized residuals (predicted minus observed) of body mass rate gain
as a function of [Fiber] for the proposed model (c) and for CNCPS (d).

Conclusions

The differences of the proposed model in relation to
CNCPS resulted in better predictions in tropical climate
conditions, mainly when diets with higher levels of fiber
were offered. The theoretical principles presented may be
used to develop systems capable of evaluating rations
offered to dairy cows and other domestic ruminant species
such as goat and sheep. Therefore, the database of feed
must be increased and more research must be done on the
kinetic of degradation and passage of nutrients in rumen
and the intermediary metabolism, in order to enhance the
model’s predictive power.
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