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Estimation of the Total Efficiency of Metabolizable Energy Utilization for Maintenance
and Growth by Cattle in Tropical Conditions

Douglas Sampaio Henriquel: # Ricardo Augusto Mendonca Vieira?*, Pedro Anténio Muniz
Malafaia3, Mauricio Cordeiro Mancini4, André Luigi Gongalves®

ABSTRACT - Data of 320 animals were obtained from eight comparative slaughter studies performed under tropical conditions
and used to estimatethetotal efficiency of utilization of themetabolizableenergy intake (MEI), which varied from 77t0 419 kcal kg o™ gt
The provided data also contained direct measures of the recovered energy (RE), which allowed calculating the heat production (HE) by
difference. The RE was regressed on MEI and deviations from linearity were evaluated by using the F-test. The respective estimates of
the fasting heat production and the intercept and the slope that composes the relationship between RE and MEI were 73 kcal kg'o‘75 dt,
—42 kcal kg'o‘75 d* and 0.37. Hence, the total efficiency was estimated by dividing the net energy for maintenance and growth by the
metabolizable energy intake. The estimated total efficiency of the ME utilization and analogous estimates based on the beef cattle NRC
model were employed in an additional study to evaluate their predictive powers in terms of the mean square deviations for both temperate
and tropical conditions. The two approaches presented similar predictive powers but the proposed one had a 22% lower mean squared
deviation even with its more simplified structure.
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Estimacéo da Eficiéncia Total de Utilizacdo da Energia M etabolizavel para Manutencao e
Crescimento por Bovinos em Condicdes Tropicais

RESUMO - Foram utilizadas 320 informacfes obtidas a partir de 8 estudos de abate comparativo conduzidos em condic¢des
tropicais para se estimar a eficiénciatotal de utilizagio da energia metabolizével consumida, a qual variou de 77 a 419kcal kg’ 0B gt
Os dados também continham informagdes sobre a energia retida (RE), o que permitiu o célculo da producdo de calor por diferenca. As
estimativas da producéo de calor em jejum e dos coeficientes linear e angular da regressdo entre RE e MEI foram respectivamente,
73 keal kg ®” dt, —42 kcal kg *” d* €0,37. Em seguida, aeficiénciatotal foi estimada dividindo-se a energialiquidaparamantenca
e producédo pelo consumo de energia metabolizavel. A eficiéncia total de utilizacdo da MEI obtida e estimativas andlogas baseadas no
modelo do NRC gado de corte foram empregadas em um estudo adicional paraavaliar as predi¢des da energialiquidatotal paramantenca
e crescimento em condi¢des de climatemperado e tropical. Os dois model os apresentaram poder de predi¢do semelhante, mas o quadrado
do desvio médio do método proposto foi 22% menor, mesmo com uma estrutura mais simplificada.

Palavras-chave: bioenergética, crescimento, energia liquida, ruminantes

Introduction

The transformation of food energy into products
of animal origin, asin any other energy transformation
system, is not devoid of losses since there is an
efficiency by which the food energy is used for
maintenance and production. Brody (1945) and
Kleiber (1975) categorized two types of energy

efficiency in the production systems. gross or total
efficiency and net or partial efficiency. The former is
obtained by dividing the energy recovered in the
animal product by the total intake of a determined
food energy category (gross, digestible or
metabolizable), whilethelatter istherecovered energy
divided by the subtraction between the food energy
intake and its amount used for maintenance purposes.
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Amongthelossesobservedintheenergy transformation
processes, there are pronounced ones that can not be
neglected: the contribution of the heat of combustion
fromboththepartialy digestibleandindigestibleresidues
recovered in feces; the energy losses associated to
gaseous products of digestion and urinary excretion
residues; and the heat increment due to digestion,
absorption and uptake of nutrients (NRC, 1981, 1996;
Baldwin, 1995). Subtracting these|lossesfrom thetotal
energy intake one could obtain the net energy of the
food, i.e., thefraction that will be available for both the
maintenance and productive functions.

The observation that animals present different
performances by consuming rations with the same
contentsin total digestible nutrients (TDN) led to the
development of the net energy systems, allowing the
prediction of these differencesin performance because
energy losses associated to heat increments are
considered and are directly related to the fiber content
of the ration (Blaxter, 1966; Van Soest, 1994).

The net energy system is based on comparative
slaughter experiments to determine the energy
requirements of beef cattle and the net energy value
of the food. The heat energy (HE) is calculated by the
difference between the metabolizable energy intake
(MEI) and the energy retained by the animal body
(RE). According to the current terminology
recommended by the NRC (1981), the heat energy
could be further fractionated into the energy costs due
to fasting metabolism (H.E) and to maintenance and
productive heat increments(H,E).

The maintenance and retained net energy contents
of thefood are both defined according to the following
expressions (NRC, 1981, 1996):

[NE,]=H.E/I,, NE, =H_E (1)

[NE,]=RE/(1-1,), NE, =RE (2)

The terms [NE,,] and [NE,], expressed in kcal
kg ! of dry matter, correspond to thefood net energies
concentrations of maintenance and production,
respectively; the terms H_E and RE are expressed in
kcal kg ®®d*; I (kg kg®®d*) is the food intake
necessary to meet the maintenance functions; and |
(kg kg ®®d') represents the voluntary dry matter
intake under ad libitum conditions.

The relationship among the metabolizable energy,
the net energy for maintenance (NE,,), the retained
energy (RE = NE, ), and the heat increments associated
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to these processes is classically described by the
expression below (NRC, 1981; NRC, 1996):

ME = NE, +NE, +H,E (3)

where ME represents the animal requirement for
metabolizable energy and all terms are expressed in
kcal kg ®*d*.

In AFRC (1993) the square bracketsinvolving the
variables are used to denote energy concentration
(energy units per unit of mass), while the variables
without this notation represent the total energy
category required by the animal (energy units per unit
of time). In the present study, the same notation was
used. Nevertheless, in the NRC (1981; 1996) the
notation used to describe both the energy requirements
(kcal kg™®”® d'") and the food energy values (kcal kg1)
were the same and this may cause misunderstanding.
An example is the improper sum between [NE,] and
[NEm], since the replacement of the terms in Eq. (3)
by its concentration counterparts of Eg. (1) and (2)
will result in the following paradox:

H,.E/I,, +RE/(I- 1,))+H,E/I * ME/I. (4)

The goals of this study were the estimation of the
total efficiency of metabolizable energy utilization
for maintenance and growth by cattle raised under
tropical conditionsand the evaluation of the predictive
power of the statistical approach performed.

Materials and Methods

Experimental data

The data used in this study were obtained from the
appendices of five Doctoral thesis (Teixeira, 1984;
Paulino, 1996; Ferreira, 1997; Signoretti, 1998;
Véras, 2000) and two Master of Science dissertations
(Salvador, 1980; Freitas, 1995) presented to the Ani-
mal Science Department of the Federal University of
Vicosaand one Doctor of Philosophy thesis presented
to the Faculty of the Graduate School of Cornell
University (Tedeschi, 2001). In these studies, the
comparative slaughter technique was used to estimate
the net energy requirements for maintenance and
growth, based on both the metabolizable energy intake
and the retained energy. The studies above provided
325 observationsfromwhich 5wereconsidered outliers
and discarded after residual analysis(Draper & Smith,
1966).
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Data were composed by animals belonging to
Nellore(n, =132), Gir (n,=12), /4 Fleckvieh™ 5/16
Angus’ 7/16 Nellore (n;=11), F Holstein" Nellore
(n,=12), Guzerat (ny= 12), F Holstein” Zebu
(ng= 42), 3/4 Holstein” Zebu (N, = 10), Tabapuan
(ng= 10), 5/8 Holstein Zebu (ngy= 9), F, Nellore

Table 1 - Description of the estimation set of data

"~ Simmental ( Ny, = 24), and Holstein ( n,, = 46) breed
and crossbreed types. All animals were male and 134
of the total were castrated. The experiments were
carried out for five monthson average, with theanimals
initial agevaryingfrom 2to42 monthsold. Information
about the animalsis presented in Table 1.

MEI kcal kg9-7> d1

1 -
Breed n Initial age, days Gender Mimmum Maximum Reference
H-Z 34 1260 Steer 77 250 Salvador (1980)
12 H-Z 8 480 Steer 148 292 Teixeira (1984)
34 H-Z 10 480 Steer 129 257 Teixeira (1984)
5/8 H-Z 9 480 Steer 145 254 Teixeira (1984)
H 10 480 Steer 143 236 Teixeira (1984)
N 10 480 Steer 138 218 Teixeira (1984)
N 10 720 Bull 100 203 Freitas (1995)
F-A-N 11 720 Bull 103 266 Freitas (1995)
H-N 12 720 Bull 114 280 Freitas (1995)
Gir 12 720 Bull 129 325 Paulino (1996)
Guz 12 720 Bull 140 321 Paulino (1996)
N 10 720 Bull 147 419 Paulino (1996)
T 10 720 Bull 143 332 Paulino (1996)
N-S 24 480 Bull 231 342 Ferreira(1997)
H 36 60 Bull 235 396 Signoretti (1998)
N 25 600 Bull 202 296 Véras (2000)
N 53 675 Steer 136 261 Tedeschi (2001)
N 12 675 Bull 145 221 Tedeschi (2001)
N 12 315 Bull 142 216 Tedeschi (2001)

1Breed: H = Holstein, N = Nellore, T = Tabapuan, Guz = Guzerat, H-Z = Holstein-Zebu, F-A-N = Fleckvieh-Angus-Nellore, H-N = Holstein-

Nellore, N-S = Nellore-Simmental.

The nonlinear form of the model employed by
Lofgreen and Garret (1968) was used to describe the
heat production as a function of the metabolizable
energy intake:

HE, =axexp (bxMEI,)+e, (5)

where HE; and MEI; represented the heat energy and
the metabolizable energy intakeinthe i animal, both
expressed in kcal kg °® d!; a is the parameter that
allowed estimating the fasting heat production and
corresponds to the net energy requirement for
maintenance(NE _, kcal kg™®”® d'1); b isdefined asthe
specific transformation coefficient of the consumed
metabolizable energy into heat (d kg®® Kcal™),
equivalent to the slope of the original linear model used
by Lofgreen & Garret (1968) multiplied by In 10; and
the term g used to describe the experimenta error.
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The parameters estimates of the nonlinear model
described by Eqg. (5) were obtained according to the
Marquardt’s compromise by means of a nonlinear
least squares estimation procedure. Following the
first fitting, outliers were excluded from the original
data when the absolute values of their studentized
residuals were greater than three (Draper & Smith,
1966). Then, the parameters were again estimated by
using the new data set without the outliers.

The metabolizable energy intake for maintenance
(MEI,,) was established at the energy equilibrium,
where assumptions made were the completely
conversion of MEI into heat and at this point RE
should be equated to 0. Afterwards MEI,, was
estimated by aniterative procedureinwhichincreasing
values of MEI (within the range of the observed data)
were substituted in the equation:

HE = & »exp (bMEl ) (6)
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until the ratio HE/MEI approached 1.000.

The validity of the linearity assumption for the
relationship between energy retention and the
metabolizable energy intake, widely discussed in the
literature (Blaxter, 1966; NRC, 1981; Garret &
Johnson, 1983; Baldwin, 1995), wasverified by using
F-tests based on the sum of squares of first, second
andthird degreesmodels(Searle, 1971). Sincelinearity
assumptions were not violated, the estimated MEI ,
was used as acomponent of the parametric restriction
in the following model:

RE, = &+ 4xMEl, +¢
P& =0 (1)

—_)——
&

where RE, corresponds to the energy retained by the
ith animal; ¥ and d represent both the intercept and

the slope of the linear regression of the RE, over
MEI;; and g isthe experimental error under the usual
assumptionsof normally andindependently distributions
with mean 0 and variance s2. P{ is the transpose of
therestriction vector appliedtotheparameter vector
¢, such that p¢e= 1 MEI,] and é¢=[g d|. The
solution of the restricted model was obtained by the
ordinary least squares estimation procedure (Searle,
1971) andillustrated by itsnormal equationsin matrix
terms as follows:

. s 5
=y L n | h
§ n DMEL 11 > RE;
=l : =l
5| =3 MEI, 3 MEI; | MEIL, > MELRE,
__ iml iml \ iml
i 1 MEI, '@ 0 0
(8)

where | is a Lagrange multiplier. The logic of this
approach was the avoidance of different MEI
estimates after relating both the retained energy and
the heat production on MEI.

Energetic efficiency

The total efficiency of metabolizable energy
utilization (k,) wasindividually estimated for those
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animals belonging to the evaluation set of data by
using the following expression:

k, = (NE,, +RE,)/MEI, =&/MEIl, +§/MEIl, +d  (9)

where &, § and d were estimated by fitting Eq. (5)
and (7) to the experimental data.

The comparison of predictions and observations
to assess model performance (COPAMP, according
to P. L. Mitchell, personal communication) was done
by using 134 paired observations (MEI and RE)
obtained from the appendices of four Master of
Sciencedissertations(Teixeira, 1975; Piekarski, 1983;
Galvéo, 1991; Paulino, 2002) and one Doctoral thesis
(Freitas, 2004) presented to the Animal Science
Department of the Federal University of Vigosa(Table?2),
and 65 paired means (each one calculated from 6 to 8
observations) published by Lofgreen & Garret (1968).
These data sets were independent from the experi-
mental one used for parameters estimation, acommon
criterion for empirical validation (Mertens, 1976;
Mitchell & Sheehy, 1997).

Thefasting heat production of the evaluation set of
data was ad hoc estimated after fitting Eqg. (5) and
added to the observed RE of each animal to obtain the
related total net energy required for maintenance and
growth (NEmg ) The observed MEI, of this group were
used as inputs to Eq. (9) and allowed predicting the
NE,, by using parameters estimates (4, J and d )
after fitting Eq. (5) and (7) to the set of experimental
data. The same procedure was done by using the
average values published by Lofgreen& Garret (1968).
The NE,, estimates were also obtained by simulating
the NRC (1996) model with the evaluation set of data
asan input. The predictive powers of these approaches
were compared by means of residual analysis (Draper
& Smith, 1966; Mitchell & Sheehy, 1997) and by the
decomposition of the mean square deviations as
suggested by Kobayashi & Salam (2000).

Results and Discussion

Net energy for maintenance

The procedure used to fit the model described by
Eqg. (5) to the experimental data set reached the
established convergence criteria for the Marquardt’s
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Table 2 - Description of the evaluation set of data

MEI kcal kg9-7> d1

1 -
Breed n Initial age, days Gender Minimam Maximum Reference
12H-Z 19 1080 Steer 140 218 Teixeira(1975)
H-Z 16 900 Steer 134 434 Piekarski (1983)
N-M 12 60 Bull 249 A2 Galvao (1991)
N-L 12 60 Bull 273 325 Galvao (1991)
N 12 60 Bull 227 319 Galvao (1991)
Zebu 15 720 Steer 153 307 Paulino (2002)
N-A 12 300 Bull 231 310 Freitas(2004)
N 12 300 Bull 199 274 Freitas(2004)
N-B 12 300 Bull 220 298 Freitas(2004)
N-S 12 300 Bull 193 267 Freitas(2004)

1 Breed: N = Nellore, H-Z = Holstein-Zebu, N-M = Nellore-Marchigiana, N-L = Nellore-Limousin, N-A = Nellore-Aberdeen Angus, N-B =

Nellore-Brown Swiss, N-S = Nellore-Simmental.

algorithmwiththreeiterations. Theexamination of the
studentized residual spl otted agai nst the metabolizable
energy intake allowed identifying five outliers. After
their elimination from the original set of data, a new
fitting procedure was done which resulted in the
estimates presented in Table 3.

The plot of the residuals (Figure 1b) exhibited an
undesirable curvature nearest the upper and lower
values of the MEI. However, the good adjustment of
the function’s line to the observed data (Figure 1a),
the asymptotic confidence intervals (Table 3) and the
small coefficient of variation (10° order of magnitude,
%) of the parameters estimates were indicatives of a
satisfactory quality of fit.

The fasting heat production estimated in this study
(Table 3) was dightly lower than 77 kcal kg™ *®d*
found by Lofgreen & Garret (1968) and Tedeschi et al.
(2002) for animal sbhelonging, respectively, to Bostaurus
and Bos indicus species. The estimate
1.740° d kg™ kcal* obtained by Lofgreen & Garret
(1968) with the linearized form of the model did not fall
within the asymptotic confidence interval estimated for

parameter b inthe present study (Table 3). More closer
with the presented results were the estimates obtained
by Ferrell & Jenkins (1998) for animals of diverse
genotypes (74.9 for a and 3.7x40° for b). A point
estimate alone, however, is not satisfactory. Random
errors are presented in all measurements, and no
mathematical model could be used to account all facets
of aphysical situation. Therefore, itisvirtualy impossible
to obtain the true values of the parameters. Nor point
estimates calculated from different data sampleswill be
equal, even if the samples were abtained under similar
conditions. Thus it is necessary to augment the point
estimateswith someinformation onitsvariability, which
is provided by the standard deviations and confidence
intervals associated to the parameters (Bard, 1974).
The fasting heat production estimated (Table 3)
would corroborate the hypothesisthat the Bosindicus
breeds and crossbreeds have lower net energy
requirements for maintenance due to their lower
genetic production potential and better adaptation to
unfavorable environmental conditions (NRC, 1996).
In this study, the majority of the information used to

Table 3 - Point and interval estimates of the parameters obtained by fitting the model that describes the heat production
as a function of the metabolizable energy intake (Eq. (5))

Asymptotic confidence interval at
the probability level of 0.95

Parameters Estimates

Lower limit Upper limit
a* 73 70 76
b ** 3.97 103 8.0° 10° 3.7 103 4.0 103

* keal | o7 dt.
** d kgo™ kcal1.
2 Asymptotic standard error.
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Figure 1 - Relationship of heat production (HE) to
metabolizable energy intake (MEI) (a).
Estimates of the studentized residuals related
to heat production plotted against the
metabolizable energy intake (b).

fit Eq (5) was obtained from Bos indicus breeds and
crossbreeds (n=274). Nevertheless, this subject is
open to question since other studies have not found
differences between Bos indicus and Bos taurus in
relationtothenet energy requirementsfor maintenance
(Ferrell & Jenkins, 1998; Tedeschi et al., 2002).
Brody (1945) and Baldwin (1995) suggested that
there are factors such as the body mass, age, sex, and

Table 4 - Variation range of the studied variables

physiological stage affecting estimates for parameter
a. Kleiber (1975) emphasized that alarger interval for
the animal masses causes a greater influence over the
estimate of this parameter, thus reducing the impact
of other factors. The modeling process is based on
assumptions and aggregations about the components
of thereal-world systems (Mertens, 1976; 1993). This
theoretical reductionisthusan intrinsic characteristic
of the modeling process and as mentioned earlier
some aspects of the real system must be disregarded
for mathematical treatment and simplicity (Bard, 1974;
Mertens, 1976; Kobayashi & Salam, 2000).

The assertion about the existence of differences
among the mentioned estimates for parameter a could
not be valid, since we found a high asymptotic
correlation between the estimates for parameters a
and b after the fitting procedure. This may be a
problem intrinsically related to model characteristics
and fitting proceduresthat are beyond the scope of the
present study.

The simulation of the model under extreme
conditions provides an evaluation tool for either its
applicability or itslack of generality (Mertens, 1976).
If a continuous increase of the metabolizable energy
intake is simulated, the Eq. (5) with its exponential
behavior predictsaheat production that could lead the
animal to a theoretical overheating. However, no
signs of either an inflection point or an asymptotic
phase were identified after a visual appraisal of the
plotted relationship between HE and MEI (Fig 1a),
which still justifies the application of the model
described by Eq. (5).

The net energy requirement for maintenance was
considered constant in the approach presented. This
assumption has been made for the feed evaluation and
nutritional requirement systems in current use for
ruminants (NRC, 1981; 1996). However, Milligan
& Summers (1986) and Baldwin (1995) asserted that
the heat increment above the maintenance level is

Variables Minimum observed M aximum observed Number of observations
MEIL 77 419 320
HE2 63 339 320
RE3 6 129 320
EBW* 102 486 320

1 Metabolizable energy intake (kcal kg —0-75 d —1).
2Heat energy (kcal kg —0-75 d -1).

3Retained energy (kcal kg —0-75 d -1y,

4Empty body weight (kg).

R. Bras. Zootec., v.34, n.3, p.1006-1016, 2005
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attributed to the heat increments of the productive
functions and to support energy expending
processes that are not part of the productive related
pathways. In fact, the latter processes are further
accentuated by intake above energy balance, i.e., in
line with the plane of nutrition.

The relationship between the recovered energy
and the metabolizable energy intake was presumed
linear and checked by using the F-test (Searle, 1971).
After fitting the unrestricted models of first, second
and third degrees, it was observed that the quadratic
(F =1.81; P=0.1794) and cubic effects (F <1) were
not significant and the linear model (Eq. (7)) adopted
to describe this relationship.

Estimated the value 112 kcal kg ®* d* for MEI _,
the restricted linear model described by Eq. (7) was
then fitted to obtain the point estimates of the
parameters and their respective confidence intervals
(Table 5, Figure 2).

The fitted equation accounted for only 49% of the
variation in the RE. We are conscious about the
effects of other variables over RE, among them are
sex (Ferrell & Jenkins, 1985), breed (Ferrell &
Jenkins, 1998) and stage of growth (Geay, 1984,
Williams & Jenkins, 2003; Tedeschi et al., 2004).
Geay (1984) argued that the diet ME utilization
efficiency for growth is inversely related to the
proportion of energy retained as protein in the
animal body. The data used in his study were mean
values obtained from literature, which in turn
probably arose from large data sets. The objective
of this study, however, was to estimate the diet
INE,,;| and the size of the data set used hamper
accurate estimates of the above-mentioned effects.
Our strategy was the same employed by Ferrell &
Jenkins (1998) who studied the diet ME utilization
by diverse genotypes of cattle by pooling data of all
genotypestogether to obtain“amorerobust equation”,

(a) 140
120
100
80 -
60 -

40 -

RE, kcal kg™ d*

20 -
0,

=20 1

-40

0 100 200 300 400 500
MEI, kcal kg®7°d*

(b)

Studentized residuals
o

0 100 200 300 400 500
MEI, kcal kg7 d*

Figure 2 - (a) Relationship between recovered energy
(RE) and metabolizable energy intake (MEI).
(b) Studentized residuals plotted against the
metabolizable energy intake.

despite statistical differences detected among breeds.
Neverthel ess, this matter will be considered in further
developments of the approach just described.

The net energy available for maintenance and
growth (NEmg ) of theeval uation dataset was predicted
from the observed MEI by using a simple
rearrangement of Eq. (9):

Table 5 - Point and interval estimates of the parameters obtained by fitting the model that describes the retained energy
as a function of the metabolizable energy intake (Eq. (8))

Confidenceinterval at the

Parameters Estimates probability level of 0.95
Lower limit Upper limit

g* —42 —44 —40

d** 3.7 101 1.0" 102 36 101 397101

* kcal kg =075 d -1,

** Unitless parameter that represents the asymptotic partial efficiency of the metabolizable energy utilization.

2 Standard error.
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Figure 3 - (a) NEmg predicted by using Eq. (10) and (c) NEmg predicted by using the NRC (1996) equations either plotted
against observed values obtained under tropical conditions; (e) NEmg predicted by using Eq. (10) against
observed values obtained by Lofgreen & Garret (1968); the residuals (predicted minus observed) of each scatter
graph (a, ¢ and e) were also plotted against the observed values (b, d and f).

_ c energy, [ME], the empty body weight (EBW), and the

NE,, = MEI; X (10) dry matter intake (DMI) of the evaluation data were

where subscript i denotes the ith animal of the also used as inputs in the NRC (1996) equations to
evaluation set of data. estimate the NE ;. This procedure was not done with
The concentration of the ration metabolizable the data published by Lofgreen & Garret (1968),

R. Bras. Zootec., v.34, n.3, p.1006-1016, 2005
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Table 6 - Mean squared deviations and its components in a comparison between the current approach and the NRC based

approach
Components Current approach NRC based approach
Squared bias 67 7
Squared difference between standard deviations 1 4
Lack of correlation weighted by the standard deviation 611 803
Mean squared variation 622 803
Mean squared deviation 633 879

because the DMI were not available, hence they were
only used in the evaluation of the estimates obtained
with Eq. (10). The latter observations provided an
evaluation of the model performance under temperate
climate conditions (Figure 3ef).

Theevaluation of the performancesof both models
allowed identifying its similar predictive powers and
systematic errors (Figure 3), but the presented
approach had 22, 7, 24 and 23% respectively smaller
mean squared deviation (MSD), squared bias (SB),
lack of correlation weighed by the standard deviation
(LCS) and mean squared variation (MSV) than the
NRC model. The latter had a 59% lower squared
difference between standard deviations (SDSD) in
relation to our estimates (Table 6, Figure 4).
According to Kobayashi & Salam (2000), when
comparing predicted and observed values, the lower
the value of MSD, the closer the simulation is to the
measurement, a bigger MSV indicates that the model
failed to simulate the variability of the measurement
around the mean, a larger SDSD indicates that the
model failed to simulate the magnitude of fluctuation
among the n measurements and, agreater LCS means
that the model failed to simulate the pattern of the
fluctuation across the n measurements.

According to the analysis presented, the ration
content of net energy for maintenance and growth
estimated on the basis of the total efficiency of
metabolizable energy utilization can be treated on an
additive fashion:

k = NE, /([ME]x)+ RE/([ME]«) (1)

Since
[ME]« = MEI (12)
and by dividing the right-hand side of Eq. (10) by the

dry matter intake (1), and substituting k by the
expression described in Eq. (11) yield:
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Figure 4 - Mean squared deviation (MSD) and its
components, squared bias (SB), squared
difference between standard deviations
(SDSD), and lack of correlation weighted by the
standard deviation (LCS) in a comparison
between the presented approach (1) and the
NRC model (2).

MEI %/1 = [ME| % = [ME]X{NE,, /([ME]¥)+ RE/([ME]¥ }
(13)
and then,

(NE,, +RE)/I =NE,, /I (14)

Nutritionally, the terms of the equation related to
the second law of thermodynamics are described as
follows (Brody, 1945; Baldwin, 1995):

DG =DH - TDS (15)

where DG corresponds to the amount of free energy
of the food available for productive functions and
maintenance processes, |NE,,|; DH represents the
food energy available for oxidation by tissues, and

corresponds to the food metabolizable energy
concentration, [ME]; and the component TDS is the
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heat increment due to the processes of digestion,
absorption and uptake of nutrients, [H,E]. Therefore,

NE,, /I = ME/I - HE/I
(16)

by substituting NE,, by the linear combination
between NE,, and RE in the Eq. (14), rearranging
the components of Eq. (16) and applying the notation
used to describe the food energy in terms of
concentration (AFRC, 1993), itisdemonstrated that:

[ME] =[NE, ] +[RE] +[H,E] (17)
or
ME/| = H.E/I +RE/l +H E/I (18)

now obeying, differently from the left hand side of
Eq. (4), the additive nature established in thefirst and
second laws of thermodynamics.

Conclusions

The use of the function of the total efficiency of
the diet metabolizable energy utilization yields
reasonable estimates of the available net energy for
maintenance and growth for both tropical and
temperate conditions. Despite the similar predictive
powers between the presented method and the NRC
(1996) equations, theformer hasalower mean squared
deviation even with its more simplified structure.
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