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ABSTRACT

The basal metabolic rate in poultry, expressed as net energy requirements for maintenance (NEm), is
often characterized by measuring fasting heat production (FHP) under standardized conditions. This
study applies Meta-analysis techniques to 206 individual observations from 23 peer-reviewed papers to
evaluated the allometric relationship between FHP and body weight (BW), described by the model:
FHP (kJ/d) = a x BW (kg)?, where FHP is the fasting heat production, BW is the body weight, a is the
NEm requirement per unit of metabolic body weight (MBW), and b is the allometric exponent. The
objective of this study was to estimate b and determine the appropriate NEm for growing broiler
chickens, laying hens, and roosters. We evaluated three non-linear models: Model 1, category-specific
exponents; Model 2, common exponent across categories; and Model 3, exponent fixed at the theo-
retically value of 0.75. Model 1 showed distinct b of 0.73, 0.65, and 0.58 for growing broilers, laying hens,
and roosters, respectively, with corresponding NEm values of 450, 352, and 385 k] per kg of MBW. Model
2, which estimated a common exponent (b = 0.64), improved model fit (root mean square prediction
error (RMSPE) = 173 kJ/d, R? = 0.76). Model 3, using the standardized b = 0.75, yielded NEm of 478 k]/kg
BW?7> for growing chickens and 320 kJ/kg BW?7° for adult birds (RMSPE = 184 kJ/d, R* = 0.78), with a
model performance comparable to Model 1 (RMSPE = 187 kJ/d, R* = 0.72). Error decomposition further
indicated that Model 3 presented a lower error due to regression (0.66%), a lower intercept (80 kJ/d) and
a higher slope (0.68) in the observed-predicted regression, demonstrating its robust predictive ability. In
conclusion, while category-specific exponents offer a precise FHP characterization, adopting a wide-
know exponent of 0.75 is a practical alternative, provided the NEm is adjusted for each category.
These findings provided a framework for estimating NEm recommending values of 480 k]/kg BW®7" for
growing chickens and 320 kj/kg BW®7? for adult birds, to support accurate energy requirements models
and cross-study comparison in poultry nutrition.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
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1. Introduction

The metabolic rate is a fundamental indicator of animal
metabolic activity, quantified by measuring energy expenditure as
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1987). In endothermic animals, fasting heat production (FHP)
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represents the minimal energy requirement for maintaining ho-
meostatic equilibrium during rest under normothermic, post-
absorptive condition before any tissue syntheses (Mitchell,
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1964). This parameter directly reflects the net energy requirement
for maintenance (NEm) (Noblet et al., 2015; Zuidhof, 2019).

Multiple factors influenced FHP measurements, including the
previous feeding level (Labussiere et al., 2011; Teofilo et al., 2023),
fasting duration (Lopez and Leeson, 2005), physical activity
(Riveros et al.,, 2023a), and environmental temperature. These
variables necessitated strict methodological standardization when
determining NEm (Riveros et al., 2023a). Animal-specific charac-
teristics, particularly physiological differences between mature
and growing birds (Johnson and Farrell, 1985), significantly affect
FHP through body composition changes during growth (Martinez
et al,, 2022).

The allometric equation describes a power-law relationship
between FHP and body weight (BW), expressed as:

FHP (kJ/d) = a x BW (kg)’,

where FHP is fasting heat production, BW is the body weight, a is
the maintenance requirement per unit of metabolic body weight
(MBW), and the exponent b determines how the metabolic rate
scales with body size (e.g., b = 0.75 represents the classical
interspecies scaling law).

The theoretical value for b is the subject of longstanding dis-
cussion. Kleiber's work (1932, 1947) establishes 0.75 as the inter-
species exponent for adult animals, Rubner's surface area law
(Rubner, 1883) proposed an exponent of 0.667. However, these
values face scrutiny for intraspecies applications, particularly in
growing poultry. Reported exponents for poultry range from 0.60
to 0.77 without consensus (Noblet et al., 2015).

In this context, we propose a Meta-analytic approach consid-
ering various studies that evaluated the FHP in different poultry
categories. The objective is to assess the allometric exponent and
maintenance requirement per unit of MBW as a function of
physiological stage in comparison with the widely accepted allo-
metric exponent of 0.75.

2. Materials and methods
2.1. Literature screening

Quantitative meta-analysis incorporated peer-reviewed litera-
ture from 1971 to 2022. Publications were exhaustively searched
across different databases, including Google Scholar, Web of Sci-
ence, and Scopus. The search employed the following keyword
combinations: ("heat production” OR "energy metabolism" OR
"energy expenditure” OR "gas exchange" OR "fasting heat pro-
duction” OR "metabolic rate") AND ("poultry” OR "Gallus gallus" OR
"avian" OR "birds" OR "chickens" OR "laying hens" OR "roosters").
Additional relevant studies were identified through cross-
referencing.

Inclusion criteria required that studies: 1) measured FHP or
equivalent terms (basal metabolic rate, resting metabolic rate, or
NEm) using indirect calorimetry; 2) conducted measurements
under thermoneutral conditions; and 3) excluded data collected
before 1970 to avoid potential methodological inconsistencies
from older equipment. After screening (Supplementary Material
S1), we selected 23 studies categorized by physiological stage:
growing chickens (0 - 140 d), laying hens, and roosters.

Essential information was extracted from the materials and
methods section of each study: sample size (n), birds age (days),
calorimetry setup (open/closed-circuit), documented environ-
mental temperature (T), fasting duration (hours), year of publica-
tion, and number of birds per chamber. In the results section, we
also collected a quantitative data set of individual BW (kg),
measured FHP (k]/bird per day), daily gas exchange parameters of
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oxygen consumption (VO», L/bird per day), carbon dioxide pro-
duction (VCO,, L/bird per day), and the respiratory quotient (RQ).
For studies reporting FHP in kcal, we converted values to k] using
1 kcal = 4.18 k]. When studies reported gas exchange parameters
without FHP values, we calculated FHP using Brouwer's equation
(Brouwer, 1965):

FHP (K] /d) =16.18 x VO5(L/d) + 5.06 x VCO,(L/d).

The complete dataset is in Supplementary Material S2.

2.2. Data selection and inclusion criteria

Each observation from the manuscript main text was subjected
to meticulous individual scrutiny, whereby its quality and rele-
vance to the core objective of the meta-analysis were evaluated,
following the framework set forth by Sauvant et al. (2008). The
exclusion criteria eliminated studies involving metabolic distur-
bances, including health complications, temperature stress, and
induced physiological responses, while preserving control group
data. A critical inclusion requirement was the proper character-
ization of FHP, verified by RQ values between 0.67 and 0.85. These
RQ values confirm the fasting state, with values approaching 0.7
indicating predominant endogenous fat catabolism (Chwalibog
et al., 1998; Riveros et al., 2023a). We considered FHP measure-
ments taken during 12 to 24 h fasting periods as valid, as metabolic
rate typically stabilizes within this timeframe, ensuring data
reliability.

2.3. Statistical analysis and model validation

To examine the relationship between BW on the FHP, a
weighted multi-series scatter and bubble plot was generated
(Fig. 1). The plot visualizes the inter-study-specific effect on the
response variable (Fig. 1A), with the size effect of each study data
point encoded by its respective sample size (n;) to represent the
weight of each study (Fig. 1B). The weighting assigned to each
study (w;j;j= 1,2, ...,j for the j-th study) was determined using the
following formula:

w; =n;? / (ﬁ),

where n; represents the sample size of the j-th study, and n2 de-
notes the overall average of squared sample sizes across all studies.
This preliminary visualization revealed fundamental patterns in
the BW-FHP relationship.

Subsequently, we assessed diagnostic data analysis among
variables (correlation and mixed-effect analysis). The Pearson
correlation analysis identified pairwise associations among FHP,
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Fig. 1. Scatter plot of fasting heat production against body weight. (A) Data points
with connecting lines grouped by study. (B) Weighted scatter plot (weight w;
njz/(nz), where n; represents the sample size of the j-th study, and (n?) denotes the
overall average of squared sample sizes n across all studies. FHP = fasting heat pro-
duction; BW = body weight.
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BW, bird age, publication year, and T, with coefficient of correlation
(R) reported.

A linear mixed-effects model was conducted to evaluate the
fixed factor (bird category) and its interaction with BW, while
accounting for the random effects (study):

Yijk = Bo + B Xijk + Ci + Uj + BoaXiji x Ci + B3 Xijk X Uj + giji,

where Yj; is the dependent variable (FHP) of the k-th observation
from the i-th bird category and j-th study; Xj; is the value of
continuous predictor (BW) for the corresponding observation; c; is
the fixed effect of the i-th bird category (i = 1: growing chickens, 2:
laying hens, 3: adult roosters); u; is the random effect associated
with the j-th study, assumed to be normally distributed u; ~ N(O,
(ruz): Bo is the intercept value of the dependent variable; j; is the
coefficient for BW effect; g, and p3 are coefficients for the inter-
action term between BW and category, and between BW and study,
respectively; and ¢;; is the residual error, assumed to be normally
distributed ¢;; ~ N(0,0,2).

Based on inherently non-linear nature of metabolic scaling,
non-linear mixed models were performed to describe the rela-
tionship between FHP and BW. This approach allows for the direct
estimation of the allometric exponent and the unit of NEm for each
category (dummy variable), considering the inter-study effect as a
random effect. The following models were tested:

FHP = (a+ Ad; + 1) x BWE 200 4 ¢, (Model 1)
FHP = (a+ Ag; +uj) x BW® &, (Model 2)
FHP — (a +Aag;+ uj> x BWOTS) g, (Model 3)

where a is the overall unit of maintenance (intercept) for all bird
categories, b is the allometric exponent for all bird categories, u; is
the subject-specific random effect for the j-th study, assumed to be
uj ~ N(0,0,2). The dummy variables Ag; and Ab; are fixed devia-
tion from the overall coefficients a and b for the i-th bird category
(i =1 for growing chickens, i = 2 for adult laying hens, and i = 3 for
roosters), and ¢;; is the residual error, assumed to be ¢;; ~ N(0,5,2).
The category-specific deviations (Ag; and Ab;) was tested using
likelihood ratio test to compare nested models.

All statistical analyses were conducted using SAS software
(version 9.4, SAS Institute Inc., Cary, NC, USA), with statistical
significance defined as P < 0.05.

Graphical analyses of the dataset were carried out by gener-
ating scatter plots categorized by each study and accounting for
the weight of each study, employing the PROC GPLOT procedure.
Pearson correlation analysis was performed using the PROC CORR
procedure. The mixed-effect model was applied, treating the study
as a random effect through the PROC MIXED procedure. Lastly, the
estimation of the allometric exponent and the maintenance con-
stant to test the hypotheses of difference between bird's category
was accomplished using a non-linear mixed model, implemented
with the PROC NLIN procedure. We used dummy variables to
assess the category effect on parameter estimated (a and b). All the
SAS code detailing each procedure is detailed in the
Supplementary Material S3.

Model validation was performed using an independent dataset
(19 studies, 57 observations; Supplementary Material S4) that met
the same selection criteria. Unlike the original dataset, this vali-
dation dataset exhibited substantial intra-study variation in BW
and FHP. The validation included only studies reporting both FHP
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(Y;) and corresponding BW values. For each model, we predicted
FHP (}A’ij) and calculated the individual prediction error:

Szyijfyij,

and defined the root mean square prediction error (RMSPE):
1Jdn 2
RMSPE_JH Sy (Y,-j - Y,-j) :

i—1 j=1
where n = total number of observations; m = number of studies;
Yj; = observed FHP for observation i in study j; and ?,-j = predicted
FHP. To facilitate interpretation, a relative RMSPE was calculated
by expressing the RMSPE as a fraction of the overall mean
observed FHP, Y;;:

RMSPE

i

Relative RMSPE =

These metrics quantified the accuracy of the models across the
validation dataset.

Other statistical indicators used were the coefficient of deter-
mination (R?), regression parameters (slope and intercept) be-
tween Yj; and Yij values were used to evaluate the predictiveness
of each model. The MSPE was decomposed into error in central
tendency (ECT), error due to regression (ER), and error due to
disturbance (ED) (Pomar and Marcoux, 2005):

ECT— (7]»77,»)2,
ER— (syl_j “Rx syij)z,

ED=(1-R?) x Sy,2,

where S, and Sy, are the standard deviations of the predicted and
ij

observed values, respectively; R is the correlation coefficient of
Pearson. The error components are expressed as percentages of
the total MSPE, where the ECT is interpreted as the bias proportion,
the ER as the slope deviation proportion, and the ED as the random
or unexplained proportion.

Finally, we compiled literature-reported allometric exponents
for avian species, presenting them in a summary table and boxplot
with 95% confidence intervals.

3. Results
3.1. Dataset selection

The systematic literature search identified 53 studies
measuring energy metabolism and gas exchange in poultry. After
rigorous quality assessment and statistical evaluation for outliers
(Supplementary Material S1), we retained 24 studies comprising
83 observations for growing birds, 100 for laying hens, and 23 for
cockerels. Table 1 presents descriptive statistics (mean + SD,
range) for all collected variables.

The dataset revealed significant metabolic differences among
poultry categories. Adult roosters exhibited the highest FHP
(808 + 183 KkJ/bird per day), surpassing both growing broiler
chickens (461 + 268 kJ/bird per day) and laying hens (534 + 170 kJ/
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Table 1
Descriptive observations of the principal variables collected (n = 329).
Variable Category’ Mean SD Minimum  Maximum
FHP, kJ/bird per day 1 461 268 20 1394
2 534 170 300 971
3 808 183 415 1013
BW, kg/bird 1 117 086 004 416
2 1.89 0.81 1.06 3.72
3 3.76 122 231 5.21
Year 1 2001 14 1977 2022
2 1996 14 1974 2014
3 1990 22 1971 2017
Age, d 1 36 30 0 140
2 260 93 137 504
3 448 111 210 540
T, °C 1 24.8 33 21.0 33.0
2 219 1.8 20.0 26.8
3 23.0 0.7 22.0 25.0

FHP = fasting heat production; BW = body weight; T = environmental tempera-
ture; SD = standard deviation.
1 1, broiler chicken; 2, laying hens; 3, adult roosters.

bird per day). The substantial FHP range (20 — 1394 k]/bird per day)
reflected considerable metabolic variation, likely attributable to
body size differences. Mean BW increased progressively across
categories: roosters (3.76 + 122 kg) > laying hens
(1.89 + 0.81 kg) > growing chickens (1.17 + 0.86 kg). Additional
variables including study year, environmental temperature, and
bird age also showed wide variability.

The plotted dataset considering the FHP in function of the BW
(Fig. 1) showed that when each observation was weighted based
on sample size expressed as w;, the weight factor did not visibly
affect data trends, and all studies consistently demonstrated
increasing FHP with greater BW.

3.2. Correlation, weighting, and mixed model effect

Pearson correlation analyses revealed significant relationships
among key variables (Table 2). FHP showed strong positive cor-
relations with BW (R = 0.857, P < 0.05) and bird age (R = 0.411,
P < 0.05), while demonstrating a negative correlation with envi-
ronmental temperature (T; R = —0.267, P < 0.05). Publication year
showed no significant association with FHP. Body weight corre-
lated positively with age (R = 0.532, P < 0.05) and negatively with
environmental temperature (R = —0.255, P < 0.05). Similarly, age
exhibited a negative correlation with environmental temperature
(R=-0.399, P < 0.05).

The mixed-effects model analysis (Table 3) identified BW as a
highly significant predictor of FHP (P < 0.01), with a significant
BW x study interaction (P < 0.05). However, neither bird category
nor the category x BW interaction reached statistical significance.

Table 2
Pearson correlation between the collected variables.
Item FHP BW Year Age T
FHP 1.000
BW 0.857 1.000
<0.001
Year 0.059 0.015 1.000
0.434 0.841
Age 0.411 0.531 —0.367 1.000
<0.001 <0.001 <0.001
T —0.267 —0.255 —0.296 -0.399 1.000
<0.001 0.001 <0.001 <0.001
FHP = fasting heat production; BW = body weight; T = environmental

temperature.
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Table 3
Mixed model to determine the fixed and random factor effect on
the fasting heat production response.

Fixed and random effects P-value
Intercept 0.623
BW <0.001
Study effect 0.109
Category' 0.364
BW x study effect” 0.015
BW x category® 0.298

BW = body weight.
1 1, growing broiler chickens; 2, laying hens; and 3, roosters.
2 Interaction between body weight and study effect.
3 Interaction between body weight and each category.

This initial model served as a preliminary screening for linear re-
lationships and interactions characterization. The absence of a
significant category x BW interaction suggests that a single,
overarching linear term does not adequately describe the data
across all categories. Consequently, a subsequent non-linear allo-
metric model was employed to quantitatively evaluate category-
specific scaling relationships.

3.3. Non-linear mixed analysis and allometric exponent

The non-linear mixed effects analysis revealed distinct NEm
and allometric exponent coefficients across poultry categories
(Table 4). Study random effect of each study did not reach signif-
icance in any model. On the other hand, all models presented a
significant fit (P < 0.05) and the random effect of each study (u;)

Table 4
A non-linear mixed model to determine the maintenance and allometric exponent
coefficient.’

95% Confidence
limits

Parameter Estimate Standard error P-value

Model 1: FHP = (a + uj + Aa;) x BW® + 450 3 - Normal (0, ?)

a 394 0.29 <0.001 393.7 394.9
Aay 55.5 0.51 <0.001 54.5 56.6
Aay —42.5 0.51 <0.001 —43.6 —-41.5
Aas -9.7 1.51 <0.001 -12.9 —6.6
b 0.594 0.001 <0.001 0.593 0.596
Abq 0.132 0.001 <0.001 0.129 0.135
Ab, 0.058 0.002 <0.001 0.055 0.061
Abs -0.011 0.003 0.001 -0.017 —0.005
u; —1.11E-12 0.0009 0.998 —0.002 0.002
e 7.93 0.01 <0.001 7.90 7.96
Model 2: FHP = (a + uj 4+ Aa;) x BW?, u; ~ Normal (0, 6?)

a 378 0.22 <0.001 378 379
Aay 113 0.32 <0.001 112 113
Aay -22 0.24 <0.001 -23 —-22
Aas -72 0.28 <0.001 -72 -71
b 0.645 0.001 <0.001 0.642 0.648
uj 0.0001 0.001 0.998 —0.001 0.001
e 7.14 0.01 <0.001 7.12 717
Model 3: FHP = (a + uj + Aa;) x BW%7%, u; ~ Normal (0, 6°)

a 329 0.13 <0.001 329 329
Aaq 148 0.35 <0.001 148 149
Aay -6 0.23 0.051 -6 -5
Aas -10 0.28 0.064 -11 -10
u; -1E-12 0.00058 0.999 —0.001 0.001
e 9.74 0.02 <0.001 9.71 9.78

FHP = fasting heat production; BW = body weight; a = maintenance parameter;
b = fitted allometric exponent.

! Dummy variables are denoted by the differential symbol A followed by a letter
(e.g., Aa, Ab) to assess the category-specific effects on parameters, a and b. Subscript
numbers indicate bird categories: 1, broiler chicken; 2, laying hens; 3, adult
roosters. u;: random effect of each study with normal distribution; e: overall re-
sidual variability.
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was not significative in all models (P > 0.05), in agreement with
the mixed-effect model analysis.

In Model 1, the estimated overall NEm was a = 394 k] per MBW
with an allometric exponent of b 0.594. Category-specific
analysis showed growing chickens required the highest NEm
(a =450 kJ/MBW; b = 0.73), followed by roosters (a = 385 kJ/MBW;
b = 0.58) and laying hens (a = 352 k]/MBW; b = 0.65).

Model 2, which constrained the allometric exponent to b = 0.64
across categories, revealed difference in NEm response. This model
showed a numerical increase in NEm for growing birds to 491 k]
per MBW (41 k] when decreasing b from 0.73 to 0.64). The esti-
mated allometric exponent for laying hens (b = 0.65) was closer
than estimated for all categories, resulting in the same NEm esti-
mated of 356 k] per MBW. On the other hand, the NEm estimated
for roosters decreased from 385 kj/kg BW®>8 to 307 k]/kg BW064
when adopting an overall b = 0.64.

Model 3, which imposed the conventional allometric exponent
(b=0.75), produced divergent results. Growing chickens exhibited
moderately higher NEm (478 kJ/kg BW%7) due to their native
exponent's (b = 0.73) proximity to 0.75. In contrast, both adult
categories converged at 320 kJ/kg BW%7>, reflecting the greater
disparity between their native exponents and the imposed value.

3.4. Model evaluation with external dataset

The external evaluation of the model revealed consistent re-
lationships between observed and predicted FHP values across
broiler chickens, laying hens, and roosters (Fig. 2). All models
demonstrated similar predictive trends, with regression slopes
less than 1 (0.66, 0.65, and 0.68 for Model 1, 2, and 3, respectively),
indicating a systematic tendency to underestimate NEm, particu-
larly in older birds.

Model 3 exhibited superior predictive performance in terms of
systematic bias, demonstrating the lowest intercept (80 kj/d).
Although their RMSPE was intermediate (184 kJ/d) which corre-
sponds to a relative RMSPE of 37%.) but Model 1 showed an in-
termediate level of systematic bias (intercept = 85 kj/d) but
yielded the highest prediction error (RMSPE = 187 KkJ/d, 38%
relative RMSPE). In contrast, Model 2 achieved the lowest RMSPE
(173 KJ/d, 35% relative RMSPE); however, this was coupled with the
highest systematic bias (intercept = 102 kJ/d).

The coefficient of determination further elucidated model
performance. Model 1, which incorporating category-specific NEm
and allometric exponents, demonstrated considerable predictive
power (R? = 0.72). Model 3 achieved a similar R? of 0.72, indicating
an equivalent predictive ability. Model 2, which employed a uni-
fied exponent (b = 0.64), attained a marginally higher R* = 0.76.
Despite this, Model 2 displayed greater variability in its pre-
dictions, particularly for laying hens.

Error decomposition analysis provided deeper elucidation into
the sources of prediction inaccuracy and confirmed the patterns
observed in the regression parameters. Model 3 demonstrated the
most favorable performance, with lowest slope derivation pro-
portion (ER = 0.66%), indicating near-optimal slope. It also
exhibited an intermediate error in bias proportion (ECT = 18.4%),
while the main sources of error were random (ED = 80.9%).
Conversely, Model 2 showed the poorest performance in slope-
related error (ER = 5.11%), confirming their suboptimal regres-
sion slope, coupled with a relatively high bias component
(ECT 16.6%). Model 1 presented high bias proportion
(ECT = 19.2%), with intermediated slope deviation proportion
(ER = 1.15%) and random disturbance (ED = 79.6%). Across all
models, random error remained the predominant error source, as
is often expected in biological models, accounting for approxi-
mately 79% to 81% of total error.
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Fig. 2. Relationship between observed and predicted fasting heat production values
for three models evaluated on an independent validation dataset. The model are: (A)
Model 1, FHP = (a + Aa; + u;) x BW( * 2D; (B) Model 2, FHP = (a + Aq; + 1) x BW?
and (C) Model 3, FHP = (a + Ag; + u;) x BW®7>, where a is the overall maintenance
requirement, b is the overall allometric exponent, Ag; and Ab; are fixed deviation for
the i-th bird category, and u; is a study-specific random effect. The root mean square
prediction error decomposition for each model are as follows: Model 1, Error in
central tendency (ECT) = 19.2%, Error due to regression (ER) = 1.15%, and Error due to
disturbances (ED) = 79.6%; Model 2, ECT = 16.6%, ER = 5.11%, and ED = 78.2%; Model
3, ECT = 18.4%, ER = 0.66%, and ED = 80.9%. Symbols: broiler chickens (o), laying hens
(), and roosters (A). Lines: the dashed line represents the line of equality (1:1); the
solid line represents the regression line. FHP = fasting heat production; RMSE = root
mean square error.

Comparative analysis of allometric exponents from literature
(Table 5, Fig. 3) revealed substantial variation (0.60 — 0.77) across
avian species and categories, underscoring the biological and
methodological diversity in energy metabolism studies. These
results collectively validate the models' robustness for NEm esti-
mation while highlighting opportunities for refinement to address
residual prediction variability stemming from study-specific, ge-
netic, and physiological factors.

4. Discussion

The dataset obtained from the meta-analyses demonstrated
consistent data collection across diverse poultry categories. By
weighting study effect according to sample size, we accounted for
methodological variation in FHP determination protocols. The
random distribution of study effect confirmed no individual study
bias, validating the analytical approach. This analysis considered
multiple factors influencing FHP, including publication year
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Table 5

The allometric exponent b reported on the literature between different avian species.
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Author Body weight range, kg

Brody and Procter (1932) 0.020 - 100.000

King and Farner (1961) 0.001 - 10.000
Berman and Snapir (1965) 1.670 - 2.020
Lasiewski and Dawson (1967) 0.001 - 0.866
Lasiewski and Dawson (1967) 0.003 - 100.000
Johnson and Farrell (1985) 0.810 - 3.930
Johnson and Farrell (1985) 1.550 - 3.930
Johnson and Farrell (1985) 0.810-2.190
Lopez and Leeson (2005) 0.095 - 2.100
McNab (2009) 0.004 - 156.000
McNab (2009) 0.002 - 1.259
McNab (2009) 0.002 - 159.000
Rivera-Torres et al. (2010) 0.540 - 13.770
Hudson et al. (2013) 0.003 - 156.000
Noblet et al. (2015) 0.620 - 2.820
Ballesteros et al. (2018) 0.005 - 9.900

Ballesteros et al. (2018) 0.250 — 420.000

Category b

Different mature bird species 0.64
Different avian species 0.74
Laying hens 0.61
Passarine 0.72
Non-passarine 0.72
All bird categories 0.61
Mature 0.60
Immature 0.65
Broiler chicks 0.60
Non-passarine 0.72
Passarine 0.71
All avian species 0.65
Fast growth turkey 0.77
All avian species 0.71
Broiler chicks 0.69
Flaying birds (small birds) 0.66
Flightless birds (including big bids) 0.74

0.70

0.65

L 4

1
—_

0.60

0.55

Fig. 3. Distribution of allometric exponents from literature (based on Table 5) for
avian species, estimated using Model 1. Box plot shows values for: broiler chickens (s),
laying hens (4), roosters (x ), and combined categories (A).

(reflecting genetic improvements) and environmental tempera-
ture. We exclusively included indirect calorimetry studies con-
ducted under thermoneutral conditions (Noblet et al., 2015) to
minimize environmental temperature effect on FHP measure-
ments. The observed negative correlation between environmental
temperatures and FHP aligns with established age-dependent
temperature recommendations for poultry, representing an indi-
rect physiological relationship rather than direct metabolic
impact. These findings reinforce the critical importance of con-
ducting FHP measurements under normothermic conditions to
prevent thermoregulatory energy expenditure from confounding
results (McLean and Tobin, 1987). Additionally, the linear mixed
effects model initially identified BW as a significant predictor of
FHP, with no significant interaction between bird category and BW.
This result suggests that, from a general linear perspective, a
simple, additive effect of BW describes the data across all cate-
gories. However, this apparent consistency should not be mis-
interpreted. The linear model tests for a uniform difference in the
slope of the relationship but is inherently limited for capturing the
fundamentally non-linear nature of metabolic scaling. Conse-
quently, a non-linear allometric model was employed, as it is more
biologically appropriate for modeling allometric relationships.
This approach is better suited to quantify the category-specific
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scaling parameters that a linear mixed-model may fail to cap-
ture, thereby revealing the underlying differences in how FHP
scales with BW across bird categories.

Interestingly, while genetic improvements in broiler chickens
have significantly altered body composition and growth patterns
(Martinez et al., 2022), these changes did not substantially affect
FHP when expressed per MBW, when collecting studies from
different years. This apparent discrepancy may stem from the
post-absorptive measurement protocol, which isolates fasting
metabolism from dietary thermogenesis. Supporting this inter-
pretation, Teofilo et al. (2022) demonstrated that previous feeding
levels minimally affect FHP in poultry, unlike in swine and calves
(de Lange et al., 2006; Labussiere et al., 2011). Despite incorpo-
rating studies with varying methodologies (including both open
and closed-circuit calorimetry systems), BW emerged as the pre-
dominant factor explaining FHP variation across all analyses.

This study's category-specific allometric exponents revealed
fundamental metabolic differences: growing chickens (0.73),
laying hens (0.65), and roosters (0.58). These values diverge from
the conventional 0.75 exponent, highlighting the importance of
life stage considerations in metabolic scaling. The allometric
exponent for growing chicken aligns closely with McNab's (2009)
reported value of 0.72 for non-passerine species but is higher than
the 0.69 estimate by Noblet et al. (2015). The substantially lower
exponent (0.60) reported by Lopez and Leeson (2005) likely re-
flects their use of metabolizable energy rather than net energy
measurements.

The allometric exponent of 0.64 observed in the present study
for laying hens is consistent with previous reports. This estimated
aligns with the exponent of 0.65 reported for mature birds
(Johnson and Farrell, 1985) and the value of 0.66 found in small
bird species (Ballesteros et al., 2018). Furthermore, it corroborates
early work in laying hens, which reported an exponent of 0.61
(Berman and Snapir, 1965). Various reports suggest that the allo-
metric exponent is higher in growing birds and decreases in adult
birds (Meltzer, 1983; Johnson and Farrell, 1985). Although the
allometric exponents reported in the literature are similar, intra-
species comparisons can enhance the accuracy of MBW repre-
sentation. Physiologically, the value of allometric exponent 0.64
represents an optimal compromise between surface-area-to-
volume ratios governing heat dissipation and the mass-specific
metabolic demands that dominate in smaller birds. However, the
validation result showed a higher bias, which does not support the
use of this exponent for poultry, a group characterized by a high
body mass in relation to surface area (Nascimento et al., 2017).
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The practical challenge of implementing category-specific ex-
ponents led us to propose a conventional 0.75 exponent, balancing
accuracy with usability. This adjustment increased NEm estimates
for growing chickens (from 450 to 478 kj/kg BW®7%) while
decreasing values for roosters (from 385 to 319 k]/kg BW®”>). This
explains why growing birds demonstrate elevated NEm re-
quirements consistent with their accelerated tissue deposition,
while mature birds show reduced metabolic turnover. Physiolog-
ically, allometric exponent 0.75 reflects the compromise between
surface-area constraints (favoring lower exponents) and mass-
specific metabolic demands (favoring higher exponents). The
0.75 value finds support in both theoretical (McNab, 2009) and
empirical (Brody and Procter, 1932; Kleiber, 1932) metabolic
scaling studies. When testing the unified 0.64 exponent, we
observed expected increases in NEm for growing birds (491 kJ/kg
BW%73) and convergence in adult categories (356 kj/kg BW?7°).
Despite widespread adoption of the 0.75 coefficient in nutritional
studies, the analysis reveals its application increases NEm esti-
mates for broilers while lowering values for adults, consistent with
reports on larger species like turkeys (0.77; Rivera-Torres et al.,
2010a).

This study's meta-analytical approach effectively addresses BW
variation effects on FHP determination by revealing how allome-
tric coefficients reflect fundamental differences in fasting meta-
bolism between growing and mature birds (Johnson and Farrell,
1985). The strong correlation between coefficients a and b en-
ables predictive adjustments when fixing either parameter, as
implemented in Model 3. The obtained NEm values for growing
chickens (approximately 450 kj/kg BW®7>) show excellent agree-
ment with existing literature (Liu et al., 2017; Noblet et al., 2015),
while the estimates for laying hens match those reported by
Sakomura (2004). The lower NEm values for roosters may reflect
methodological differences from Riveros et al. (2023a), who
employed linear regression—an approach which introduces bio-
logical controversial by extrapolating to zero intake. Compared to
alternative approaches, the fasting calorimetry method provides
more physiologically realistic estimates of FHP. However, this
method requires careful control of physical activity during pro-
longed measurements to ensure accurate FHP plateau determi-
nation (Riveros et al., 2023a, 2023b).

5. Conclusion

Fasting heat production is an essential metric for estimating the
NEm of poultry. This study highlights the importance of adopting a
robust allometric exponent to ensure practical utility. These find-
ings suggest that while precise FHP estimation may require
category-specific allometric exponents, adopting a universally
accepted exponent of 0.75 can also be effective, provided the
maintenance constant is adjusted for each category. Model eval-
uation supports this approach, demonstrating that a standardized
exponent, when paired with adjusted constants, yields reliable
estimating net energy requirements for maintenance tailored to a
specific category of poultry which are 478 kj/kg BW®7> per day for
growing chickens, and 320 kjJ/kg BW®7> for laying hens and
roosters, adopting a wide known single allometric exponent. This
methodology offers a standardized framework that facilitates
cross-study comparison and can be implemented on net energy
requirement estimation for poultry.
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