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Abstract 
A mechanistic, dynamic model was developed to calculate body composition in growing lambs by calculating heat production (HP) internally from 
energy transactions within the body. The model has a fat pool (f) and three protein pools: visceral (v), nonvisceral (m), and wool (w). Heat production 
is calculated as the sum of fasting heat production, heat of product formation (HrE), and heat associated with feeding (HAF). Fasting heat production 
is represented as a function of visceral and nonvisceral protein mass. Heat associated with feeding (HAF) is calculated as ((1 − km) x MEI), where 
km is partial efficiency of ME use for maintenance, and MEI = metabolizable energy intake) applies at all levels above and below maintenance. The 
value of km derived from data where lambs were fed above maintenance was 0.7. Protein change (dp/dt) is the sum of change in the m, v, and w 
pools, and change in fat is equal to net energy available for gain minus dp/dt. Heat associated with a change in body composition (HrE) is calculated 
from the change in protein and fat with estimated partial efficiencies of energy use of 0.4 and 0.7 for protein and fat, respectively. The model allows 
for individuals to gain protein while losing fat or vice versa.
When evaluated with independent data, the model performed better than the current Australian feeding standards (Freer et al., 2007) for predict-
ing protein gain in the empty body but did not perform as well as for gain of fat and fleece-free empty body weight. Models performed similarly 
for predicting clean wool growth. By explicit representation of the major energy using processes in the body, and through simplification of the 
way body composition is computed in growing animals, the model is more transparent than current feeding systems while achieving similar 
performance. An advantage of this approach is that the model has the potential for wider applicability across different growth trajectories and can 
explicitly account for the effects of systematic changes on energy transactions, such as the effects of selective breeding, growth manipulation, 
or environmental changes.

Lay Summary 
Based on prior work by Oltjen et al. (2006), a revised dynamic, mechanistic model was developed to improve the prediction of the composition 
of protein and fat in the body of growing ruminants. The revised model calculates heat production (HP) internally as a function of fasting HP, 
heat associated with feeding, and HP from changes in fat and protein within the body. Heat associated with product formation is calculated 
from changes in body protein and fat, with separate efficiencies for each, while heat associated with feeding is a constant proportion of metab-
olizable energy intake and applies at all levels of feeding above and below maintenance. When evaluated against novel data, the revised model 
performed similarly to current Australian feeding standards (Freer et al., 2007) Unlike the Freer model, the revised model captures variation in 
HP arising from feed as well as gain of protein and fat. The revised model explicitly represents protein in the body as two pools with markedly 
different rates of energy expenditure, improving representation of the underlying biology compared to current feeding systems. This provides 
a more flexible way to predict energy requirements and body composition in growing animals while achieving similar performance to current 
feeding systems.
Key words: body composition, growth, modeling, metabolism, nutrition, ruminant
Abbreviations: ADG, average daily Gain; ATP, adenosine triphosphate; A-V, arteriovenous; BW, body weight; BWG, body weight gain; DMI, dry matter intake 
(kg/d); EBF, empty body fat; EBW, empty body weight; FFEB, fleece-free empty body; FFEBW, fleece-free empty body weight; FFLWT, fleece-free liveweight; FHP, 
fasting heat production; HAF, heat associated with feeding; HP, heat production; HrE, heat of product formation; km, efficiency of energy use for maintenance; kg, 
efficiency of energy use for gain; LWT, liveweight; M/D, energetic density of feed/diet (MJ ME/ kg DM); ME, metabolizable energy; MEI, metabolizable energy 
Intake (MJ/d); MEm, metabolizable energy requirement for maintenance (MJ/d); NEG, net energy available for gain (MJ/d); NVEB, nonvisceral empty body; RE, 
retained energy (MJ); RMSE, root mean squared error; RMSPE, root mean squared prediction error; SRW, standard reference weight; VFA, volatile fatty acid; 
Z, relative maturity
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Introduction
Traditional feeding systems calculate energy transactions 
from fasting heat production and energy density of the feed 
(Freer et al., 2007; NASEM, 2016). The current Australian 
feeding standards for ruminants (Freer et al., 2007), otherwise 
known as the CSIRO model, is based on metabolizable energy 
and defines variation in the efficiency of energy use for main-
tenance as a function of metabolizable energy density and 
type of feed. Energy content of gain is computed from histor-
ical data on fat and protein content and adjusted for weight 
relative to maturity scaled by standard reference weight to 
account for differences in size due to breed. However, this 
does not adequately capture the relationship between feed 
eaten and prior growth pattern on the gain of protein and fat 
in the period in which animal’s transition to the new equilib-
rium state. Moreover, the attribution of variation in energy 
use to energy density of feed alone does not account for the 
effect of variation in HP from fat and protein deposition on 
energy use for gain (Marcondes et al., 2013).

The underlying basis for variation in heat loss from 
ingested feed in growing ruminants is complex and has been 
attributed to a range of mechanisms including—conversion 
of energy-yielding substrates, principally VFA to ATP (Blax-
ter, 1962), variation in use of ATP due to protein turnover 
and Na-K ATPase activity (McBride et al. 1985) and relative 
differences in the size of organs each with different energy 
expenditure (Ferrell, 1988). Baldwin and Black (1979) out-
lined a framework to incorporate these sources of variation 
in responses to animal growth to feed into a computer pro-
gram. Subsequently (Baldwin et al., 1987; Black et al., 1987; 
Gill et al., 1989) incorporated aspects of metabolic control 
of nutrient utilization into research scale models, without 
explicit consideration of the effects of relative contributions 
of different organs. Di Marco and Baldwin (1989) and Di 
Marco et al. (1989) developed a model that simplified organ 
size and protein turnover and energy expenditure into two 
pools (viscera and nonviscera), and Sainz and Wolffe (1990) 
devised a model of sheep growth using four protein pools (car-
cass, viscera, skin, and wool). In contrast to current feeding 
systems, these models require data inputs that are not readily 
available or easily estimated, precluding their use in practice. 
More empirical approaches as used in current feeding systems 
work relatively well when applied to typical production prac-
tices. However, much research in animal nutrition has been 
done to address deficiencies in the feeding systems used, and 
the model presented in this paper lies somewhere in between 
the two approaches while expanding the input needs to even-
tually provide more robust predictions as production prac-
tices and animal genetics progress.

Oltjen et al. (1986) introduced a simplified model of 
growth using a single protein pool and energy transactions 
derived from the California Net Energy system. At the time 
it predicted growth at least as well as the NRC (1976), but 
it underpredicted protein gain and over-predicted fat gain 
on high-energy diets (Arnold and Bennett, 1991). An alter-
nate approach that used two protein pools and a traditional 
method for describing energy transactions (Corbett et al., 
1990) was developed by Soboleva et al. (1999) using data 
from growth path studies of sheep in which nutrient supply 
varied from restricted to ad libitum and which permitted 
marked variation in growth including the opportunity for 
compensatory growth (Ferrell et al., 1986). This model was 

further developed by Oltjen et al. (2006) who suggested HP 
could be estimated from protein dynamics.

The work described here extends the model of Oltjen et al. 
(2006) by calculating HP internally within the model and 
features revised protein pool equations and the addition of 
a wool protein pool. The current paper describes the devel-
opment of the revised model and the use of new data to 
evaluate the prediction ability of the model compared to the 
traditional methods used by the current Australian ruminant 
feeding standards (Freer et al., 2007).

Materials and Methods
Data used in the work reported here came from previously 
published studies. No new animal experiments were con-
ducted in this work. As such, no animal care and use commit-
tee approvals were needed to conduct this work.

Underlying assumptions
The work presented in the current paper is based on axioms of 
animal growth articulated by Soboleva et al. (1999) and else-
where in the history of this model (Oltjen et al., 1986, 2000, 
2006; Oddy et al., 2019, 2021, 2022; Dougherty et al., 2020, 
2022a–d). Specifically, there are six assumptions in the model.

(1) Growth is driven by energy intake, and for the purposes 
of the current model, other nutrients (amino acids, vitamins, 
and minerals) are assumed nonlimiting.

(2) Protein in the fleece-free empty body (FFEB) can be clas-
sified into two pools based on relative turnover rates and their 
respective rates of energy use/HP per gram of tissue protein. 
The smaller protein pool consists of tissues with high rates 
of protein turnover and high specific HP. This pool, called 
viscera (v), consists of the empty gut, liver, kidneys, heart, and 
lungs. The other pool is larger with a slower turnover rate and 
lower HP per unit of tissue protein. This pool, called “muscle” 
(m), contains not just muscle protein but protein in all non-
visceral tissues in the FFEB (muscle, skin, head, hocks, blood, 
and bone). Wool (w) is a separate protein pool that acts as a 
protein sink.

(3) Protein in visceral and nonvisceral pools have their 
own respective upper bounds. In nonvisceral tissue, this 
upper bound, m*, is defined as mature protein mass and 
is calculated from mature size and composition, factoring 
in the effects of breed and sex. No consideration is given 
in this iteration of the model of the effects of stunting due 
to nutritional deprivation. In visceral protein, this upper 
bound, v*, is a function of feed intake, feed characteristics, 
and the relative maturity of the animal. This upper bound 
is not a fixed target like m*. Rather, because visceral tissues 
are more sensitive to energy supply than nonvisceral tissues, 
v* represents “equilibrium” visceral mass for a given feed 
and feeding level combined with the stage of maturity of 
the animal.

(4) When energy intake is close to the point where retained 
energy (RE) equals 0, animals can gain protein while mobi-
lizing fat. This potential for protein gain diminishes in non-
visceral tissue as animals reach maturity, but not in viscera or 
in wool.

(5) The gain of protein in the nonvisceral (“muscle”) pool 
is proportional to net energy available for gain (NEG) and 
relative protein deposition potential, as defined by the ani-
mal’s relative maturity.
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(6) Energy not lost as heat production, or used for protein 
gain in wool, viscera, and nonvisceral tissue, is deposited as fat.

Description of previous version of model
Oltjen et al. (2006) used lamb growth and body composition 
data from Ferrell et al. (1986) to evaluate and investigate 
a prior version of the model (Soboleva et al., 1999; Oltjen 
et al., 2000).

The model of Oltjen et al. (2006) is:

dm
dt

= km × (NEG+ cm × fa)×
(
1− m

m∗

)
 (1)

fa =
(
1− m

m∗

)e2
 (2)

dv
dt

= kv × (v ∗ −v) (3)

v∗ = (cs1 ×MEI) + (cs2 ×m) (4)

df
dt

= NEG
dm
dt

−dv
dt (5)

NEG = MEI−HP (6)

HP = b1 ×m+ b2 × v+ b3 ×
dm
dt

+ b4 ×
dv
dt (7)

dEBW
dt

=

ÅÅ
dm
dt

+
dv
dt

ã
/ (23, 800× 0.2201)

ã

+

Å
df
dt

× 39, 600
ã

 (8)

where v and m are the visceral and nonvisceral pools, f is the 
fat pool, NEG is net energy available for gain, all in kJ. In 

Equations (1)–(8), km and kv are rate constants for the par-
titioning of retained energy (RE) into muscle and viscera, 
respectively; cm × fa is an adjustment to account for contin-
ued deposition of protein in muscle when retained energy is 
negative, and the terms cm, e2, cs1, c2, b1, b2, b3, and b4 are 
constants. As described above, m* is the upper bound on the 
m pool, specifically nonvisceral protein at maturity, and v* is 
the upper bound on visceral crude protein for a given level 
of intake (MEI) and animal size (m). Change in empty body 
weight (EBW) is calculated from the change in the energetic 
content of the protein and fat pools (kJ/d), where 0.2201 is 
the crude protein content of 1 kg of fat-free tissue, and 23.8 
and 39.6 are the energy density (MJ/kg) of protein and fat, 
respectively. This was the starting point for the revised model 
presented here.

Data used for development and evaluation
The Oltjen et al. (2006) model described above was revised 
using individual feed intake and lamb growth and body com-
position (fat, protein, ash, and dry matter) data from the final 
phases of the studies reported by Hegarty et al. (1999) and 
Dougherty et al. (2022a). These were the only available serial 
slaughter studies of sheep fed a pelleted diet at different rates 
of energy and escape protein supply (Hegarty et al., 1999) 
and with ad libitum intake of pelleted diets differing in energy 
density and escape protein (Dougherty et al., 2022a) on 
which individual data on intake and body composition were 
available. Unlike the study of Ferrell et al. (1986) in which the 
animals were fasted for 4 d prior to slaughter with commen-
surate changes in mass of viscera, the animals used here were 
fed between 2 and 12 h before slaughter. The combined data 
from the final phases of these studies is shown as development 
data in Table 1.

The model was evaluated against data not used in devel-
opment (evaluation data described in Table 1). Individual 
lamb data from three experiments where body composition 
was measured in Merino cross lambs of similar ages but with 
different weights, growth rates, and nutritional histories (the 

Table 1. Summary of data from studies used in development and evaluation of the model

Measure Development data (n = 187)1 Evaluation data (n = 121)2

Mean SD Range Mean SD Range

Initial age, m 7.63 0.91 6.7 to 8.5 5.43 2.09 2.9 to 11.0

SRW, kg 70 0 70 to 70 76.2 6.98 70 to 100

MEI, MJ/d 11.8 4.03 4.9 to 22.8 12.3 3.04 5.0 to 15.3

M/D, MJ/kg DM 9.87 1.25 7.7 to 12.7 10.9 0.53 8.5 to 11.3

DOF, d 89 5.1 75 to 99 63 15.4 36 to 207

Initial LWT, kg 38.7 8.97 24.3 to 58.0 34.7 6.27 20.0 to 51.0

Initial %EBF 24.4% 3.51% 19.5% to 33.2% 16.1% 3.43% 8.2% to 25.4%

Final LWT, kg 49.7 7.49 31.1 to 69.8 42.3 7.49 25.0 to 60.5

Final %EBF 26.7% 4.57% 15.4% to 36.7% 22.9% 4.66% 11.4% to 31.7%

CWG, g/d clean 7.4 1.98 3.6 to 13.1 9.3 1.24 5.3 to 9.9

ADG of FFEB, kg/d 0.11 0.07 −0.05 to 0.29 0.11 0.07 −0.07 to 0.24

RE in FFEB, MJ/d 1.80 1.51 −1.95 to 5.49 6.50 2.88 −0.31 to 11.4

Notes: Values shown are mean, standard deviation (SD) and range of traits.
ADG of FFEB, average daily gain of fleece free empty body; CWG, clean wool growth; DOF, days on feed; EBF, empty body fat as % Empty BW; LWT, 
liveweight; M/D, metabolizable energy density of the feed offered; MEI, metabolizable energy intake; RE in FFEB, energy retained in FFEB.
1Individual lamb data from the final (experimental) phases of Hegarty et al. (1999) and Dougherty et al. (2022a);
2Individual lamb data from Keogh et al. (2023), and the preliminary phase of Dougherty et al. (2022a) and treatment means from Turgeon et al. (1986).
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preliminary period of Dougherty et al., 2022a; Keogh et al., 
2023), together with nine treatment means from a similar 
study with Suffolk × Rambouillet lambs by Turgeon et al. 
(1986). Lambs used in Dougherty et al. (2022a) were cas-
trated males, while Turgeon et al. (1986) and Keogh et al. 
(2023) used a mix of females and castrated males. Energy 
intake varied from below maintenance to ad libitum and feed 
intake was recorded daily. For the serial slaughter studies of 
Turgeon et al. (1986) and Dougherty et al. (2022a), tissue and 
organ weights were recorded at harvest, and body compo-
sition was measured by postmortem chemical analysis. For 
Keogh et al. (2023), the composition of the fleece-free empty 
body was estimated via CT scan. Diets were pelleted except 
those of Turgeon et al. (1986) in which a mixed forage and 
concentrate diet was used. Estimations of gain of body weight, 
fat, and protein from the revised model were compared with 
those obtained from the CSIRO model (Freer et al., 2007) 
using the evaluation data described in Table 1.

Statistical analysis
The model was developed in R (R Core Team, 2023) as a 
dynamic, mechanistic model with a daily timestep. Model 
parameter values were estimated in three stages: this approach 
was chosen due to the performance limitations found when 
optimizing many parameters simultaneously.

The coefficients in the revised v* equation (CMEI, Cm, and 
CMD) were estimated from experimental data (Oddy et al., 
1997; Hegarty et al., 1999; Dougherty et al., 2022a) via mul-
tiple regression in Minitab (Minitab LLC, 2022). This was 
done by using the final observed visceral energy as an estimate 
of v* because the experimental period was long enough for 
the visceral tissues to have reached a steady state for each of 
the feeds (>40 d; Burrin et al., 1990; Freetly et al. 1995). These 
initial values were then refit in R using the optim() function 
(R Core Team, 2023) to minimize the prediction error for the 
data from Hegarty et al. (1999) and Dougherty et al. (2022a).

The remaining parameters were optimized in two stages 
within the dynamic mechanistic model. First, the parameters 
in the dm/dt equation (pm and e0) were optimized by using 
observed RE in place of estimated NEG since this allows these 
parameters to be decoupled from the effects of other param-
eters and equations. In this stage, goodness of fit was calcu-
lated using the RMSE of the residuals of final muscle energy.

Finally, the remaining parameters (pv and the HP coeffi-
cients) were estimated using the full model. For this stage, it is 
necessary to calculate an overall goodness of fit for the three 
nonlinear response variables (muscle protein, visceral protein, 
and fat) simultaneously, because the parameter values affect 
all three tissue pools. Parameter estimation and optimization 
must therefore consider the different scales and variances of 
these pools, as well as the covariances of the residuals. This 
was done by minimizing the determinant of the residual 
matrix as described by Bates and Watts (1988). This corre-
sponds to the maximum likelihood estimate for multivariate 
normal residuals. For an (N × 3) matrix R of residuals for N 
data points and three response variables, the (3 × 3) residual 
matrix is the matrix calculated by matrix multiplication as 
RT × R.

For both stages of parameter estimation within the 
dynamic mechanistic model, initial parameter estimates were 
derived from literature values and then parameter optimiza-
tion was performed using the L-BFGS-B (Byrd el al., 1995) 
and Nelder and Mead (1965) methods of the optim() func-

tion in R (R Core Team, 2023) to minimize the prediction 
error for the data from Hegarty et al. (1999) and Dougherty 
et al. (2022a). The parameter estimates were cross-checked 
using the Metro_Hastings function from the MHadaptive 
package (Chivers, 2012) using Markov Chain Monte Carlo 
methods and a Metropolis-Hastings algorithm with 100,000 
runs (Tanner, 1996). This also provided measures of the cor-
relations between model parameters.

Prediction error was calculated as the determinant of the 
residuals matrix for the response variables (muscle protein, 
visceral protein, and fat). Parameter values were varied within 
a specified range and relative error for a specific parameter 
was calculated iteratively by running the model with the spe-
cific parameter value, taking the determinant of the residuals 
matrix, and dividing that value by the lowest value of the 
determinant from prior runs in that range of parameter value 
runs.

Models were evaluated using mean square prediction 
error (MSPE), which was then decomposed into mean bias, 
slope bias, and random error using the methods of Bibby 
and Toutenberg (1977) and expressed as a proportion of 
MSPE. The root mean square error (RMSPE) is used to 
report prediction error in the same units as observed val-
ues and is here expressed as a percentage of the observed 
mean for ease of assessment and comparison. The coeffi-
cient of variation of the observations (CV) and coefficient 
of determination (r2) are also reported. Model residuals 
were plotted against centered predictions and linear regres-
sion trendlines (y = ax + b) were plotted for each model to 
allow for visual assessment of mean and slope bias, as by 
Dougherty et al. (2017).

Results and Discussion
Model revision and parameter estimation—
retained energy
The major changes from Oltjen et al. (2006) are 1) simpli-
fication of the method for calculation of dm/dt and dv/dt, 
2) inclusion of wool as a protein sink, and 3) re-working of 
the manner in which HP is represented. The representation 
of a fat pool (f), as shown above in equation (5), remains 
unchanged from Oltjen et al. (2006).

Nonvisceral empty body protein
Oltjen et al. (2006) utilized the data from Ferrell et al. (1986), 
in which body component weights were measured after 4 d 
of fasting and obtained values of e2 = 3.4 and cm = 1,340 
kJ/d for the continued protein gain in the NVEB pool equa-
tions when NEG < 0 (equations (1) and (2), as described 
above). However, when these equations were fitted to the 
data of Hegarty et al. (1999) and Dougherty et al. (2022a), 
the value for e2 was determined to be 0.25 (SE = 0.99); i.e., 
not different from zero. Accordingly, the value of equation (2) 
approaches 1 and equation (1) can be simplified with a single 
term, e0, to account for protein gain when NEG < 0, as shown 
in equation (9).

dm
dt

= ( pm ×NEG+ e0)×
(
1− m

m∗

)
 (9)

An initial estimate for pm was obtained from data on 
protein gain measured by A-V difference in the hindlimb of 
growing lambs (Early et al., 1988; Harris et al., 1992; Oddy 
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and Owens, 1996) and an estimate of NEG from the same 
data. This suggested that pm may lie in the range of 0.18 to 
0.24. On the basis of a summary of the literature reporting 
the relationship between nitrogen and energy balance (Gra-
ham, 1964a–c, 1969; Wainman et al., 1970; Black and Grif-
fiths, 1975) and from the hindlimb A-V difference studies 
summarized by Oddy (1993), a value for e0 between 0.16 and 
0.3 MJ/d was expected. When pm and e0 were fitted simul-
taneously to data from Hegarty et al. (1999) and Dougherty 
et al. (2022a), the values obtained were; pm= 0.226 (±0.016) 
(Figure 1a) and e0 = 0.2486 (± 0.034) (Figure 1b).

Dougherty et al. (2020, 2022b) provided a method to calcu-
late m* from standard reference weight (SRW; Freer et al., 2007) 
and noted the importance of accounting for variation in mature 
body composition by breed and sex. The CSIRO (Freer et al., 
2007) model defines SRW as the average fleece-free weight of a 
mature ewe in average condition, while NASEM (2007) states 
that a mature sheep at SRW is assumed to have approximately 
25% fat. However, data from the continuous growth of animals 
suggest that fatness at maturity (SRW) can be over 40% (Searle 
and Griffiths, 1976; Butterfield, 1988). More data on variation 
in mature size and composition is needed to more accurately 
underpin estimates of SRW and/or m* to improve the ability of 
the model to capture variation in mature size and its effects on 
animal growth rates.

Visceral protein
Visceral protein (v) refers to protein in visceral tissue, i.e., empty 
reticulo-rumen and gastrointestinal tract, liver, kidneys, heart, 
and lungs. The rate of change of visceral protein in the revised 
model is calculated as described by Oltjen et al. (2006):

dv
dt

= pv × (v ∗ −v) (10)

where pv (kv by Oltjen et al. 2006) is the rate of change in vis-
ceral organ protein energy content following a change in energy 
intake, and v* is the upper bound of protein in viscera.

Estimation of pv requires data on visceral protein mass mea-
sured during the period in which viscera is responding to changes 
in feeding level. Studies in which data on oxygen uptake by the 
splanchnic bed (Burrin et al., 1989) and in which visceral organ 
weights were recorded at 14 d intervals (Burrin et al., 1990) were 
used to derive an estimate of pv of 0.05 (Figure 2). This value of 
pv is similar to 0.093, the value obtained by Freetly et al. (1995) 
for the rate constant for change in oxygen consumption by the 
splanchnic bed in response to changes in diet; this is similar to 
the value for the lag in energy expenditure (0.05, corresponding 
to a lag of 20 d) derived by Soboleva et al. (1999) using the data 
of Ferrell et al. (1986).

The maximal amount of visceral protein mass for any 
given energy intake, energy density of feed, and stage of 
maturity is v*. For practical purposes, it is the mass of vis-
ceral protein achieved after 8 wk of eating the same feed 
(the time to reach equilibrium visceral mass, estimated from 
data of Burrin et al. (1990) and Freetly et al. (1995)). Anal-
ysis of data from Hegarty et al. (1999) and Dougherty et al. 

Figure 1. Relative error vs. values for (a) pm and (b) e0 (parameters for representation of dm/dt) fitted one at a time against data from Hegarty et al. (1999) 
and Dougherty et al. (2022a). Relative error was calculated iteratively by running the model with the specific parameter value, taking the determinant of the 
residuals matrix, and dividing that value by the lowest value of the determinant from prior runs in the range of parameter values used.

Figure 2. RMSE (grams of visceral tissue) vs. value of pv (rate constant in 
estimation of dv/dt) for data from Burrin et al. (1990).
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(2022a) using  pelleted diets, and Oddy et al. (1997) who 
used mixtures of hays and protein supplements, indicated 
that MEI, the energy density of the feed (M/D) and mass of 
NVEB protein affected equilibrium visceral protein mass as 
shown in equation (11).

v∗ = CMEI ×MEI+ Cm × (m0.41) − CMD × M
D (11)

where CMEI, Cm, and CMD are coefficients describing the 
effects of energy intake, nonvisceral protein, and dietary 
energy density (M/D, MJ/kg DM) on v*, respectively, as 
described by Oddy et al. (2021).

The v* term was derived from data on growing sheep eat-
ing different amounts of various diets (Oddy et al., 1997; 
Hegarty et al., 1999; Dougherty et al., 2022a). Records were 
selected from lambs that had been fed the same diet for at 
least 42 d prior to slaughter and v* was estimated by regress-
ing observed visceral protein against MEI (MJ/d), dietary 
energy density (M/D, MJ ME/kg DM), and nonvisceral pro-
tein (m) in the fleece-free empty body (FFEB). The curvilinear 
relationship between v* and m (Figure 3) is consistent with 
observations by Butterfield (1988) that visceral tissues are 
“early maturing.

The equation for v* is:

v∗ = 0.676 (±0.282)×MEI+ 2.061 (±1.56)

×m0.41 − 0.53 (±1.00)× M
D (12)

In the data used to develop equation (12) the RMSE for 
visceral protein was 1.49 MJ (9.21% of the observed mean) 
with a mean bias of −0.0017 MJ (−0.07g). When applied 
only to the data of Hegarty et al. (1999) and Dougherty et al. 
(2022a), the RMSE for visceral protein was 9.24% of the 
observed mean, with mean bias of 0.27 MJ (11.3g). This sug-
gests that the form of the feed eaten affects v*, and is consis-
tent with the observations of Blaxter and Boyne (1978) that 
the partial efficiency of energy use for maintenance, km, was 
best estimated separately for different types of feeds (pelleted, 
forages, and mixed diets). Sheep and cattle eating predomi-
nantly roughage diets have larger stomach and intestines than 
those eating concentrates (Sun et al., 1994, Sainz and Bentley, 
1997, Meyer et al., 2015).

Wool growth
Daily clean wool growth is calculated based on the methods 
of CSIRO (Freer et al. 2007, 2012) and is calculated as a 
lagged function of the weighted sum of today’s daily (instan-
taneous) wool growth (Wt) and the prior day’s wool growth 
(dw/dt−1), where:

dw
dt

=

Å
0.96× dw

dt−1

ã
+ (0.04×Wt) (13)

Wt = WBr ×WZ ×MEI×
Å

23.8
1, 000

ã
 (14)

Wt is a function of breed (WBr), energy intake (MEI), and 
relative maturity (WZ), where Z is the current liveweight/stan-
dard reference weight (SRW).

Wool growth is an important part of sheep production and 
metabolism but is often omitted from studies on growth and 
body composition. Wool is a protein sink and cannot be mobi-
lized to support bodily protein or energy requirements, unlike 
muscle and viscera. However, at low levels of growth and/or 
intake, such as in mature animals or animals close to main-
tenance, a large proportion of nitrogen and therefore energy 
balance is retained in wool (Hegarty et al., 1999; Dougherty 
et al., 2022a). Accordingly, if total RE is close to or at zero, 
wool growth and its concomitant RE gain requires the mobi-
lization of resources from the rest of the body (Hegarty et al., 
1999; Dougherty et al., 2022a).

Heat production
Oltjen et al. (2006) suggested an alternative for calculation of 
heat production could be

HP = b1 ×m+ b2 × v+ b3 ×
dm
dt

+ b4 ×
dv
dt (15)

where b1, …, b4 represent heat produced per unit of protein 
mass or their respective rates of change. Estimates of b1, …, 
b4 were obtained from fitting the data of Ferrell et al. (1986). 
Oddy et al. (2019) attempted to derive estimates of b1 
through b4 independently from blood flow and A-V data of 
oxygen and amino acid fluxes. It was found that estimates of 
b1 and b2 were identifiable, b3 was somewhat identifiable, but 
it was not possible to independently estimate b4, the oxygen 
consumption (heat production) associated with visceral pro-
tein gain because of an inability to quantify protein gain due 
to the simultaneous deposition and secretion of protein from 
the liver and gastrointestinal tract. Attempts to fit equation 
(15) to data from Ferrell et al. (1986), Hegarty et al. (1999), 
and Dougherty et al. (2022a) by combining dm/dt and dv/dt 
to dP/dt (where dP/dt = dm/dt + dv/dt) to estimate HP from 
protein gain did not improve the fit to the data. Moreover, 
the fitting process found HP was consistently associated with 
MEI. The form of the equation that best fitted the data of Fer-
rell et al. (1986), Hegarty et al. (1999), and Dougherty et al. 
(2022a) was

HP = b1 ×m+ b2 × v+ b0 ×MEI (16)

Note that b1 = bm and b2 = bv in the remainder of this paper.

Figure 3. RMSE (%observed mean) for visceral protein (MJ) vs. 
exponent on muscle crude protein (MX) in v* equation which relates 
potential visceral protein energy content to MEI, M/D, and m*.
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Estimation of fasting heat production
Equation (16) implies that as MEI approaches 0, bm × m + bv 
× v approaches FHP, so that

FHP = bm ×m+ bv × v (17)

Initial estimates of bm and bv were obtained by setting MEI 
to 0, using the FHP observed by Graham et al. (1974) and 
the observation of Ortigues and Durand (1995) that in sheep 
fed between half maintenance and maintenance, half of the 
whole-body oxygen consumption (HP) was in the splanchnic 
bed. Initial values of nonvisceral empty body (NVEB) protein 
and visceral protein were derived from the proportion of tis-
sue masses in the fat-free mass (summarized by Butterfield, 
1988), and the proportion of protein in NVEB (0.21) and 
viscera (0.16) reported by Dougherty et al. (2020).

The initial estimates of bm (0.017) and bv (0.17) obtained as 
above were similar to those subsequently obtained from fitting 
bm and bv to the development data (Table 1), respectively, bm 
(0.019 ± 0.0057) and bv (0.185 ± 0.048). Equation (17) allows 
for variation in FHP due to variation in the protein content of 
the body and the distribution of protein between viscera and 
NVEB. This represents the effects of the prior level of feeding 
on FHP (Marston, 1948; Graham et al., 1974; Ferrell et al., 
1986) through effects directly on visceral protein mass relative 
to the protein mass of the remainder of the body. Accordingly, 
bm × m + bv × v varies with prior level of feeding and stage of 
maturity. This model can recapitulate the relationship between 
FHP and EBW, and FHP and fat-free mass reported in sheep 
by Graham et al. (1974) as shown by Dougherty et al. (2021).

Fasting heat production is relatively constant per kg live-
weight and LWT0.75 in the same animal over extended periods 
of time (Blaxter, 1962). FHP is used as the baseline for energy 
expenditure in most feeding systems (ARC 1980; Freer et al. 
2007; NASEM, 2007). Graham et al., (1974) summarized 
a range of studies of fasting heat production in sheep (FHP, 
called basal metabolic rate in Graham et al., 1974), some of 
which had different growth rates prior to measurement. In 
these studies, Graham observed a close to linear relationship 
between fat-free tissue mass of weaned sheep and FHP and 
noted that there was systematic variation in FHP due to prior 
growth rate and/ or feed intake. Ferrell (1988) presented data 
to show that much of the variation in FHP was due to varia-
tion in visceral organ size. Subsequent studies (Eisemann and 
Neinaber, 1990; Reynolds et al., 1991; Ortigues and Durand, 
1995) have demonstrated that the splanchnic bed (liver, 
 reticulo-rumen, and gastrointestinal tract) has a rate of oxy-
gen consumption as much as 10 times higher than peripheral 
tissues (predominantly muscle).

Contribution of protein and fat gain and ME intake 
to heat production
All MEI is converted to heat at maintenance (where RE = 0) 
or below. However, some of the MEI (~30%) is lost as heat 
due to energy costs of eating, digestion, and metabolism in 
the body. This is the basis for the calculation of the partial 
efficiency of ME use for maintenance km (where km = FHP/
MEm). There is systematic variation in km due to the type of 
feed eaten (pellets, forages, and mixed diets) and the ME den-
sity of the feed (M/D); on average, for sheep on forage-based 
diets km has a value of 0.7, such that 1 − 0.7 = 0.3 of MEI is 
lost as heat (Blaxter and Boyne,1978; Clayton et al., 2022).

It has been assumed that when RE > 0, the efficiency of 
gain (kg) is due to variation in composition of feed (Lofgreen 
and Garrett, 1968; Blaxter and Boyne, 1978; ARC, 1980; 
Freer et al., 2007; NASEM, 2007, 2016), composition of gain 
(Rattray et al., 1973; Ferrell et al., 1979) or a combination 
of both (Tedeschi, 2019, 2023, Williams and Jenkins, 2003). 
Williams andJenkins (2003) developed a construct to describe 
HP above maintenance that accounted for separate contribu-
tions of HP from gain of fat and protein and to the amount of 
ME ingested above maintenance:

MEI−MEm = RE+HiEr +HiEv (18)

where HiEr is heat produced from fat and protein gain and 
HiEv is heat produced from support functions and is propor-
tional to MEI.

Williams and Jenkins (2003) presented evidence that heat 
produced above maintenance due to everything other than 
gain of protein and fat was 30% to 33% across a range of 
breeds of cattle. This proportion of heat produced by support 
functions is similar to the accepted mean for heat associated 
with MEI at and below maintenance and suggests that the 
arguments used to justify HP as a function of MEI below 
maintenance (cost of eating, rumen fermentation, digestion, 
and excretion) may also apply above maintenance and con-
tribute to the variation in HP associated with gain.

Not accounting for HP due to MEI above RE = 0 overes-
timates HP due to protein and fat gain. For example, esti-
mates of the partial efficiency of protein and fat gain using 
multiple regression, which assumes no loss of energy due to 
eating the additional feed above maintenance other than that 
due to energy cost of protein and fat deposition, are 12% to 
13% for protein and 67% for fat (Rattray et al., 1973; Ferrell 
et al., 1979). This efficiency of protein gain is substantially 
less than that reported in other species (~47%; Owens et al., 
1995). The corresponding estimate of efficiency of fat gain 
(67%) is also less than the mean of that reported in other 
species (76%; Owens et al. 1995) and the theoretical costs of 
fat synthesis (70% to 72%; Baldwin, 1968).

The ideas of Williams and Jenkins (2003) were incorpo-
rated into the understanding of the b0 * MEI term of equation 
(16) by extending the concept of heat produced by support 
functions above maintenance but explicitly describing it as 
the heat associated with feeding (HAF) at any level of feed 
intake. The heat produced by gain of protein and fat is HrE, 
which is the heat of product formation (NRC, 1981).

This allows a description of total HP as (Figures 4 and 5):

HP = FHP+HrE+HAF (19)

where FHP = bm × m + bv × v is as described above, the 
derivation of HrE and HAF are described below.

Heat associated with gain of protein can be calculated as 
((1/kp) − 1) × dp/dt and heat associated with gain of fat as 
((1/kf) − 1) × df/dt. Therefore:

HrE =

Å
1
kp

− 1
ã
× dP

dt
+

Ç
1
kf

− 1

å
× df

dt (20)

Heat associated with feeding (HAF) at any level of MEI can 
be calculated by iteratively fitting values for kp, kf, and HAF 
to data. The estimate of HAF derived in this way for the data 
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of Hegarty et al. (1999) and Dougherty et al. (2022a) is 0.3 × 
MEI, i.e., if bMEI = 0.3 then km = 0.7.

It is not possible to obtain useful estimates of the heat pro-
duced from gain of protein, gain of fat and heat associated 
with feeding using multiple regression because of the high 
correlations between (MEI – MEm), dP/dt and df/dt (Bernier 
et al., 1987). Accordingly, an iterative process was used in 
which estimates of heat produced by gain of fat and protein, 
MEI were initially informed by consensus estimates from the 
literature. These were then tested in the entire model to deter-
mine goodness of fit for the final traits. The estimates of kp, 
kf, and bMEI, which provided the best fit of the model using 
the development data set (Table 2), were values of 0.4, 0.7, 
and 0.3, respectively. These estimates of partial efficiencies of 
fat and protein gain (0.7 and 0.4, respectively) were close to 
values observed in monogastric species (Owens et al., 1995). 
The value of kp is consistent with the energetic efficiency of 
protein gain calculated from the rate of whole-body protein 
synthesis relative to protein gain observed in growing lambs 
(Oddy et al., 1997).

It is possible that HAF is systematically related to M/D (Freer 
et al. 2007; NASEM 2007, 2016). The relationship between 
1 − (HAF/MEI) and M/D obtained from this study was over-
laid on that of km vs. M/D from 91 ruminant calorimetry 
studies in which km was estimated at or below maintenance 
(Clayton et al., 2022). Figure 6 shows that km as determined 
from independent data (Clayton et al., 2022) and 1 − (HAF/
MEI) as determined by Hegarty et al. (1999) and Dougherty 
et al. (2022a) are equivalent. The data from the animals fed 
above maintenance fit within the distribution of data used to 
estimate the relationship between M/D and km at or below 
maintenance, which suggests that heat associated with feed-
ing (HAF) is similar at maintenance and above.

For the combined data (Figure 6), the relationship between 
km and 1 − HAF/MEI was 0.02 * M/D + 0.5, similar to the 
accepted relationship between km and M/D (Freer et al., 2007). 
There was considerable variation in the data and the relation-
ship was not strong (R2 = 0.1) suggesting other factors may 
also contribute to variation in km and/or 1 − (HAF/MEI) (Blax-
ter and Boyne, 1978). The model represents  visceral  protein as 

Figure 4. Relative error vs. parameter values for (a) bm and (b) bv (parameters used in estimation of FHP) obtained from the combined dataset of 
Hegarty et al. (1999) and Dougherty et al. (2022a). Relative error was calculated as described in Figure 1.

Figure 5. Relative error vs. values for (a) kp and (b) kf (parameters to estimate HP from protein and fat gain) fitted one at a time against data from 
Hegarty et al. (1999) and Dougherty et al. (2022a). Relative error was calculated as described in Figure 1.
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a function of v*, which itself is a function of M/D, and it is pos-
sible that the relationship between M/D and v* may be stron-
ger than that of km and M/D. For the data of Hegarty et al. 
(1999) and Dougherty et al. (2022a), there was no statistical 
advantage in a variable km, and the relationship between km 
and M/D was weak, as seen elsewhere (Clayton et al., 2022).

Accordingly, it is suggested that unless M/D differs widely 
from a mean of 10 MJ ME/kg DM then a fixed value of 0.7 
for km (i.e., bMEI = 0.3) can be used for calculation of HAF 
from MEI above and below MEI where RE = 0. Otherwise, 
the standard relationship between km and M/D can be used, 
where km = 0.02 × M/D + 0.5 (Freer et al., 2007; Figure 6).

Final model structure and parameter values
The final model structure and its equations are shown in 
 Figure 7, with terms as defined above and in Table 2. Model 
coefficient values and their standard errors are shown in 
Table 2. The revised model uses MJ for all pool sizes and 
MJ/d for rates of change. As in Oltjen et al. (2006), the model 
defines the energetic value of protein as 23.8 MJ/kg, and fat 
as 39.6 MJ/kg.

Model evaluation
The revised model was evaluated and compared with that 
of CSIRO (Freer et al., 2007) using independent data from 
three experiments where body composition was measured in 
Merino cross lambs of similar ages but with different weights, 
growth rates, and nutritional histories (Table 1). A fixed value 

of km = 0.7 was used for the evaluation, as discussed above; 
this was thought appropriate as the values of km estimated 
from reported M/D were close to 0.7 for all datasets (0.7 ± 
0.03 for development data, 0.72 ± 0.01 for evaluation data). 

Table 2. Model parameter values ± standard error and units for revised 
model

Term Definition Value Units

bm Heat production from 
muscle protein

0.019 ± 0.006 d−1

bv Heat production from 
visceral protein

0.185 ± 0.048 d−1

bp Heat production from 
change in body protein

If dP/dt <0, bp = 0;
else, bp = 1.5

Unitless

bf Heat production from 
change in body fat

If dF/dt <0, bf = 0;
else, bf = 0.43

Unitless

bMEI Heat production per MJ 
of MEI

0.3 or (1 − km) where
km = 0.5 + 0.02 × M/D

Unitless

pm Rate constant for parti-
tioning of energy into 
nonviscera protein

0.226 ± 0.016 d-1

e0 Energy lost as fat to 
sustain energy gain in 
protein when energy 
balance = 0

0.249 ± 0.034 MJ/d

pv Rate constant for par-
tition of energy into 
visceral protein

0.05 ± 0.035 d-1

CMEI Regression coefficient 
for the relationship 
between MEI and v*

0.676 ± 0.282 MJ d−1

Cm Regression for the rela-
tionship between m0.41 
and v*

2.061 ± 1.555 MJ0.41

CMD Regression for the rela-
tionship between M/D 
and v*

 −0.53 ± 0.997 MJ/kg 
DM

Figure 6. Efficiency of energy use for maintenance (km) vs. dietary 
energy density (M/D, MJ/kg DM) for sheep data as summarized in the 
review of Clayton et al. (2022) and an estimate of km above maintenance 
(1 − HAF/MEI) calculated from the data of Hegarty et al. (1999) and 
Dougherty et al. (2022) using the methods described in this paper.

Figure 7. The complete model is described above. MEI = metabolizable 
energy intake; M, V, W are protein pools representing nonvisceral (M), 
viscera (V), and wool (W) depots, respectively, and F is the fat pool. The 
solid arrows represent mass and energy flows and the dotted arrows 
loss of energy as heat. All fluxes are MJ/d. The equations which describe 
this model are:
NEG = MEI – HP;
HP = FHP + HrE + HAF;
dm/dt = (pm × NEG + e0) × (1 − m/m*);
dv/dt = pv x (v* − v);
v* = CMEI × MEI + Cm × (m0.41) − CMD × M/D;
dw/dt = fn(dw/dt(t−1)

t, WBr
t, Wz, MEI);

dP/dt = ∑(dm/dt + dv/dt + dw/dt);
dF/dt = NEG – dm/dt − dv/dt − dw/dt;
FHP = bm × m + bv × v;
HrE = bp × dP/dt + bf × dF/dt;
HAF = bMEI * MEI.
The values of each parameter are shown in Table 2.
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Standard reference weight (SRW) was derived using available 
information about the breeds of lambs used in each study and 
all lambs within a study were assumed to have the same SRW. 
The lambs from Hegarty et al. (1999) and Dougherty et al. 
(2022a) were sourced from the same research flock; there-
fore, SRW was assumed the same for lambs in both studies. 
SRW was used to calculate mature nonvisceral protein mass, 
as described in Dougherty et al. (2020, 2022b). The models 
were evaluated for their ability to predict final fleece-free 
empty body composition (MJ protein and fat), fleece-free 
empty body weight (FFEBW, kg), and clean wool growth (g/d) 
(Tables 3 and 4, Figures 8 and 9).

Development dataset
For the development dataset (Table 3), the protein was pre-
dicted with a higher accuracy by the model compared with 
Freer et al (2007, CSIRO model) (Figure 8a), with lower 

RMSE (% observed mean) and mean bias. The CSIRO model 
underpredicted protein by an average of 474 g (11.3 MJ), 
while the model overpredicted protein by 3.41 g (0.08 MJ). 
Within the protein pools, the RMSE for muscle and visceral 
protein were 6.95% and 9.08%, respectively. The model over-
predicted muscle protein by an average of 9.22 g, but under-
predicted viscera protein by 5.81 g. Mean bias and slope bias 
were higher for viscera than for muscle, but both terms were 
<1% of the total error decomposition for both protein pools, 
and mean bias was <1% of the observed mean for muscle and 
viscera (data not shown).

Both models had similar RMSEs for predicting final empty 
body fat (EBF) in the development dataset, but the proposed 
model had lower mean bias than the CSIRO model, under-
predicting fat in the empty body (EBF) by 94.2 g (3.73 MJ), 
while the CSIRO model overpredicted EBF by 176 g (6.95 
MJ). Variation in EBF was higher than in other measures, and 

Table 3. Comparison of the model presented here vs. the CSIRO for the model final body composition, fleece-free EBW, and wool growth (n=187) 
using the development data (Table 1), The measured traits are as described in Table 1

Measure Protein in fleece-free 
empty body (MJ)

Empty body 
fat (MJ)

Fleece-free empty 
body weight (kg)

Clean wool 
growth (g/d)

Mean of observed values 138.25 426.62 39.60 7.40

CV of observations 12.56 30.43 16.19 26.70

Model Model CSIRO Model CSIRO Model CSIRO Model CSIRO

Mean of predicted values 138.33 126.98 422.89 433.57 39.52 37.22 5.35 5.82

Mean bias −0.08 11.27 3.73 −6.95 0.09 2.39 2.06 1.58

Mean bias %obs mean −0.06% 8.15% 0.87% −1.63% 0.22% 6.02% 27.77% 21.37%

RMSE 8.63 14.42 58.73 59.59 2.03 3.24 3.46 3.42

RMSE (%obs mean) 6.24 10.43 13.77 13.97 5.13 8.18 46.69 46.20

r2 0.75 0.74 0.81 0.81 0.91 0.90 0.00 0.01

Mean bias 0.01 61.05 0.40 1.36 0.18 54.21 35.37 21.40

Slope bias 1.06 2.08 9.01 9.81 8.07 6.33 32.09 45.74

Random error 98.93 36.87 90.58 88.83 91.74 39.46 32.54 32.85

CV, coefficient of variation (%).

Table 4. Comparison of the model presented here vs. the CSIRO model (Freer et al., 2007) for prediction of evaluation data on final body composition, 
fleece-free EBW, and wool growth (n = 121). The measured traits are as described in Table 1.

Measure Protein in fleece-free 
empty body (MJ)

Empty body 
fat (MJ)

Fleece-free empty 
body weight (kg)

Clean wool 
growth (g/d)

Mean of observed values 127.73 327.10 35.06 9.31

CV of observations 17.30 35.66 20.54 13.35

Model Model CSIRO.  Model CSIRO Model CSIRO Model CSIRO

Mean of predicted values 129.78 131.35 279.73 302.94 34.15 35.22 5.35 5.64

Mean bias −2.06 −3.62 47.37 24.15 0.91 −0.16 3.96 3.67

Mean bias %obs mean −1.61% −2.84% 14.48% 7.38% 2.58% −0.45% 42.57% 39.39%

RMSPE 9.69 8.83 69.58 56.21 2.94 2.54 4.20 3.87

RMSPE (%obs mean) 7.58 6.92 21.27 17.18 8.39 7.23 45.09 41.59

r2 0.82 0.87 0.83 0.83 0.86 0.88 0.45 0.49

Mean bias 4.51 16.83 46.35 18.46 9.48 0.39 89.12 89.71

Slope bias 0.87 0.01 5.10 8.41 6.18 4.17 6.09 5.12

Random error 94.62 83.17 48.55 73.13 84.33 95.43 4.79 5.17

CV, coefficient of variation (%).
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error for both models increased as observed fat increased, 
trending toward overpredicting fat in lambs that were fatter 
at slaughter (Figure 8b). It should be noted that in the pro-
posed model, fat gain is predicted by difference, so all errors 
in predicting protein gain and heat production accumulate in 

the fat pool. The RSR for protein and fat was <0.5, indicating 
satisfactory ability to capture the observed variation in the 
data (Moriasi et al., 2007).

The model had lower mean bias and RMSE than the 
CSIRO model for prediction of fleece-free EBW (FFEBW) in 

Figure 8. Comparison of model and CSIRO model predictions v’s observed for the development data shown in Table 1. The graphs are residuals vs. 
centered predictions for (a) Protein in fleece-free EBW (MJ), (b) Fat (MJ), (c) fleece-free EBW (kg), and (d) Clean wool growth (g/d).

Figure 9. Residuals vs. centered predictions for (a) Protein in fleece-free EBW (MJ), (b) Fat (MJ), (c) fleece-free EBW (kg), (d) Clean wool growth for the 
evaluation data set (g/d; Table 1).
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the development dataset. On average, both models underpre-
dicted FFEBW, though the CSIRO model underpredicted EBW 
for a larger proportion of data than the model  (Figure 8c). 
Both models substantially underpredicted wool growth in 
the development dataset (Figure 8d), with a high mean bias 
(>20% of observed mean). Neither model predicted wool 
growth adequately. Further work is required to develop a bet-
ter model of wool growth for inclusion in simple models of 
animal growth.

Evaluation dataset
When compared to evaluation data, the model performed 
better for estimation of protein in the empty body than the 
CSIRO model but less well for EBF and FFEBW (Table 4, 
Figure 9). Both models overpredicted protein for the eval-
uation dataset (Figure 9a), the CSIRO model had a lower 
RMSPE (% observed mean), while the model had a lower 
mean bias. The model predicted muscle protein better than 
visceral protein (RMSPE 8.03% vs. 16.2%), overpredicting 
muscle protein by 162 g but underpredicting visceral protein 
by 75.6 g; visceral protein had higher mean and slope bias 
than muscle protein (data not shown). The CSIRO model pre-
dicted EBF better than the model for the evaluation dataset, 
with lower RMSPE and lower mean bias (610 g vs. 1,196 g). 
However, both models underpredicted EBF, and the degree 
of underprediction tended to be higher in lambs that were 
fatter at slaughter (Figure 9b). On average, the CSIRO model 
tended to overpredict FFEBW in the evaluation dataset, while 
the model tended to underpredict (Figure 9c); however, the 
CSIRO model had lower mean bias and RMSPE for FFEBW 
than the model. As in the development dataset, neither model 
predicted wool growth adequately (Figure 9d).

Average lean protein mass was similar between the devel-
opment and evaluation datasets, differing by only 0.44 kg, or 
~8%. However, the average final empty body fat was 2.5 kg 
lower in the independent dataset than in development data-
set, a difference of 23%, and between-individual variation 
was higher in the evaluation data. This difference in fatness 
between datasets may have contributed to the higher error 
seen by both models when predicting fat for the evaluation 
data. Differences in experimental methods used to measure 
protein and fat content of the body between the two datasets 
may have also contributed to differences in model perfor-
mance; the majority of the data in the evaluation dataset was 
individual lamb data from Keogh et al. (2023), who estimated 
body composition and tissue weights from CT scan data; the 
other studies used in model development and evaluation were 
serial slaughter trials where tissue weights were obtained 
postmortem and body composition was measured chemically.

Both models substantially underpredicted wool growth. 
This may be due to the nature of the wool data available, 
which was less detailed than data on body composition—
the only study where individual wool growth data was 
available was the experimental period of Dougherty et al. 
(2022a), and treatment means or other estimates of wool 
production were used for the other datasets. These limita-
tions meant that there was poorer linkage between varia-
tion in body composition and variation in wool growth, 
reducing predictive power for both models and to a lesser 
extent, overall model predictive capacity for other mea-
sures. Wool growth is an important contributor to whole-
body energy transactions, and a significant component of 

RE when RE is close to 0. It is necessary to include wool 
to fully account for energy transactions. The wool growth 
equations used in the proposed model were derived from 
Freer et al., (2007). Neither model predicted wool growth 
well. In the data sets used here, energy intake had a signifi-
cant effect on wool growth, but protein supply did not, so it 
is unlikely that poor prediction was due to inadequate rep-
resentation of the response to amino supply in the models. 
The wool growth equations used within both the CSIRO 
model and this model require revision to improve predic-
tion of wool growth.

General discussion
The model presented here extends the work of Oltjen et al. 
(2006) on modeling of energetics and body composition in 
sheep. A novel aspect of the revised model is the calculation 
of HP internally within the model. Unlike current feeding 
systems it combines, information on both heat associated 
with feeding and heat generated by protein and fat trans-
actions in the body with an internal representation of FHP 
as a function of the mass of protein in visceral and nonvis-
ceral tissues. Body composition and composition of gain are 
derived dynamically, with a flexible relationship between 
fat and protein that allows for situations where fat is mobi-
lized to support body protein reserves. Recognition of the 
substantial role wool has as an energy sink has allowed esti-
mates of HP from protein gain congruent with estimates of 
efficiency of protein gain reported in other species (Owens 
et al., 1995). The method of estimating deposition of energy 
in protein and allowing the balance of energy not lost as 
heat to accrue as fat provides estimates of body composi-
tion not dissimilar to those obtained by regression analysis 
of past studies that have underpinned current feeding sys-
tems (ARC, 1980; NRC, 1981; Freer et al., 2007; NASEM 
2007, 2016).

The current model construct is more flexible in that short-
term variation in body composition arising from changes in 
feed supply and composition relative to maturity is accommo-
dated without recourse to fixed proportions of protein and fat 
deposition used in existing feeding systems. The addition of 
a wool protein pool is necessary to allow for more accurate 
representation of energy utilization. Estimation of HP can be 
obtained internally within the model, although that calcula-
tion relies on initial estimates of parameters for HP initially 
obtained from A-V difference and blood flow measurements 
not traditionally associated with feeding systems. It is well 
known that accurate estimation of parameters for highly 
correlated components of a system is difficult to achieve. As 
much independent evidence as possible was assembled to sup-
port initial parameter values, followed by iteration to mini-
mize errors for the entire suite of output parameters, rather 
than rely on the interpretation of regression coefficients. This 
has resulted in a description of the underlying processes such 
as the relationships between energy costs associated with 
visceral and nonvisceral protein informing the basis of FHP; 
the contribution of heat associated with eating and heat of 
product formation for protein and fat gain. Although this 
approach yields similar estimates of body composition as tra-
ditional methods it has the advantage of exposing the factors 
contributing to variation in HP which in turn allows a some-
what more rational understanding of the causes of variation 
in HP and protein and fat deposition in sheep.
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Conclusions and Implications
The revised model presented here is simpler than current 
Australian feeding standards (Freer et al., 2007) and better 
represents the underlying biology of the system. Through 
explicit representation of the major energy using processes 
in the body, and through simplification of the way body 
composition is computed in growing animals, the model is 
more transparent than current feeding systems while achiev-
ing similar performance. The model then has the advantage 
of potentially wider applicability across different growth 
trajectories and can explicitly account for the effects of sys-
tematic changes on energy transactions, such as the effects 
of selective breeding, growth manipulation, or environ-
mental changes. When evaluated against independent data, 
the revised model performed at least as well as the current 
CSIRO model (Freer et al., 2007) for protein gain in the 
body, but less well for fat and empty body weight gain. Nei-
ther model performed well at predicting wool growth, high-
lighting the need to include a more realistic representation of 
the relationship between nutrition, body composition, and 
wool growth. In general, more data on body composition 
and tissue weights in animals at lower planes of nutrition 
are required to improve estimates of composition of gain, 
along with additional data on mature body size and com-
position at maturity. In particular data on the relationship 
between visceral protein mass from animals eating feeds of 
different physical structures (long, chopped, ground, and 
pelleted) are required. Future developments to the revised 
model include the representation of pregnancy and lacta-
tion, the energetic cost of activity, and internal calculation of 
gut fill. It is anticipated that the structure of this model will 
enable the representation of genetic variation in protein and 
fat deposition and hence production outcomes in the future. 
Work is underway on a beef cattle version of this model, 
based on the same underlying structures and principles pre-
sented here for sheep.

Though additional data are needed for further development, 
the model presented here provides a mechanistic, flexible, and 
transparent approach to calculating body composition and 
HP in sheep. This approach is structurally equivalent to tradi-
tional feeding systems but provides a biological explanation 
to model terms and parameters.
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Appendix: Model Initialization
The model requires initial values for masses of protein in the 
m and v pools (mInit and vInit, respectively), as well as initial 
wool, fat (fInit), and fleece-free empty body weight (FFEBW). 
Initial wool cover is provided by the user, but where initial 
FFBEW, protein, and fat are not available, they can be cal-
culated from fleece-free liveweight (FFLWT), Z, and SRW as 

follows, using equations derived from Butterfield et al. (1988) 
and Searle and Griffiths (1976):

GutFillInit (kg) = (2.487 x Z – 1.482 x Z2 + 0.001) x 9.1 x 
(SRW/100) [A1]

ShrinkInit (%) = ((FFLWT – GutFillInit)/FFLWT) x (0.35 + 
0.106 x M/D – 0.004 x M/D2) [A2]

FFEBWInit (kg) = FFLWT x ShrinkInit [A3]
vInit (MJ) = SRW x (2.732 x Z – 1.731x Z2 – 0.0014) x 

SexFac x 23.8 x 0.157 [A4]
fInit (MJ) = ((98.797 x Z – 38.035 x Z2 – 14.499)/100) x 

fleece-free Liveweight x 39.6 [A5]
mInit (MJ) = (FFEBWInit – (vInit/23.8/0.157) – (fInit/39.6)) x 

23.8 x 0.21 [A6]
where GutFillInit is initial gut fill, ShrinkInit is the conver-

sion factor for converting FFLWT to FFEBW, M/D is energy 
density of the previous diet (MJ/kg DM), SexFac is 0.047 for 
intact males, 0.051 otherwise, 0.157 and 0.21 are the crude 
protein content of fat-free viscera and muscle, respectively 
(Dougherty et al., 2021, 2022a); and 23.8 and 39.6 are the 
energy density (MJ/kg) of protein and fat, respectively (Oltjen 
et al., 2006; Oddy et al., 2019).
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