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Considerable progress has been made in the nutritional modelling of growth. Most models typically predict (or analyse) the
response of a single animal. However, the response to nutrients of a single, representative animal is likely to be different from
the response of the herd. To address the variation in response between animals, a stochastic approach towards nutritional
modelling is required. In the present study, an analysis method is presented to describe growth and feed intake curves of
individual pigs within a population of 192 pigs. This method was developed to allow end-users of InraPorc (a nutritional model
predicting and analysing growth in pigs) to easily characterise their animals based on observed data and then use the model to
test different scenarios. First, growth and intake data were curve-fitted to characterise individual pigs in terms of BW (Gompertz
function of age) and feed intake (power function of BW) by a set of five parameters, having a biological or technico-economical
meaning. This information was then used to create a population of virtual pigs in InraPorc, having the same feed intake and
growth characteristics as those observed in the population. After determination of the mean lysine (Lys) requirement curve

of the population, simulations were carried out for each virtual pig using different feeding strategies (i.e. 1, 2, 3 or 10 diets)
and Lys supply (ranging from 70% to 130% of the mean requirement of the population). Because of the phenotypic variation
between pigs and the common feeding strategies that were applied to the population, the Lys requirement of each individual
pig was not always met. The percentage of pigs for which the Lys requirement was met increased concomitantly with
increasing Lys supply, but decreased with increasing number of diets used. Simulated daily gain increased and feed conversion
ratio decreased with increasing Lys supply (P < 0.001) according to a curvilinear—plateau relationship. Simulated performance
was close to maximum when the Lys supply was 110% of the mean population requirement and did not depend on the
number of diets used. At this level of Lys supply, the coefficient of variation of simulated daily gain was minimal and close

to 10%, which appears to be a phenotypic characteristic of this population. At lower Lys supplies, simulated performance
decreased and variability of daily gain increased with an increasing number of diets (P < 0.001). Knowledge of nutrient
requirements becomes more critical when a greater number of diets are used. This study shows the limitations of using a
deterministic model to estimate the nutrient requirements of a population of pigs. A stochastic approach can be used

provided that relationships between the most relevant model parameters are known.
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Implications

A method was developed to allow end-users of InraPorc
(a nutritional model predicting and analysing growth in pigs)
to easily characterise their animals based on observed data
and then use the model to evaluate different scenarios
applied to pig populations. This stochastic approach is useful
to study the variation in response between animals. Its
application showed that a lysine supply corresponding to
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110% of the mean requirement of the population allowed
maximising the technical performance while minimising their
variation. Coupled with an economical approach, it would be
useful to economically optimise nutrition of groups of pigs
while reducing the environmental impact of pig production.

Introduction

Nutrient requirements, even though frequently determined
in individual animals, are mainly given as mean values
without considering the variation within the population.



However, differences can appear between the response of
the mean population (i.e. the mean of all individuals) and
the response of the average individual of that population.
Considering only the mean requirement has practical con-
sequences. For instance, the lysine (Lys) requirement in pigs
is a function of the animal (e.g. genetic, sex, weight,
composition of the growth at a given BW), environmental
conditions and feeding factors (Noblet and Quiniou, 1999).
Even though some of these factors may be controlled, the
Lys requirement varies between individual pigs (Bertolo
et al., 2005). Formulating diets for the mean requirement of
a population implies that the requirements of some animals
will not be met and that their potential performance will
not be realised. Consequently, the mean performance of the
group will be lower than expected. Pig growth models such
as those developed by Whittemore and Fawcett (1976),
Moughan et al. (1987), Knap (2000) or van Milgen et al.
(2008) have been designed to simulate the response of an
individual animal. Due to the importance of considering
between-animal variation, stochasticity has been included in
modelling approaches to study the impact of between-animal
variation on performance (Ferguson et al,, 1997; Knap, 2000;
Pomar et al, 2003; Schinckel et al, 2003; Wellock et al,
2004). As the animal is described by a limited number of
parameters in most models, inclusion of between-animal var-
iation in modelling studies requires the determination of
individual values of these parameters. Consequently, methods
based on the analysis of serial live measurements have been
developed to obtain these values (Schinckel and de Lange,
1996; Knap et al., 2003; Schinckel et al., 2003; Doeschl-Wilson
et al, 2006). The objective of this study is to develop an
analysis method to summarise individual growth and feed
intake profiles by five descriptive parameters of a growth
model, and to study the relationships between these para-
meters. This analysis was based on actual performance data of
a population of 192 pigs. Simulations with the InraPorc model
were then performed to illustrate the possible use of such a
set of parameters to model the growth response of a
population of growing pigs to feeding strategies differing in
Lys supply and the number of phase-feeding diets.

Material and methods

Individual characterisation of pigs in a population

In the first part of our study, an analysis procedure was
developed to characterise individual pigs by a set of five
parameters on the basis of repeated measurements of BW
and ad libitum feed intake. To illustrate this method and its
application for the study of impact of between-animal
variation in a population of pigs, data from 192 pigs were
used for individual estimation of the five parameters (three
BW parameters and two feed intake parameters).

Data analysis procedure. In order to describe the change in,
for example, daily gain, mechanistic models of growth are
based on phenomena that occur at a lower level of
aggregation (e.g. protein deposition or protein synthesis).

Modelling the variation in performance of a pig population

These models are typically based on differential equations,
which need to be integrated numerically in order to predict
daily gain. Variation between individual animals is
accounted for by variation in model parameters describing
the underlying phenomena. Direct statistical estimation of
these parameters can be used to estimate this variation but
it may be very difficult and expensive when the underlying
phenomena need to be observed. When only aggregate
observations are available, model parameters can be
obtained indirectly by using specialised software. The
inconvenience is that this software is rarely available to
end-users of models. In this study, an intermediate
approach was taken where aggregate data on daily gain
and feed intake were described by empirical equations that
bear close resemblance to the equations used to describe
phenomena at a lower level of aggregation. In this study,
we apply the technique to the InraPorc model but it has
general applicability.

In InraPorc (2006), protein deposition is described using a
Gompertz function (van Milgen et al,, 2008). Because of the
close relationship between protein deposition and daily gain,
we used the Gompertz function to describe the change in BW
as a function of age. This function is typically parameterised
by the initial BW (at age = 0), BW at maturity and a shape
parameter (Bgompert). The first two parameters may be dif-
ficult to estimate because they refer to a situation well
beyond the applicability range of the growth model (and most
observed data). The Gompertz function was therefore repar-
ameterised to include ‘expected-value parameters’ (Schnute,
1981) to replace parameters that are beyond the range of
observed data. The equation below is the Gompertz function,
where the initial BW and BW at maturity are replaced by the
expected BW at 65 days of age (BWssg; i.e. a typical starting
weight for a growth model) and the age at which pigs reach
a BW of 110kg (agejqo; i.e. a typical slaughter weight)
(equation (1)).

— exp(—BGompem(age1 10 —65)) +exp(—B(age — 65))
exp(—BGompertz (298110 —65) 1 (1 )

o 10( 10
65d

We then further reparameterised the model by replacing
ageq1o by the average daily gain between 65 days of age
and 110kg of BW (ADGgsg-110kg; Calculated as ADGesg-110kg =
(110 — BWgsg)/(ageq19 — 65)). Thus, the change in BW can
be described by a model with three parameters, which have
a practical meaning: BWgsy, ADGgsg.110kg and the shape
parameter Bgompert- The shape parameter Bgompert, (called
‘precocity’ in the InraPorc software) indicates whether
pigs are early- or late maturing. For a given BWgsy and
ADGgsg-110kg: @ high value of Bgompert, indicates an early
maturing animal, whereas a low value represents a late
maturing animal.

The ad libitum daily feed intake (DFI) is assumed to be a
function of BW in the InraPorc model. Among different
available equations, a power function was chosen for
this study to define the ad libitum feed intake on an as-fed
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basis (kg/day) (equation (2)):
DFI = a x BWP. )

The parameter a is a scale parameter of the feed intake
curve, whereas b is a shape parameter. In the statistical
estimation, the parameters a and b are often highly cor-
related. Equation (2) was therefore reparameterised to
include the expected DFI (kg/day) at 50kg BW (DFlsg),
which corresponds to the DFI at, approximately, the middle
of the growth curve (i.e. DFlso = a X 509) (equation (3)):

DFlsp x BW?

DFI =
500

(€)

Data description. Data from Rivest (2004) were used in the
analysis procedure. These data were collected from October
2003 to March 2004 during a performance test at the CDPQ
experimental station in Deschambault (Québec, Canada).
A total of 193 pigs (100 gilts and 93 barrows, P76 X (Large
White X Landrace)) were tested. Mean BW at the beginning
and end of the test were 31.2 +3.9kg (66.9 = 1.5 days of
age) and 113.0+x7.7kg (145.1 =10.6 days of age),
respectively. Animals had ad libitum access to diets for-
mulated to meet or exceed nutritional requirements (National
Research Council (NRC), 1998), allowing the animals to
express their phenotypic potential for protein deposition.
Three different diets decreasing in protein content (19.1%,
17.7% and 16.8% CP on an as-fed basis, for diets 1, 2 and 3,
respectively) were used successively and diets were changed
when the mean BW reached approximately 50 and 75kg.
During the test, DFI was recorded daily for each pig using an
IVOG (INSENTEC, Marknesse, The Netherlands) automatic
feeder system. Animals were weighed at the beginning,
around 50 and 75kg, and at the end of the test. Mean
(*s.d.) ADG, average DFI (ADFI) and feed conversion ratio
(FCR) observed during the test were 1.06 = 0.10 kg/day,
2.45 +0.27 kg/day and 2.35 = 0.16 kg/kg, respectively.

Calculations. The three parameters for the Gompertz
function (equation (1); BWesa, Bgompertz and ADGgsg-110kg)
were estimated for each pig from BW and age data using
the NLIN procedure from the Statistical Analysis Systems
Institute (SAS, 2000). Feed intake was recorded daily
whereas the proposed equation to describe the change in
feed intake varies with BW (equation (2)). Consequently,
the Gompertz function was used to estimate the BW for
each day corresponding to the daily DFI data. The DFIsy and
b parameters were then estimated for each pig using
equation (3) and the NLIN procedure of the SAS (2000).
Data of one barrow were excluded from the analysis
because of unrealistic values of parameters.

Simulation method

In the second part of the study, the model parameters
obtained above were used to create a virtual population of
pigs that could be used in simulations using InraPorc
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(2006). The objective of these simulations was to study the
variation of the population performance in response to
different feeding strategies. First, the simulated Lys
requirement of each pig under non-limiting conditions was
determined and the average Lys requirement of the popu-
lation was determined. The consequence of using different
feeding strategies (differing in Lys supply and the number
of phase-feeding diets) on performance of each pig from
65 days of age to slaughter at 110 kg BW, was then tested
by simulation modelling.

Model parameterisation and calculation of the Lys require-
ment. In the InraPorc model (van Milgen et al, 2008),
several model parameters are used as inputs to define an
animal profile (for ad libitum feed intake and growth). The
parameters obtained in the statistical analysis of ADFI and
ADG bear close resemblance to those used in InraPorc
(2006). For example, in the data analysis, ADG is described
by a Gompertz function whereas in InraPorc (2006), protein
deposition is described by this function. For each animal,
parameters obtained from the data analyses were con-
verted to parameters used by InraPorc (2006). The para-
meter ADGesg-110kg Was converted to the InraPorc
parameter meanPD (mean protein deposition during the
simulated period). An approximate value of meanPD was
first obtained by dividing ADGgsg.110kg by 6.25. If the per-
formance predicted by InraPorc (2006) differed from the
observed performance, the meanPD was adjusted manually
so that the predicted ADFI and ADG corresponded as close
as possible to the observed values. Through this operation,
a set of model parameters was obtained for each pig, and
the InraPorc model was then used to predict the daily
standardised ileal digestible Lys (SID Lys) requirement
for each pig. The SID Lys requirement in InraPorc (2006)
is calculated using a factorial approach and accounting
for requirements for maintenance and protein deposition
(van Milgen et al, 2008). Requirements for maintenance
include the basal endogenous losses (0.313 g/kg dry matter
intake; Noblet et al, 2002) and losses due to integuments
(4.5mg/kg BW®"® per day) and basal turnover of protein
(23.9mg/kg BW®7> per day) (Moughan, 1998). Deposited
protein is supposed to contain 6.96% Lys and the maximum
efficiency of using SID Lys was assumed to be 72% (Séve,
1994). The mean daily SID Lys requirement of the popula-
tion was calculated from the individual requirements.

Feed sequence plans and lysine supply. Four feed sequence
plans were defined in InraPorc (2006) using one, two, three
or ten different diets. These feed sequence plans were then
used to simulate the performance of the population. The
criterion to change diets in the multiphase feed sequence
plans was the age of the animal (Table 1). As all simulations
started at the same initial age (65 days), all pigs received
the same diet during the same period of time, except during
the last phase for which the duration was determined by
the final weight (110kg). Within each phase of a feed
sequence plan, the SID Lys requirement (in g/kg feed) of a



Table 1 Age at diet change and standardised ileal digestible lysine
(SID Lys) content in the feeds used in the simulations

Modelling the variation in performance of a pig population

Table 2 Parameter estimates used in the description of individual
growth and feed intake curves of a population of 192 pigs

Feed sequence plan Age (days) at SID Lys

and phase diet change (g/kg feed)
One-phase - 8.95
Two-phase
1 101 8.95
2 - 7.82
Three-phase
1 87 8.95
2 110 8.43
3 - 7.36
Ten-phase
1 75 8.95
2 83 8.80
3 91 8.58
4 98 8.32
5 106 7.97
6 113 7.62
7 120 7.26
8 127 6.83
9 135 6.47
10 - 6.24

pig typically declines because voluntary feed intake (kg/day)
increases more rapidly than the Lys requirement (g/day).
For each phase of a feed sequence plan, a reference SID
Lys level was defined as the highest mean population
requirement during the phase (i.e. typically the mean
requirement at the beginning of a feeding phase). Simula-
tions were then realised by using Lys levels that provided
70%, 80%, 90%, 100%, 110%, 120% or 130% of this
reference level of SID Lys. Diets in all simulations were
identical in net energy (10.59 MJ/kg), CP (19%) and SID
amino acid content (except Lys). No amino acid other than
Lys could limit growth in the simulations.

Simulations and calculations. Daily feed intake and growth
were simulated individually using the InraPorc model from
65 days of age to 110kg BW and for each feed sequence
plan and Lys supply. Individual ADG, ADFI, FCR, protein and
lipid weights at slaughter, duration to reach 110kg and
ingested quantities of Lys were calculated (see van Milgen
et al. (2008) for details on the relations used in InraPorc
(2006) concerning nutrient intake, composition and growth
and lipid and protein deposition). The proportion of the
population for which the SID Lys requirement was met
(PRM, expressed as %) was calculated at the start and end
of each phase, and results were averaged across phases for
each feed sequence plan and Lys supply.

Statistical analysis. For the analysis of observed BW and DFI
data, Pearson correlations between the five parameters
were calculated using the CORR procedure of the SAS
(2000). Simulated performance (i.e. ADG, ADFI, FCR, pro-
tein and lipid weights at slaughter, duration to reach 110kg

Mean s.d. Minimum  Maximum
Bompertz (per day) 0.0150 0.0030  0.0040 0.0234
ADGgsg110kg (kg/day) ~ 1.051  0.101 0.772 1.270
BWesq (kg) 29.6 3.5 18.6 38.8
b 0.545 0.133 0.218 0.878
DFlsq (kg/day) 2.04 0.20 1.46 2.66

The change in BW is described by a Gompertz function of age with three
parameters: ADGgsq.110kg = average daily gain between 65 days of age and
110kg of BW; BWgsq = BW at 65 days of age; Bgomperz = Shape parameter.
The change in ad libitum feed intake is described by a power function of
BW with two parameters: b= shape parameter of the curve; DFlso = the
expected daily feed intake at 50kg BW. See text for details on the para-
meterisation of the models. The average residual s.d. (mean of the residual
s.d. obtained for each pig) for BW was 0.963 kg, whereas that for DFI was
0.425 kg/day.

and total ingested Lys) was analysed using the MIXED pro-
cedure of the SAS (2000). Feed sequence plan and level of SID
Lys were included in the model as fixed effects as well as their
interaction, and animal was considered as a random effect.
When effects were significant (P << 0.05), least square means
were separated using the PDIFF function with the Tukey—
Kramer adjustment. Linear and quadratic orthogonal contrasts
were also tested for the fixed effects and their interaction.
The PRM data were analysed through a y* test using the
GENMOD procedure of the SAS (2000).

Results

Except for one barrow, the data analysis procedure allowed
obtaining realistic values for the five descriptive para-
meters (Table 2). Correlation analysis showed that the
shape parameters b and Bgompertz Were highly correlated
(r=—0.63; P<0.01; Table 3), implicating that an early DFI
relative to BW (i.e. a low value of b) is associated with an
early maturing animal (i.e. a high value of Bgompert,). The
high positive correlation between DFlsy and ADGgsg-110kg
(r=10.66; P<0.01) indicates that a high DFI at 50 kg BW is
associated with a high growth rate between 65 days of age
and 110 kg BW. The Bgompertz Was moderately correlated to

The DFlso and ADGesg-110kg Were both positively corre-
lated to BWgsq (r= 0.38 and 0.35, respectively; P<<0.01).
The heavier an animal was at 65 days of age, the higher
were its DF|50 and ADGGSd-HOkg'

The b and DFls, were moderately correlated (r= —0.21;
P<0.01) as a result of the parameterisation of DFI model.
This indicates that a higher DFlsq was only partially related to
an early increase of intake. The intake parameter b was also
moderately correlated with ADGgsg.110kg (r=0.30; P<0.01).
There was no significant relationship between the growth
precocity parameter (Bgomperz) and ADGgsg-110kg (P = 0.24).
Thus, a given growth performance is not necessarily asso-
ciated with an early or late maturing pig. Similarly, the shape
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Table 3 Pearson correlation coefficients (with probability) between the five descriptive parameters obtained from an analysis of individual growth

and intake curves for a population of 192 pigs

Parameter BGompertz (per day) BWesq (kg) ADGgsg.110kg (kg/day) b DFlso (kg/day)
Baompertz (per day) 1.00 0.02 0.09 —0.63 0.40
P=0.80 P=0.24 P<0.01 P<0.01
BWesq (kg) 1.00 0.35 —-0.07 0.38
P<0.01 P=10.34 P<0.01
ADGgsg.110kg (kg/day) 1.00 0.30 0.66
P<0.01 P<0.01
b 1.00 —0.21
P<0.01
DFlso (kg/day) 1.00
See Table 2 and the text for an explication of the model parameters.
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decreased with age (Figure 1). In the multiphase feed
sequence plans, we used a SID Lys supply that corre-
sponded to the highest mean population requirement
within a phase. As the SID Lys requirement declines with
age, the reference SID Lys level corresponded to the mean
population requirement at the beginning of a phase.
Declining Lys levels were used between the successive
phases (Table 1).

The simulated PRM at the beginning of a phase followed
an S-shaped curve relative to the SID Lys supply (Figure 2a).
The shape of the curve was not affected by the number
of diets used in the feed sequence plan (P> 0.05). The
simulated PRM increased with increasing SID Lys supply
(P<0.001). A supply of 100% of the mean population
requirement covered the requirement for 56% of the
population at the beginning of a phase. The PRM increased
rapidly with increasing SID Lys and a supply of 130% of
the mean population requirement covered the requirement of
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% of lysine mean requirement

Figure 2 Effect of lysine (Lys) supply (as % of the mean Lys requirement
of the population) and feed sequence plan on the percentage of pigs for
which the Lys requirement was met at the beginning (a) or at the end of
the phase (b).

every individual in the population. The situation is different
for the simulated PRM at the end of a phase (Figure 2b). As
the requirement declines with age, but the supply remains the
same within a phase, a greater PRM will be observed
(P<<0.001). The PRM increased with increasing SID Lys supply
(P<0.001) but the response depended on the number of
phases as, for a given Lys supply, the PRM decreased with an
increasing number of phases (P<0.001). With a supply cor-
responding to 100% of the mean population requirement, the
PRM at the end of the phase was 74% for ten-phase feed
sequence plan and greater than 94% for other feed sequence
plans. With a supply of 130% of the mean population
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Table 4 Effect of standardised ileal digestible lysine supply and feeding strategy on simulated performance of a population of pigs (least square

means)

Lysine supply (% of mean population requirement)

Feed sequence plan 70 80 90 100 110 120 130 se.’  Statistics?

Average daily feed intake (kg/day)
One-phase 2.332 2.344 2.361 2.372 2.375 2.376 2376 0.0039 F***
Two-phase 2348 2353 2363 2372 2375 2376 2376 L***
Three-phase 2354 2357 2364 2372 2375 2376 2376 FxL***
Ten-phase 2.373 2374 2.373 2374 2.376 2.376 2.376

Average daily gain (kg/day)
One-phase 0.912 0.991 1.042 1.065 1.071 1.072 1.072 0.0066 F***
Two-phase 0.863  0.957 1.028 1.062 1.070 1.072 1.072 L***
Three-phase 0.842 0.938 1.018 1.060 1.070 1.072 1.072 [
Ten-phase 0.796 0.895 0.988 1.050 1.068 1.071 1.072

Feed conversion ratio (kg/kg)
One-phase 2.56 2.37 2.27 2.23 2.22 2.22 222 0.022 F***
Two-phase 2.73 2.46 2.30 2.24 2.22 2.22 2.22 L***
Three-phase 2.80 2.52 2.33 2.24 2.22 2.22 2.22 Fx L***
Ten-phase 3.00 2.67 2.41 2.27 2.23 2.22 2.22

Total standardised ileal digestible lysine intake (kg)
One-phase 1.31 1.39 1.50 1.64 1.79 1.95 212 0.381 Fr**
Two-phase 1.28 1.33 1.40 1.52 1.66 1.81 1.96 e
Three-phase 1.26 1.31 1.37 1.48 1.61 1.75 1.90 Fx L***
Ten-phase 1.23 1.28 1.33 1.41 1.53 1.66 1.80

Protein weight at slaughter (kg)
One-phase 16.5 16.8 17.0 171 171 171 171 0.05 Fr**
Two-phase 16.2 16.7 17.0 171 171 171 171 L***
Three-phase 16.0 16.6 16.9 171 171 17.1 171 F X L***
Ten-phase 15.6 16.3 16.8 17.0 171 171 171

Lipid weight at slaughter (kg)
One-phase 29.9 27.3 25.9 25.4 25.3 25.3 25.3 0.31 Frx*
Two-phase 32.2 28.6 26.4 25.5 253 253 253 L***
Three-phase 33.2 294 26.7 25.6 253 253 253 F X L***
Ten-phase 35.8 314 27.9 25.9 25.4 253 253

*s.e. = residual standard error of the mean.

*F = effect of feed sequence plan; L = effect of lysine content; F X L = interaction between feed sequence plan and lysine content; ***P< 0.001; quadratic
orthogonal contrasts for the feed sequence plan and the lysine content effects were significant (P < 0.001) for all variables.

requirement, the requirement of entire population was met,
irrespective of the feed sequence plan used.

Effect of lysine supply and feed sequence plan on
performance of the population

Increasing the Lys supply and increasing the number of
phases resulted in a significant but numerically small
increase in simulated ADFI (P << 0.001; Table 4). The mean
ADFl was 2.37kg/day. The quantity of ingested SID Lys
(cumulated over the entire period of simulation) increased
with increasing Lys supply (quadratic effect, P<<0.001) and
decreased with increasing number of phases (quadratic
effect, P<<0.001). Providing 70% of the reference Lys
supply resulted in a reduction of 20% and 13% of the total
SID Lys supply for the one- and ten-phase feed sequence
plans, respectively. The average time required to reach
110kg decreased with increasing Lys supply and increased
with increasing number of phases (quadratic effect,

P<0.001; data not shown), When providing 70% of the
reference SID Lys supply, pigs required 90 and 104 days to
reach 110kg with the one- and ten-phase feed sequence
plans, respectively. For 100% of the reference SID Lys
supply, they required 77 and 78 days for the one- and ten-
phase feed sequence plans, respectively. For a higher sup-
ply, pigs required 76 days to reach 110 kg irrespective of the
feed sequence plan used.

The simulated ADG increased with increasing Lys supply
(quadratic effect, P<<0.001; Table 4). Above a SID Lys
supply of 110% of the reference supply, performance was
similar between feed sequence plans and Lys supplies
(P> 0.05). The variation in ADG in response to increasing
Lys supply increased with increasing number of phases
(interaction feed sequence X Lys level, P<<0.001; Table 4).
As the change in ADFI was small, the effect of feeding
strategy on simulated FCR was similar to that observed for
ADG. Providing 70% of the reference SID Lys supply
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resulted in a decrease in ADG ranging from 14% for the
one-phase feed sequence plan to 24% for the ten-phase
feed sequence plan. This reduction also resulted in an
increase in FCR ranging from 15% for the one-phase feed
sequence plan to 32% for the ten-phase feed sequence
plan. Simulated final body protein weight (at 110kg BW)
was reduced following a reduction in SID Lys supply,
whereas simulated final body lipid weight was increased
(quadratic effect, P<<0.001; Table 4). A reduction of 30%
of the SID Lys (relative to the reference supply) resulted in a
decrease in final protein weight ranging from 4% to 8%,
and an increase in final lipid weight ranging from 18% to
38%, for the one- and the ten-phase feed sequence plans,
respectively.

The variability in simulated performance between animals
was estimated by the coefficient of variation (CV) of the
calculated ADG, FCR and final lipid weight (Figure 3). For all
feed sequence plans, the CV of ADG and lipid weight was
constant (10.3% and 8.2%, respectively), for a SID Lys supply
equal or greater than 120%. For a lower supply, the CV of
ADG increased and that of final lipid weight decreased with
decreasing Lys supply and with an increasing number of
phases. The change in CV of final protein weight was similar
to that of lipid weight, but with lower values (CV protein
weight < 2%). The effect of the feed sequence plan on the
CV of FCR varied with increasing Lys supply. With a supply
corresponding to 70% of the mean requirement, the CV
of FCR increased with an increasing number of phases.
This relationship was inversed for a supply corresponding
to 100% of the reference supply and no difference was
observed for a supply higher than 120%. For the feed
sequence plans with one, two or three phases, the CV of FCR
increased with increasing Lys supply. For the ten-phase feed
sequence plan, this criterion decreased for a supply between
80% and 100% of the reference supply and increased
thereafter with increasing SID Lys supply.

Discussion

In several pig growth models, performance of the animal is
driven by protein and lipid deposition, which are often
described by functions such as the Gompertz function
(Ferguson et al., 1994; Knap, 1999 and 2000; Wellock et al.,
2003). Consequently, simulating the growth of pigs requires
the knowledge of the numerical values of the underlying
model parameters. Different methods have been proposed
to achieve this, including serial slaughter at different BW
(Ferguson and Gous, 1993). Repeated measurements can
also be realised during growth on individual pigs (Schinckel
and de Lange, 1996), allowing estimation of the between-
animal variation. Alternatively, techniques of ‘inverted
modelling’ or reverse simulation” have been developed to
obtain model parameters (Knap et al, 2003; Doeschl-
Wilson et al, 2006 and 2007). With these techniques, obser-
vations are compared with model outputs (e.g. ADG) and
model parameters are adjusted iteratively so that predic-
tions correspond (as close as possible) to observations.
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Figure 3 Effect of lysine supply (as % of the mean Lys requirement of the
population) and feed sequence plan on the coefficient of variation (CV) of
average daily gain (ADG) (a), feed conversion ratio (FCR) (b) and lipid
weight at slaughter (c).

The analysis procedure described in this study can be
considered as model inversion based on a limited number of
equations using measurements on growth and intake.
Through standard, non-linear regression using two equa-
tions, each animal in the population is characterised by a
set of five parameters. The method allows end-users of
InraPorc (2006) to easily characterise their animals based
on observed data and then use the model to test different
scenarios. The choice of the five parameters was driven by
the fact that they closely resemble the inputs required
by InraPorc (2006). These parameters also have a biological
or technico-economical meaning, which facilitates the



understanding and interpretation of their variation and
relationships.

The method presented here addresses the need to con-
sider the between-animal variation in growth models (Knap,
1995; Kyriazakis, 1999; Gous and Berhe, 2006). This interest
is mainly related to the difference that can occur between
the mean population response (i.e. the mean of all indivi-
duals) and the response of the average individual of the
population (Pomar et al, 2003; Wellock et al, 2004).
Introduction of stochasticity in models requires knowledge
of not only the average values of model parameters and
their variation, but also of the correlation between para-
meters (Ferguson et al, 1997; Kyriazakis, 1999), and the
method proposed here allows obtaining these. Little infor-
mation is available about correlations between parameters
describing the dynamics of feed intake and growth. Without
addressing the issue of cause and effect, feed intake and
growth are well correlated and this is reflected by some of
the model parameters listed in Table 3. Knowledge about
the variance—covariance matrix of parameters is of interest
to generate other populations of pigs, but it remains to be
confirmed whether the variance—covariance matrix is spe-
cific for this population of pigs or that (part of) it has
general applicability. Magowan et al. (2007) highlighted the
difficulty to assess the extent to which differences in feed
intake and growth rate between and within herds can be
attributed to genetics, relative to the effects of manage-
ment and disease. The relations between parameters
observed here are therefore foremost phenotypic relations.

Using the set of individual parameters obtained here, a
simulation study was performed to illustrate the interest
and application of considering between-animal variation in
a pig growth model. In this case, it was used to study the
consequence of changing the SID Lys supply on perfor-
mance and variability between pigs. The Lys requirement in
pigs still requires attention (Warnants et al., 2003; Quiniou
et al, 2006). As the SID Lys requirement (in g/kg feed)
typically decreases during growth, we used the mean
requirement at the start of a phase as a reference situation.
As can be expected, the simulated PRM was approximately
50% at the start of a phase, and increased with time within
a phase. By increasing the number of phases, PRM
increases less between the beginning and end of the phase
because of the shorter duration of each phase. This was
particularly the case when the Lys supply was relatively low
(i.e. 70% to 100% of the reference supply). For higher Lys
supplies, the requirement of a greater percentage of ani-
mals (90% or more) was met both at the beginning and at
the end of a phase. This may explain why model predictions
of the Lys requirement for the average animal in a popu-
lation are low relative to common practice. Another interest
of modelling studies is to extrapolate results from meta-
bolism studies to other different situations (BW, age) or
larger populations. For instance, Bertolo et al. (2005), using
the indicator amino acid oxidation technique, estimated
the mean and variability of the true ileal digestible Lys
requirement of growing pigs, but using only nine animals.

Modelling the variation in performance of a pig population

A comparison of the variability observed in metabolism
studies with that observed in large(r) scale field studies is
essential before their results can be used as practical
recommendation.

Changes in simulated ADG, ADFI, FCR and final protein
and lipid weights according to the SID Lys supply were
related to the changes observed for PRM. Performance
increased and variation of performance between feed
sequence plans decreased with increasing Lys supply.
Maximum performance was reached for a supply close to
110% of the mean population requirement. At this supply,
performance was similar for the different feed sequence
plans. Leclercq and Beaumont (2000) and Gous and Berhe
(2006) observed a similar curvilinear plateau response
relative to SID Lys supply for ADG and FCR when modelling
broiler populations. Pomar et al. (2003) observed the same
type of response of body protein deposition to increasing
protein intake in pigs. For a Lys supply less than 110% of
the mean requirement, ADG and PRM decreased with an
increasing number of phases. With a low PRM, a smaller
proportion of the population will be able to express its
potential and the ADG of the population therefore
decreases. The final lipid weight decreased and final protein
weight increased with increasing SID Llys supply and
decreasing number of phases. In InraPorc (2006), all energy
not used for maintenance or to support protein deposition
is deposited as lipid (van Milgen et al, 2000 and 2008).
At low levels of Lys supply, protein deposition is limited by
Lys supply for many pigs in the population. For these ani-
mals, a greater part of energy is then available for lipid
deposition. With increasing Lys supply or decreasing number
of phases, an increasing percentage of pigs will be able to
express their potential of protein deposition at the expense
of lipid deposition.

The small change in simulated ADFI in response to Lys
supply is to be interpreted with caution. The InraPorc model
does not take into account for the possibility of change in
feed intake during or after a nutrient deficiency. The slight
difference in ADFI observed with increasing number of
phases or decreasing Lys supply is due to the prolonged
growth duration (to reach the final BW of 110kg) and to an
increased contribution of maintenance (relative to growth).
The prolonged growth duration and its consequence on
ADFI also explain that a reduction in Lys supply is not
accompanied by a same extent reduction in SID Lys intake.

For a Lys supply greater than 110% of the mean popu-
lation requirement, PRM is higher than 90% and the
majority of pigs can express their growth potential. In this
case, the CV is close to the ‘natural’ phenotypic variation of
this population under optimal nutritional conditions (i.e. the
Lys supply is not limiting). As the Lys supply decreases, PRM
decreases, especially for the multiphase sequence plans. As
the change in feeds is determined by age, pigs with a lower-
than-average performance will have a higher-than-average
SID Lys requirement (in g/kg feed) at the moment of the
feed change. Consequently, they will be penalised more
than the other pigs by the feed change as they receive less
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Lys than required. This contributes to the increase in the
variability of simulated growth performance. The increase in
variability of growth performance with feeds deficient in
amino acids supply was also observed in broilers (Corzo
et al, 2004). In contrast to the variability in ADG, the
variability in final lipid and protein weight decreased with
decreasing SID Lys supply. For low levels of Lys supply,
growth will be determined mainly by the SID Lys content of
the diet, and not by the phenotypic variation of the popu-
lation. Reducing the SID Lys supply will therefore result in
fatter but more homogenous carcasses.

Results of this study underline the importance of having
accurate knowledge of the individual SID Lys requirement, if
multiphase sequence plans are used. Without this knowledge,
there is a risk of increasing the variability in performance over
the intrinsic phenotypic variability of the population. In addi-
tion, the greater the variation in Lys requirement, the greater
the safety margin should be to cover the needs of a large part
of the population. At the same time, a greater part of the
Lys supply will be given in excess to animals having a low
performance potential. This was illustrated for pigs by Pomar
et al. (2003) in a simulation study. These authors showed that
the greater the intrinsic variability of potential growth in
population, the higher the balanced protein supply should be
to reach the maximum mean protein deposition rate. The
recommendation of the present study that a supply of 110%
of the mean population requirement for SID Lys should be
sufficient to cover the requirement for most pigs may has to
be modulated depending on the intrinsic variability of the
population.

In the present study, time has been chosen to determine
the feed change in the multiphase sequence plans and this
is a typical practice in most swine operations. The mean BW
of the population could also be chosen to determine feed
change. This type of decision rule is currently not available
in the InraPorc software. However, it would be interesting
to model the consequence of such a rule on performance
and variability. The effect of grouping animals in batches
of homogeneous pigs (e.g. barrows and gilts) following
specific feed sequence plans or slaughter strategies could
then be studied. The present study also has other practical
implications. The mean population requirement was chosen
as a basis for the Lys content in the feed. By increasing the
number of phases in the sequence plan, using a diet with a
SID Lys content greater than the reference value became
more critical (Figure 2), in order to cover the requirements
of a large percentage of animals. Despite this safety margin,
it reduced the total Lys supply and, thus, feed cost, because
the total Lys supply could be reduced. In addition, a
reduction in Lys supply is generally accompanied by a
reduction in protein supply. It is likely that reducing the total
Lys supply will also reduce nitrogen excretion. This illus-
trates that feed formulation for a population of pigs has
biological, environmental and economical dimensions, and
that a biotechnical evaluation alone in not sufficient. More
comprehensive approaches have been used by Moughan
et al. (1995), Boys et al. (2007) and Quiniou et al. (2007)
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to define economically optimal feeding and management
strategies for growing pigs.

Conclusion

The analysis method presented in this study allows
describing growth and feed intake curves of individual pigs
within a population by a set of five parameters. Through
this method, it is possible to characterise individual pigs in
a population and to simulate different feeding strategies
applied to that population. The study showed that a Lys
supply corresponding to 110% of the mean requirement of
the population covered the requirement for most pigs and
that the variation in ADG between pigs was minimal.
However, this corresponds to the maximum phenotypic
performance of the population and the optimum may be
different when economic or environmental aspects are
considered. A stochastic approach towards the nutritional
modelling of growth of pigs is a useful method to evaluate
different scenarios applied to populations of pigs. Such an
approach can only be carried out if knowledge about the
relationships between relevant model parameters is available.

Acknowledgements

The authors are grateful to the Centre de Développement du
Porc du Québec for the provision of the data. The authors also
thank Alain Valancogne for his skilful technical assistance.

References

Bertolo R, Moehn S, Pencharz P and Ball R 2005. Estimate of the variability of
the lysine requirement of growing pigs using the indicator amino acid
oxidation technique. Journal of Animal Science 83, 2535-2542.

Boys K, Li N, Preckel PV, Schinckel A and Foster K 2007. Economic replacement
of a heterogeneous herd. American Journal of Agricultural Economics 89,
24-35.

Corzo A, McDaniel C, Kidd M, Miller E, Boren B and Fancher BI 2004. Impact of
dietary amino acid concentration on growth, carcass yield, and uniformity of
broilers. Australian Journal of Agricultural Research 55, 1133-1138.

Doeschl-Wilson AB, Knap PW and Kinghorn BP 2006. Evaluating animal
genotypes through model inversion. In Mechanistic modelling in pig and
poultry production (ed. R Gous, T Morris and C Fisher), pp. 163-187. CABI
Publishing, Wallingford, UK.

Doeschl-Wilson AB, Knap PW, Kinghorn BP and Van der Steen HAM 2007.
Using mechanistic animal growth models to estimate genetic parameters of
biological traits. Animal 1, 489-499.

Ferguson NS and Gous RM 1993. Evaluation of pig genotypes. 1. Theoretical
aspects of measuring genetic parameters. Animal Science 56, 233-243.

Ferguson NS, Gous RM and Emmans GC 1994. Preferred components for the
construction of a new simulation-model of growth, feed-intake and nutrient-
requirements of growing pigs. South African Journal of Animal Science 24,
10-17.

Ferguson NS, Gous RM and Emmans GC 1997. Predicting the effects of animal
variation on growth and food intake in growing pigs using simulation
modelling. Animal Science 64, 513-522.

Gous RM and Berhe ET 2006. Modelling populations for purposes of
optimization. In Mechanistic modelling in pig and poultry production (ed.
R Gous, T Morris and C Fisher), pp. 76-96. CABI Publishing, Wallingford, UK.

InraPorc® 2006. Un outil pour évaluer des stratégies alimentaires chez le porc.
Version 1.0.4.0. INRA-UMR SENAH, www.rennes.inra.fr/inraporc



Knap PW 1995. Aspects of stochasticity: variation between animals. In
Modelling growth in the pig (ed. PJ Moughan, MWA Verstegen and Ml Visser-
Reyneveld), pp. 165-172. Wageningen Press, Wageningen, The Netherlands.

Knap PW 1999. Simulation of growth in pigs: evaluation of a model to relate
thermoregulation to body protein and lipid content and deposition. Animal
Science 68, 655-679.

Knap PW 2000. Variation in maintenance requirements of growing pigs in
relation to body composition. A simulation study. PhD, Wageningen University.

Knap PW, Roehe R, Kolstad K, Pomar C and Luiting P 2003. Characterisation of
pig genotypes for growth modeling. Journal of Animal Science 81, E187—E195.

Kyriazakis | (ed.) 1999. Future directions for models in pig biology. In A
quantitative biology of the pig, pp. 381-388. CABI Publishing, Wallingford, UK.

Leclercq B and Beaumont C 2000. Etude par simulation de la réponse des
troupeaux de volailles aux apports d'acides aminés et de protéines. INRA
Productions Animales 13, 47-59.

Magowan E, Mccann MEE, Beattie VE, McCracken KJ, Henry W, Smyth S,
Bradford R, Gordon FJ and Mayne CS 2007. Investigation of growth rate
variation between commercial pig herds. Animal 1, 1219-1226.

van Milgen J, Quiniou N and Noblet J 2000. Modelling the relation between
energy intake and protein and lipid deposition in growing pigs. Animal Science
71, 119-130.

van Milgen J, Valancogne A, Dubois S, Dourmad JY, Séve B and Noblet J 2008.
InraPorc: a model and decision support tool for the nutrition of growing pigs.
Animal Feed Science and technology 143, 387-405.

Moughan PJ 1998. Protein metabolism in the growing pig. In A quantitative
biology of the pig (ed. | Kyriazakis), pp. 299-331. CABI Publishing, Oxon, UK.

Moughan P, Kerr R and Smith W 1995. The role of simulation models in
the development of economically-optimal feeding regimens for the growing
pig. In Modelling growth in the pig (ed. PJ Moughan, MWA Verstegen
and MI Visser-Reyneveld), pp. 209-222. Wageningen Press, Wageningen,
The Netherlands.

Moughan P, Smith W and Pearson G 1987. Description and validation of a
model simulating growth in the pig (20-90kg liveweight). New Zealand
Journal of Agricultural Research 30, 481-489.

National Research Council (NRC) 1998. Nutrient requirements of swine, 10th
revised edition. National Academic Press, Washington, DC, USA.

Noblet J and Quiniou N 1999. Principaux facteurs de variation du besoin en
acides aminés du porc en croissance. Techni-Porc 22, 9-16.

Noblet J, Seve B and Jondreville C 2002. Valeurs nutritives pour les porcs. In
Tables de composition et de valeur nutritive des matiéres premiéres destinées

Modelling the variation in performance of a pig population

aux animaux d'élevage (ed. D Sauvant, J-M Perez and G Tran), pp. 25-35.
INRA Editions, Paris, France.

Pomar C, Kyriazakis I, Emmans GC and Knap PW 2003. Modeling stochasticity:
dealing with populations rather than individual pigs. Journal of Animal Science
81, E178-E186.

Quiniou N, Brossard L, Gaudre D, van Milgen J and Salaiin Y 2007. Optimum
économique du niveau en acides aminés dans les aliments pour porcs
charcutiers. Impact du contexte de prix des matiéres premiéres et de la
conduite d'élevage. Techni-Porc 30, 25-36.

Quiniou N, Hamelin E and Noblet J 2006. Le besoin en lysine digestible
relativement a I'énergie nette des porcs rationnés est-il plus élevé que celui
des porcs alimentés a volonté? Journées de la Recherche Porcine 38, 149-156.

Rivest J 2004. Epreuve 16. Performances des animaux en station. Rapport
final. Evaluation des verrats terminaux: Duroc et P76. Centre de développe-
ment du porc du Québec, inc., Sainte Foy, Canada, 44p.

Schinckel AP and de Lange CFM 1996. Characterization of growth parameters
needed as inputs for pig growth models. Journal of Animal Science 74,
2021-2036.

Schinckel A, Li N, Preckel PV, Einstein M and Miller D 2003. Development of a
stochastic pig compositional growth model. The Professional Animal Scientist
19, 255-260.

Schnute J 1981. A versatile growth model with statistically stable parameters.
Canadian Journal of Fisheries and Aquatic Sciences 38, 1128-1140.

Séve B 1994. Alimentation du porc en croissance: intégration des concepts de
protéine idéale, de digestibilité digestive des acides aminés et d'énergie nette.
INRA Productions Animales 7, 275-291.

Statistical Analysis Systems Institute 2000. SAS/STAT users guide, version 8.01.
SAS Institute, Cary, NC, USA.

Warnants N, Van Oeckel MJ and De Paepe M 2003. Response of growing pigs
to different levels of ileal standardised digestible lysine using diets balanced in
threonine, methionine and tryptophan. Livestock Production Science 82,
201-209.

Wellock 1J, Emmans GC and Kyriazakis | 2003. Modelling the effects of thermal
environment and dietary composition on pig performance: model logic and
concepts. Animal Science 77, 255-266.

Wellock IJ, Emmans GC and Kyriazakis | 2004. Modeling the effects of stressors
on the performance of populations of pigs. Journal of Animal Science 82,
2442-2450.

Whittemore C and Fawcett R 1976. Theoretical aspects of a flexible model to
simulate protein and lipid growth in pigs. Animal Production 22, 87-96.

1123



