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Due to the diversification of farming systems and climate change, farm animals are exposed to environ-
mental disturbances to which they respond differently depending on their robustness. Disturbances such
as heat stress or sanitary challenges (not always recorded, especially when they are of short duration and
low intensity) have a transitory impact on animals, resulting in changes in phenotypes of production
(feed intake, BW, etc.). The aim of this study was to evaluate the impact of such unknown disturbances
on the estimated genetic parameters and breeding values (BV) for production traits. A population of 6 120
individuals over five generations divided into eight batches of 10 pens was generated, each individual
underwent an ’100-day test period. A longitudinal phenotype mimicking piglet weight during the fat-
tening period was simulated for each individual in two situations: disturbed and non-disturbed. The dis-
turbed phenotype was modified according to the robustness of the animal and the intensity and duration
of the disturbance that the animal was subjected to. Various sets of simulations (1 000 replicates per set)
were considered depending on the type of disturbance (at the level of the batch, pen, or individual), the
genetic correlation (negative, neutral, or positive) between the two components of the robustness (resis-
tance and resilience), the genetic correlation (negative, neutral, or positive) between growth and the
components of robustness, and the heritability of the components of robustness (weak or moderate).
An animal model was used to estimate the genetic parameters and BV for two production traits: the
BW at 100 days of age (BW100) and average daily gain (ADG). The estimated heritability of the production
traits was lower in the disturbed situation compared to the non-disturbed one (reduction of 0.08 and 0.05
points respectively for BW100 and ADG). The correlations between estimated breeding values of the
observed phenotypes (EBV) and BV for production traits in absence of disturbance were lower in the dis-
turbed situation (reduction of 0.04 and 0.06 points for BW100 and ADG respectively) while the partial cor-
relation between EBV and BV for robustness was not significantly different from 0 in the two situations.
These results suggest that selection in a well-controlled environment with random disturbances of low
intensities does not allow to improve animal robustness while it is less effective for improving production
traits than selection under no environmental disturbances.
� 2022 The Author(s). Published by Elsevier B.V. on behalf of The Animal Consortium. This is an open

access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
Implications

The impact of low-intensity and random disturbances, encoun-
tered in nucleus farms, on estimated genetic parameters and
breeding values for production traits is unknown. This study
showed that, for production traits recorded at a given time, this
impact is noticeable but is not sufficient to concomitantly select
for animal robustness and production. To reach this last objective,
it would be interesting to study the dynamics of the phenotype
over time to decipher production from robustness, which is made
possible by the development of automatic devices in farms.
Introduction

Conventional animal breeding conditions are becoming more
diversified, in line with the reduction of pharmaceutical inputs,
diversification of feed resources, and reduction of energy costs of
livestock farms (Rauw and Gomez-Raya, 2015). All these measures
are due to societal and farmer demands (aims to improve animal
welfare and minimize costs). In addition, environmental conditions
are also subject to greater variability due to climate change (heat
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waves) and new regulations regarding rearing conditions (aboli-
tion of individual cages) (Star et al., 2008). These changes generate
a range of suboptimal production environments, to which animals
respond differently depending on their robustness (Knap, 2005).
This robustness can be described in terms of resistance and resili-
ence (Nguyen-Ba et al., 2020), which are respectively defined as
the ability of an animal to minimize the direct impact of the distur-
bance (de Goede et al., 2013) and its ability to quickly return to the
state before the disturbance (Colditz et al., 2016). When the distur-
bances that the animals are subject to are known and recorded
(temperature, disease, feed, farm management changes, etc.), it is
possible to take them into account in the genetic evaluation model
in order to obtain unbiased and accurate estimates of genetic
parameters and breeding values (BV) for the trait of interest
according to the environment. Conventional models that account
for genotype by environment interaction used in such cases are
the multiple-trait (Meyer, 2009) and the reaction norm models
(Kolmodin et al., 2002). When the disturbances are unknown, a
reaction norm model with unknown covariates has been proposed,
although it can suffer from identifiability issues (i.e. no unique
solution) (Shariati et al., 2009). The effect of unknown disturbances
is generally considered in the evaluation model by the inclusion of
a contemporary group effect (most often the herd-year-season
effect in ruminants (Van Vleck, 1987) and the pen-within-batch
effect in monogastric animals (Frey et al., 1997)). This model
assumes that all animals in the same contemporary group are
exposed to the same disturbances and that there is no genotype
by environment interaction (i.e. response to change in the environ-
ment is the same for all genotypes, meaning that all animals have
the same robustness) (Phocas et al., 2016). In nucleus farms where
animals are raised in a highly controlled environment, distur-
bances are expected to be of low magnitude. It is however unclear
what is the impact of these disturbances on the estimates of the
genetic parameters and BV in this situation especially when the
phenotypes of interest are measured at a given time point and thus
not necessarily recorded concomitantly with the exposure of dis-
turbances. The objective of this study was to evaluate the impact
of random low-intensity disturbances that animals can face during
a given period of time on genetic parameters’ estimates and esti-
mated breeding values of the observed phenotypes (EBV). Simula-
tions of the BW of fattening pigs was used to meet this objective.
Impact of disturbances on genetic evaluation for BW at 100 days
of age (BW100) and for average daily gain (ADG) over the fattening
period was evaluated.

Material and methods

The aim of the simulations was to reproduce the effects of dis-
turbances on pig’s growth that may occur in a pig production sys-
tem. They comprise the simulation of i) a simplified population of
non-overlapping generations reared in different pens and batches
ii) disturbances of different duration, intensity and starting date
during the fattening period that occur at the individual, pen or
batch level iii) the resistance and resilience (unobserved traits) of
each individual iv) the observed trait which is the daily BW of each
animal during the fattening period ignoring the effect of the distur-
bance (non-disturbed phenotype) and including the effect of the
disturbance (disturbed phenotype). In the latter case, the dynamic
of the phenotype over time is modified according to the distur-
bance’s intensity and duration; as well as the animal’s resistance
and resilience.

Population simulation

The simulated oversimplified pig population consisted of 5 non-
overlapping generations without selection. The founder generation
2

comprised 12 sires and 150 dams that were randomly mated to
give birth to 1 200 phenotyped offspring (8 offspring per dam, 4
males and 4 females). Among the progeny, 12 males and 150
females were sampled randomly to be the parents of the next gen-
eration. The same process was repeated from the first generation
(G1) to the last generation (G5). The final population without the
founders comprised N ¼ 6000 individuals. To mimic a pig produc-
tion system whereby animals are raised in small groups during the
fattening period; animals of G1 to G5 were, within each generation,
randomly distributed across batches and across pens within a
batch. Eight batches and 10 pens per batch were considered, lead-
ing to 15 individuals in each pen for each generation.

Disturbance simulation

Three different types of disturbances were simulated: batch dis-
turbances (all animals in the same batch are subjected to the same
disturbance), pen (all animals in the same pen are subjected to the
same disturbance), and individual (the disturbance acts on a single
animal). All batches were subject to a batch disturbance, while pen
disturbances and individual disturbances occurred in a certain pro-
portion of pens and animals. The pens and animals affected by
these disturbances were randomly sampled. Two proportions of
pen and individual disturbances were considered (20% and 40%).
They were chosen based on input from experts in the field
(Canario, personal communication). The intensity, starting point,
duration of a given disturbance were randomly sampled according
to the distributions provided in Table 1. The intensities were con-
sidered to be constant over time. A given batch could suffer from
one batch disturbance only (same for pen and individual level: a
given pen could suffer from one pen disturbance only. . .), but dis-
turbances at different levels were not exclusive. Thus, an animal
could be exposed throughout its life to one batch disturbance,
one pen disturbance, and one individual disturbance that can occur
at the same time.

Resistance and resilience simulation

The resistance ðresisiÞ and resilience ðresiliÞ of each animal
were considered on a [0,1] scale. The resistance corresponds to
the ability of an animal to minimize the direct impact of the distur-
bance on growth performance. A resistance value of 0 corresponds
to an absence of resistance, the direct impact of the disturbance
will be maximal. Conversely, a resistance value of 1 indicates an
animal insensible to disturbance, the perceived intensity will be
null and the disturbance will have no impact on growth. The resi-
lience corresponds to the ability to quickly return to the state
before the disturbance. A resilience value of 0 indicates absence
of resilience, the animal will remain in the state it was at the end
of the disturbance (i.e. constant difference with the value of the
phenotype it should have had if there had been no disturbance),
while a resilience value of 1 indicates strong resilience (the growth
of the animal will be maximal in order to quickly return to the BW
it should have had if there had been no disturbance). Resistance
and resilience were simulated, for each animal; i ¼ 1; � � � ;N, accord-
ing to the following model:

logitðresisiÞ ¼ xribr þ uri þ eri
logit resilið Þ ¼ xRibR þ uRi þ eRi ;

ð1Þ

where br and bR are the vectors of fixed effects (chosen arbitrarily,
see Table 1) affecting resistance and resilience (two levels for each),
xriandxRi the corresponding incidence row vectors, uri and uRi are
the resistance and resilience additive genetic effects (distribution
given later in the text), and eri and eRi are the residuals for
the resistance and resilience of animali, with joint distribu-



Table 1
Distribution of the random variables and the values of the parameters used in the
simulations of the BW of pigs.

Parameter/
variable

Description Distribution/value

enter agei Age in day when animal i enters the
test period

U 0;1; � � � ;7f gð Þ

lj Population mean for ywd at day j lj ¼ 15þ j

b Vector of fixed effects for ywd andyd ,
one fixed effect with three levels

b ¼ ½1;2;3�T

xij Vector linking the fixed effect to the
observed phenotype for animal i at day j

[1,0,0],[0,1,0] or
[0,0,1] randomly
sampled

br Vector of fixed effects for resistance,
one fixed effect with two levels

br ¼ ½1;�1�T

xri Vector linking the fixed effect to the
resistance for animal i

[0,1] or [1,0]
randomly sampled

bR Vector of fixed effects for resilience,
one fixed effect with two levels

bR ¼ ½1;�1�T

xRi Vector linking the fixed effect to the
resilience for animal i

[0,1] or [1,0]
randomly sampled

int Intensity of the disturbance at the
batch level

C 0:3;1ð Þ

Intensity of the disturbance at the pen
or individual level

Uð 0:1;2f gÞ

start Start time of a disturbance U 2;3; � � � ;100f gð Þ
dur Duration of a disturbance U 1;2; � � � ;25f gð Þ
r2
a0

Variance of the genetic regression
coefficient a0

4

r2
a1

Variance of the genetic regression
coefficient a1

2.4

r2
a2

Variance of the genetic regression
coefficient a2

0.8

ra0a1 Covariance between a0 and a1 0.62
ra0a2 Covariance between a0 and a2 �0.36
ra1a2 Covariance between a1 and a2 �0.28
r2
e;j

Residual variance at dayj,

r2
e;j ¼ 11u

0
jð Þ2 þ 8u1 jð Þ2 þ 0:6u2 jð Þ2

r2
ur þ r2

er Sum of genetic and residual variance of
resistance

1

r2
uR þ r2

eR
Sum of genetic and residual variance of
resilience

1

h2ADG Heritability of the average daily gain 0.29

h2 BW100
Heritability of the BW at 100 days 0.26

UðÞ: uniform distribution,CðÞ: gamma distribution.
Resistance and resilience were simulated, for each animal; i ¼ 1; � � � ;N, according to
equation [1]:

logitðresisiÞ ¼ xribr þ uri þ eri
logit resilið Þ ¼ xRi

bR þ uRi
þ eRi

The phenotype in the non-disturbed situation was simulated according to equation
[2]:
ywd;ij ¼ lj þ enter agei þ xijbþP2

k¼0ak;iuk ageij
� 	

þ eij
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tion er
eR

� �
Nð0; r2

er 0
0 r2

eR

� �
� INÞ, with IN the identity matrix of

sizeN, er ¼ ðeriÞi andeR ¼ ðeRiÞi, and � the Kronecker product. Note
that the resistance and the resilience in Equation [1] are considered
to be constant over time for each animal.
Simulation of longitudinal phenotypes

We considered that each animal i enters the fattening period at
an animal-specific age that ends at 100 days of age, thus leading to
a test period of length ni that varies from 93 to 100 days (the enter-
age is unique to each animal regardless of animal group, see
Table 1). During the fattening period, a longitudinal phenotype that
mimics the daily BW was simulated for each individual of genera-
tion G1 to G5 in the following two situations: without disturbance
vs disturbances possible, indexed with wd and d respectively. For
individual i ¼ 1; � � � ;N and day j (j 2 f1; � � � ;nigÞ, the respective lon-
3

gitudinal phenotypes are denoted ywd;i ¼ ðy
wd;ij

Þ
j¼1;���;ni

andyd;i ¼ ðy
d;ij
Þ
j¼1;���;ni

.

The phenotype in the non-disturbed situation was simulated by
a random regression model (Schaeffer, 2004) using second-order
orthogonal polynomials:

ywd;ij ¼ lj þ enter agei þ xijbþP2
k¼0ak;iuk ageij

� �þ eij; ð2Þ

where lj ¼ 15þ j represents the population mean at day j
(j 2 f1; � � � ;100gÞ that increased linearly with time. The entity
enter agei is the enter-age of animali. The vectorb ¼ ½b1b2b3�T , with
incidence row vectorxij, is the vector of fixed effects arbitrarily cho-
sen to reflect the effect of one cross-classified factor with three
levels (the daily social status of the animal for instance: aggressor,
victim and none). The level of the factor was randomly sampled for
each individual and each day j from a discrete uniform distribution
U½f1;2;3g� (i.e. if 2 is sampled then xij ¼ ½0;1;0]) (see Table 1). The
entity ageij denotes the age of animal i at dayj, that is to
say:ageij ¼ enter agei þ j. Functions uk are the Legendre orthogonal
polynomials of degree k (Robson, 1959) and the coefficients ak;i are
the random additive genetic coefficients for animali.

The joint distribution of the random coefficientsak ¼ ðak;iÞi,
appearing in Eq. (2) and of the random effects ur ¼ ðuriÞi and
uR ¼ ðuRiÞi of Eq. (1) was the following:

a0

a1

a2

ur

uR

2
666664

3
777775 N 0;G� Að Þ;with G ¼

r2
a0

ra0a1 ra0a2 ra0ur ra0uR

r2
a1

ra1a2 ra1ur ra1uR

r2
a2

ra2ur ra2uR

sym r2
ur ruruR

r2
uR

2
66666664

3
77777775
;

where A is the genetic relationship matrix. Residuals eij were inde-
pendent and had centered Gaussian distributions with variances at

day j equal to11u0 jð Þ2 þ 8u1 jð Þ2 þ 0:6u2 jð Þ2. Variances and covari-
ances of the symmetric G matrix and formula for the variance of
the residuals were chosen in order to obtain moderate heritabilities
of the undisturbed BW over time (from 0.20 to 0.35). A detailed
description of the parameters/distributions used in the simulation
program is provided in Table 1.

The BW in the disturbed situation was modeled by considering
the dynamic nature of the response to a perturbation using a
dynamic model. Let’s consider the following notations: y�wd;ij and
y�d;ij are the non-disturbed (wd = without disturbance) and the dis-
turbed BW of animal i at day j corrected for fixed effects (i.e.
y�wd;ij ¼ ywd;ij � xijb and y�d;ij ¼ yd;ij � xijb), Dd;ij ¼ y�d;ij � y�d;iðj�1Þ
andDwd;i ¼ y�wd;ij � y�wd;i j�1ð Þ, Kij is the number of disturbances that

animal i was subjected to on dayjðKij 2 s0;3tÞ, andintk,k ¼ 0; � � � ;Kij

are their intensitiesðint0 ¼ 0Þ,intij ¼
PKij

k¼0intk (i.e. the sum of the
intensities of the disturbances that animal i was subjected to on
day j). At the first time point, yd;i1 ¼ ywd;i1 for all animals. Then,
for j > 1; the disturbed phenotype is recursively defined as:

Dd;ij

Dwd;ij
¼ 1þ resili

y�wd;ij

y�wd;i1

1� y�d;i j�1ð Þ
y�wd;i j�1ð Þ

 !
� 1� resisið Þintij; ð3Þ

The right side of the Equation [3] can be split into two terms

Aij ¼ 1þ resili
y�
wd;ij

y�
wd;i1

1� y�
d;iðj�1Þ

y�
wd;iðj�1Þ

� �
and Bij ¼ 1� resisið Þintij that depict

the response of an animal that is subject to a disturbance. Specifi-
cally, Aij takes into consideration the effect of the resilience of ani-
mal i and Bij the effect of the resistance of animal i weighted by the
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total intensity of disturbances intij experienced by animal i at dayj.
Indeed, throughout the life of the animal, three situations can
arise:

1) Before the first disturbance occurs, yd;i j�1ð Þ ¼ ywd;i j�1ð Þ
andintij ¼ 0, thusAij ¼ 1; and Bij ¼ 0 so Dd;ij ¼ Dwd;ij and conse-
quently yd;ij ¼ ywd;ij:

2) Then, when the animal is subjected to disturbance(s); during
the disturbed periodintij > 0, thus Bij is greater than 0. The distur-
bance is hence considered to have a negative impact on the pheno-
type proportional to the intensity of the disturbance(s) that is
moderated by the resistance of the animal. At the same time, as
soon as the disturbed phenotype is lower than the undisturbed
one, a resilience mechanism is involved (Aij > 1) to also limit the
effect of the perturbation.

3) Once the disturbance(s) is/are over, only the resilience mech-
anism remains (Bij ¼ 0 andAij > 1) until the disturbed phenotype
reaches the non-disturbed one.

This model to account the effect of disturbances (Eq. (3)) was
inspired from the one proposed by Nguyen-Ba et al. (2020):
Dd;ij

Dwd;ij
¼ 1þ resilNGi 1� y�

d;i j�1ð Þ
y�
wd;i j�1ð Þ

� �
� resisNGi, where resilNGi and resisNGi

refer to the resistance and resilience, respectively, of animal i as
defined by Nguyen-Ba et al. (2020).

From the longitudinal non-disturbed and disturbed phenotypes,
we extracted two synthetic phenotypes that are measurable in
practice in all farms and that were considered of interest for selec-
tion: BW100 and ADG. The impacts of disturbances on genetic
parameter estimates and EBV were evaluated for these two syn-
thetic phenotypes of interest. In the non-disturbed situation, only
genetic effects affecting growth are involved in the observed phe-
notype while in the disturbed situation, the observed phenotype
may be the result of genetic effects for growth but also for the
resistance and resilience.

Sets of simulations

Various sets of simulations were considered. These different
alternatives were obtained by considering:

� Different proportions of pen and individual disturbances (only
pen disturbance, only individual disturbance, or both distur-
bance types),

� Different correlations (negative, neutral, or positive) between
the production traits and the two components of the robustness
(resistance and resilience),
Table 2
Description of the various alternatives of the simulation of the BW of pigs.

Item

Proportion of pen (PpenÞ and individual (PindÞ disturbances
Correlation q between phenotype of interest and resistance or resilience1

Neutral (q ¼ 0Þ
Positive ðq ’ 0:4Þ

Negative ðq ’ �0:4Þ
Correlation (q ¼ rur uR

rur ruR
) between resistance and resilience1

Heritability of resistance and resilience2

Abbreviations: a0 ; a1; a2 = genetic regression coefficients of the Legendre polynomials;
resistance (resis) and resilience (resil).

1 When the correlation between resistance and resilience is negative, the sign of the co
the correlation between the trait of interest and the resilience.

2 Heritability on the underlying scale

4

� Different correlations (negative, neutral, or positive) between
resistance and resilience,

� Different heritabilities for resistance and resilience (moderate
or low).

The various situations listed above are summarized in Table 2,
and they led to 54 different alternatives. For each alternative,
1 000 independent datasets were generated by Monte Carlo simu-
lations. For simplicity, in the rest of the document, the term ‘ro-
bustness’ will refer to resistance and resilience. Then, a positive
correlation between production and robustness means a positive
correlation between production and resistance and a positive cor-
relation between production and resilience. A moderate heritabil-
ity of robustness corresponds to situation with moderate
heritability for resistance and moderate heritability for resilience
and so on.
Statistical analysis

An animal model was applied for each synthetic phenotype of
interest in order to obtain the estimates of heritability and BV in
the absence or presence of disturbances:
yobs ¼ Xbobs þ Zuobs þ eobs where yobs is the vector of ADG or
BW100, bobs the vector of fixed effects with incidence matrixX,

uobs the genetic additive effects (uobs N 0;Ar2
uobs

� 	
) with incidence

matrixZ, and eobs the vector of independent residu-

alseobs N 0; Ir2
eobs

� 	
. Fixed effects included in the model were the

contemporary group effect (pen � batch interaction) for both traits
and the cross-classified factor with three levels used for the simu-
lation at the age of 100 days for BW100.

We then (i) compared the heritabilities obtained in the dis-
turbed and the non-disturbed situations, (ii) calculated the Pearson
correlations between BV for the production trait (BVp) and EBV;
the BVp corresponds to the true genetic potential of the animal
for growth in the absence of disturbances and it was computed,

for individuali ¼ 1; � � � ;N, as
P2

k¼0ak;iukð100Þ for BW100 andP2
k¼0ðak;iukð100Þ � ak;iukð1ÞÞ=99 for ADG, (iii) calculated the partial

correlation between EBV and BV for resistance given BVp and BV
for resilience and the partial correlation between EBV and BV for
resilience given BVp and BV for resistance, (iv) compared the per-
centage of animals in common among the best 10% of animals
(PB) based on their EBV or BVp and the PB based on their EBV
obtained in the disturbed or the non-disturbed situation. In addi-
tion, (v) considering that 10% of the population was used as the
Alternatives

Ppen ¼ 40%; Pind ¼ 0%Ppen ¼ 0%; Pind ¼ 40%Ppen ¼ 20%; Pind ¼ 20%

ra0ur ¼ 0;ra0uR ¼ 0;ra1ur ¼ 0;ra1uR ¼ 0;ra2ur ¼ 0;ra2uR ¼ 0
qa0ur ¼ 0:4;qa0uR ¼ 0:4;qa1ur

¼ 0:6;qa1uR ¼ 0:6;qa2ur ¼ �0:4;qa2uR ¼ �0:4

qa0ur ¼ �0:4;qa0uR ¼ �0:4;qa1ur
¼ �0:6;qa1uR ¼ �0:6;qa2ur ¼ 0:4;qa2uR

¼ 0:4
Neutral q ¼ 0
Positive q ¼ 0:4
Negative q ¼ �0:4

Moderate: h2
resis ¼ h2

resil ¼ 0:29

Low:h2
resis ¼ h2

resil ¼ 0:16

ur ;uR = breeding values for resistance and resilience; h2resis; h
2
resil = heritability of

rrelation between the trait of interest and the resistance is the inverse of the sign of
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parent of the next generation, for the G5 of each simulated data set
(G5) we compared the mean of the true BVp in the disturbed and
the non-disturbed case for the selected animals (i.e. the best 10%
of animals based on their EBV). One-sided paired Z-tests were used
at the a risk of 5% for the comparisons of criteria obtained in the
disturbed and the non-disturbed situation, and t-tests were used
to compare the average difference of the various criteria (without
disturbance-with disturbance) between the various simulated
alternatives.
Results

To illustrate the simulated response of animals to a disturbance,
the median BW over time of groups of animals undergoing three
different situations are depicted in Fig. 1: the group of animals
does not face disturbance, the group of animals undergoes a batch
disturbance of ‘moderate’ intensity (1.81) from day 20 to 35 and
the group of animals undergoes a batch disturbance of ‘weak’
intensity (0.52) from day 61 to 82. When there is a disturbance,
the maximal difference between the disturbed and the non-
disturbed phenotype was observed on the last day of the perturba-
tion (it was 27.54% on day 35 for the ‘moderate’ case and 6.37% on
day 82 for the ‘weak’ case). Once the perturbation was over, due to
Fig. 1. Illustration of the effect of disturbances on the growth curve of pigs. In black: me
animals undergoing a batch disturbance of ‘moderate’ intensity (1.81) from day 20 to day
disturbance of ‘low’ intensity (0.52) from day 61 to day 82 (red dotted lines).

5

the resilience of the animal, ADG was greater for disturbed animals
than ADG of undisturbed animals so that their BW could return to
their non-disturbed curve. At the population level, with the param-
eters used in this study to simulate phenotypes, on average, the
impact of the disturbance led to a reduction of the slope of the
curve by 40% during the disturbed period. Consequently, at the
end of the disturbed period, the value of the disturbed phenotype
was, on average, 90% of the non-disturbed one (increasing with the
age of the animal), which represents a moderate impact on the
phenotype. In all of the simulations sets, the correlation between
the disturbed and the non-disturbed phenotype was high for
ADG and BW100 (0.89 ± 0.01 and 0.81 ± 0.02, respectively).

All statistic criteria are presented in Table 3 for the disturbed
and the non-disturbed situations in order to understand the impact
of disturbances on the estimated genetic parameters and BV. The
estimated heritability obtained in the disturbed situation was sig-
nificantly lower than that obtained in the non-disturbed situation
for both traits. The average difference (without disturbance-with
disturbance) between heritabilities was0:08	 0:02, and
0:05	 0:02 for the BW100 and ADG, respectively. The Pearson cor-
relations between BVp and EBV were significantly weaker for the
disturbed phenotypes than for the non-disturbed ones for the
two phenotypes of interest: the average differences
dian BW of the population that is not disturbed. In blue: median BW of a group of
35 (blue dotted lines). In red: median BW of a group of animals undergoing a batch



Table 3
Impact of disturbances on estimated genetic parameters and breeding values for production traits in pigs.

Phenotype Criterion1 Without
disturbance2

With
disturbance2

P-value paired Z-test

BW100 h2 0.29 ± 0.03 0.21 ± 0.03 < 0.01
qEBV ;BVp

0.69 ± 0.02 0.65 ± 0.03 < 0.01

PBEBV ;BVp 0.47 ± 0.03 0.43 ± 0.03 0.02
lBVp 3.07 ± 1.09 2.87 ± 1.11 0.22
qEBV ;ur jBVp ;uR

0.00 ± 0.05 0.04 ± 0.06 0.28

qEBV ;uR jBVp ;ur
0.00 ± 0.05 0.04 ± 0.06 0.24

ADG h2 0.26 ± 0.03 0.21 ± 0.03 < 0.01
qEBV ;BVp

0.71 ± 0.03 0.65 ± 0.04 < 0.01

PBEBV ;BVp 0.46 ± 0.03 0.44 ± 0.04 0.15
lBVp 0.04 ± 0.01 0.04 ± 0.01 0.42
qEBV ;ur jBVp ;uR

0.00 ± 0.06 0.03 ± 0.07 0.20

qEBV ;uR jBVp ;ur
0.00 ± 0.06 0.03 ± 0.07 0.19

Abbreviations: BW100 = weight at 100 days of age; ADG = average daily gain.
1 h2

; qEBV ;BVp
,PBEBV ;BVp ,lBVp , qEBV ;ur jBVp ;uR

and qEBV ;uR jBVp ;ur
are the heritability, the Pearson correlations between the simulated breeding values (BV) for the production trait

(BVp) and the estimated breeding values of the observed phenotypes (EBV), the percentage of animals in common among the best 10% of animals based on their EBV or BVp,
the mean of the simulated BVp for the best 10% of animals of the last generation of the phenotypes of interest, the partial correlation between EBV and the simulated BV for
resistance given BVp and the simulated BV for resilience, and the partial correlation between EBV and the simulated BV for resilience given BVp and the simulated BV for
resistance.

2 m ± sd calculated on all simulation sets
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being0:04	 0:01, and 0:07	 0:02 for the BW100 and ADG, respec-
tively. The partial correlation between EBV and BV for resistance
or BV for resilience did not differ significantly between disturbed
and non-disturbed situations for either traits. The PB based on their
EBV or BVp was significantly higher in the non-disturbed situation
compared to the disturbed one for the BW100, the difference being
0:04	 0:02. For both traits, we did not observe any significant dif-
ferences between the disturbed and the non-disturbed situation
for the mean BVp of the animals selected in the G5 based on their
EBV. The PB based on their EBV between the non-disturbed and the
disturbed situation were 0.73, and 0:81 for the BW100 and ADG,
respectively, and were significantly lower than one.

The impact of the disturbance on the estimated heritability and
the EBV varied according to the correlation between robustness
and production (Table 4). The decreases in heritability, correlations
between EBV and BVp, and the PB based on EBV or BVp between the
non-disturbed and the disturbed situation were significantly
higher when the genetic correlation between robustness and pro-
duction was negative compared to when it was positive for both
Table 4
Average difference between the non-disturbed and the disturbed situation for the various

Correlation b

Criterion1 Phenotype Negative

h2 BW100 0.09 ± 0.01 a

ADG 0.06 ± 0.00 a

qEBV ;BVp
BW100 0.04 ± 0.00 a

ADG 0.07 ± 0.00 a

PBEBV ;BVp BW100 0.05 ± 0.01 a

ADG 0.03 ± 0.00 a

lBVp BW100 0.20 ± 0.04 a

ADG 0.00 ± 0.00 a

qEBV ;ur jBVp ;uR
BW100 �0.01 ± 0.01
ADG �0.02 ± 0.01

qEBV ;uR jBVp ;ur
BW100 �0.02 ± 0.01
ADG �0.02 ± 0.01

Abbreviations: BW100 = weight at 100 days of age; ADG = average daily gain.
1h2

; qEBV ;BVp
,PBEBV ;BVp ,lBVp , qEBV ;ur jBVp ;uR

and qEBV ;uR jBVp ;ur
are the heritability, the Pearson

(BVp) and the estimated breeding values of the observed phenotypes (EBV), the percenta
the mean of the simulated BVp for the best 10% of animals of the last generation of the p
resistance given BVp and the simulated BV for resilience, and the partial correlation bet
resistance.
m ± sd of the average of the sets concerned, sets with a negative correlation between res
a,b Values within a row with different superscripts differ significantly at P < 0.05.
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traits. More specifically, the heritability in the disturbed case was
lower in the case of a negative correlation between robustness
and production (0.19 and 0.20, for BW100 and ADG respectively)
compared to the positive case (0.22 and 0.23, for BW100 and ADG
respectively). The same trend was observed for the correlation
between the BVp and EBV (0.65 and 0.64 in the negative case,
and 0.67 and 0.66 in the positive case, for BW100 and ADG respec-
tively), and the PB based on their BVp or EBV (0.43 and 0.43 in the
negative case, and 0.44 and 0.45 in the positive case, for BW100 and
ADG respectively). The partial correlation between EBV and BV for
resistance or BV for resilience tended to increase with the correla-
tion between robustness and production in the disturbed situation
for BW100 (by 4 points between the positive and negative correla-
tion). No significant differences in the change in the mean BVp of
animals selected in the G5 between the disturbed and the non-
disturbed situation were observed depending on the correlation
between robustness and production for both traits.

The changes in the different criteria depending on the correla-
tion between resistance and resilience, the type of disturbances,
criteria according to the correlation between robustness and production of pigs.

etween robustness and production

Neutral Positive

0.08 ± 0.01 ab 0.07 ± 0.01b

0.05 ± 0.00b 0.03 ± 0.00c

0.03 ± 0.00b 0.02 ± 0.00c

0.06 ± 0.00 ab 0.05 ± 0.00b

0.04 ± 0.00 ab 0.03 ± 0.00b

0.02 ± 0.00 ab 0.01 ± 0.00b

0.17 ± 0.04 a 0.14 ± 0.04 a

0.00 ± 0.00 a 0.00 ± 0.00 a

a �0.04 ± 0.01b �0.05 ± 0.01b

a �0.03 ± 0.01 a �0.02 ± 0.01 a

a �0.04 ± 0.01b �0.06 ± 0.01b

a �0.03 ± 0.01 a �0.02 ± 0.01 a

correlations between the simulated breeding values (BV) for the production trait
ge of animals in common among the best 10% of animals based on their EBV or BVp,
henotypes of interest, the partial correlation between EBV and the simulated BV for
ween EBV and the simulated BV for resilience given BVp and the simulated BV for

istance and resilience were not taken into account for these comparisons.
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and the heritability of robustness are presented in the Supplemen-
tary Materials (Table S1, S2, and S3). For both traits, we did not
observe any significant differences or trend in the impact of distur-
bance for the various criteria depending on these sets of
parameters.

Discussion

To model the effect of a disturbance on a longitudinal pheno-
type, the dynamic model used (Eq. (3)) was inspired from the
one proposed by Nguyen-Ba et al. (2020). Both models consider
that when a disturbance occurs, it will trigger both the mechanism
of resistance and resilience of the animal at the same time. Once
there is no longer a disturbance, as long as the ratio between the
observed and theoretical curve is smaller than 1, the resilience of
the animal will always have an impact on the evolution of the phe-
notype. It should be noted that both models assume that the neg-
ative impact of the disturbance on the phenotype induces a
decrease in the value of the phenotype. The model proposed by
Nguyen-Ba et al. (2020) is limited in its number of parameters to
estimate to prevent identifiability issues. Since the purpose of
our model is to simulate data, additional parameters were
included, thereby leading to more flexibility. The resistance and
resilience of an animal have been used in the present study on a
0–1 scale and included in the model such that the higher the resis-
tance or resilience, the lower the negative response to the pertur-

bation. In Eq. (3), the resilience of the animal was multiplied by
y�
wd;ij

y�
wd;i1

to account for the change in the mean value of the phenotype over
time. Indeed, at constant resilience, the capacity of an animal to
reach the state before the manifestation of the disturbance is not
the same at the beginning as at the end of the test period. It is
widely known for example that, it will be harder for a pig to gain
1 kg of weight at the beginning than at the end of the test period.
Furthermore, our model considers that the resistance mechanism
involved in the response to a perturbation can vary when a distur-
bance occurs, as it is a time-specific function of both the intrinsic
resistance potential of the animal and the intensity of the pertur-
bation, while the resistance mechanism is supposed to be constant
during the time window in which the perturbation occurs in the
model proposed by Nguyen-Ba et al. (2020). In our model, the
value of the resistance and resilience were considered as stable
throughout the life of the animal since the duration of the test per-
iod of each animal is relatively short (
100 days). Nevertheless, the
model can be expanded to account for varying resistance and resi-
lience that may be dependent on the animal’s age or experience.
Indeed, the resistance (or resilience) of the animal may decrease
over time due to exhaustion if it is subject to repeated distur-
bances, or conversely, in the case of disease responses, it may
increase through the development of acquired immunity. We mod-
eled the robustness by the combination of resistance and resilience
in order to depict the response of the animal for a given phenotype
over a short period of time. However, robustness is a complex con-
cept and several other definitions have been proposed in the liter-
ature. For example, Friggens et al. (2017) defined the robustness of
an animal by ‘the ability, in the face of environmental constraints, to
carry on doing the various things that the animal needs to do to favour
its future ability to reproduce’. Using this framework, modeling the
robustness should consider multiple phenotypes throughout the
life of the animal.

In our study, the ADG and BW100 were extracted from longitu-
dinal BW for each individual. This choice was guided by the main
(non-longitudinal) phenotypes under selection encountered in
breeding (Martin et al., 2014; Tortereau et al., 2020). Nonetheless,
the results obtained are certainly applicable to any other pheno-
types measured at a given time point, as long as, following a distur-
7

bance (whatever the impact of the disturbance on the trait,
decrease or increase), the animal can eventually recover its original
trajectory. Even if the results were obtained in an oversimplified
pig system, it is unlikely that the results would have been different
when considering a more complex system (overlapping breeding
scheme) since the perturbations essentially add noises to the phe-
notype measurement.

We have simulated three different types of disturbances that
mimic those that can occur in practice. Disturbances at the batch
level comprise, for example, a change in temperature, feeding
regime, or group prophylaxis. The problem of cannibalism and
moderately contagious lameness can be considered to affect close
conspecifics and thus occurring at the pen level. Finally, metabolic
and non-contagious lameness should affect single individuals. In
all three sets of disturbance types, 100% of the batches were sub-
jected to batch disturbance but with an intensity that can be very
low. Indeed, it is reasonable to consider that the overall environ-
mental conditions of an animal cannot be optimal during the entire
test period (i.e. the temperature can change, the caretakers inter-
vene, etc.).

Different correlations between resistance (resilience) and pro-
duction were investigated in the present study to cover the various
possibilities that can occur. Indeed, there has been no consensus to
date regarding the genetic relationship between these traits. For
instance, Friggens et al. (2017) have deduced from the resource
allocation theory that the correlation between the components of
robustness and production should be negative. However, several
experiments have shown that it is not always true. The relationship
between production and response of the animal to disturbance has
been reported in studies evaluating the response of animals to san-
itary challenges. By working on the response of pigs to porcine
reproductive and respiratory syndrome, Hess et al. (2016) have
demonstrated a negative correlation between growth and viremia
level (which implies a favorable relationship between production
and robustness). Whereas Heckendorn et al. (2017) have demon-
strated the opposite by working on the resistance of goats to gas-
trointestinal nematodes. There is also no consensus regarding the
heritability of measurements related to the robustness: Hess
et al. (2016) showed a moderately high heritability for the viral
load (between 0.31 and 0.51) by working on pigs’ response to por-
cine reproductive and respiratory syndrome, while Mazé-Guilmo
et al. (2014) demonstrated that the heritability for resistance (or
tolerance) should be low (between 0.18 and 0.19) by working on
Leuciscus burdigalensis (a freshwater fish) parasitized by Trache-
liastes polycolpus.

The simulated disturbances were of low intensities in order to
evaluate the practical impact of disturbances on actual selection.
The results obtained show that, between the disturbed and non-
disturbed case, there is a significant difference in the heritability,
EBV, and in the selected candidates. The impact of the disturbance
on the selection of a production trait is exacerbated in the case of a
negative correlation between robustness and production compared
to the positive case due to a higher reranking of animals (produc-
tion of the best animals is more affected by a disturbance than the
worst animals). Inclusion of a contemporary group effect in the
model that corrects for common environmental factors in a group
is not sufficient to account for disturbances that occur at the group
(batch or pen) level (i.e. there was no difference between the type
of perturbation sets on the various criteria) because, since this
effect only corrects for the deviation of the mean performance of
the group, it does not take into account the variability in the
response of the animals to a disturbance due to their variable
robustness. Thus, even in a well-controlled environment as
observed in conventional breeding program, the selection for pro-
duction traits can be impacted by disturbances. Considering that
the EBV in such a situation corresponds to a combination of the
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robustness and production, the breeders could then select for these
two terms in the same time. However, this study showed that the
EBV in the disturbed situation is not a satisfactory combination of
production and robustness: the partial correlation between the
EBV and the simulated BV of resistance (and resilience) did not dif-
fer from the non-disturbed and disturbed case. In addition, these
values were not significantly different from zero. Therefore, we
do not select animals for production potential and robustness at
the same time in that case. The reason for this is probably because
the animals are subjected to random disturbances of small magni-
tude and that may appear long before the measurement of the phe-
notype. Additional simulations, to be presented elsewhere, have
been carried out to confirm these hypotheses. Because animals
raised in production herds are in less controlled and more various
environments (lower-quality feed sources, higher sanitary pres-
sure, older facilities, conventional and organic herds, etc.) com-
pared to nucleus herd, it is important to select animals that will
be able to adapt to these conditions, which implies an improve-
ment of robustness while maintaining a high level of production.
Thus, production and robustness have to be included in the breed-
ing goal. Given our results, to simultaneously improve production
and robustness, one should create stronger disturbed environment
common to all animals in nucleus herds. However, this may not be
ethically acceptable and too expensive for the breeders (Loïc
Flatres-Grall, AXIOM company, personal communication). Thus, a
more desirable alternative is to obtain separate EBV for growth
and robustness. In order to do so, dealing with longitudinal data
now available thanks to the development of electronic phenotyp-
ing tools should be useful. Such approach has already been inves-
tigated by several authors. For instance, Revilla et al. (2021)
proposed to quantify the robustness of the animals by the devia-
tion from the observed and theoretical curve of growth of piglets.
However, reconstruction of the theoretical production curve is dif-
ficult when the time of the perturbation is unknown and further
research is needed.
Conclusion

The results of this study show that random weak disturbances,
typically encountered in a breeding farm, have an impact on the
estimates of the genetic parameters and BV for production traits
and on selection. However, conversely to expected, the EBV
obtained in such situation do not correspond to a combination of
production and robustness abilities that would be interesting to
select. Thus, to select accordingly to a predefined breeding goal
for production and robustness, it would be interesting to separate
these two components by studying the dynamic of the phenotype
over time instead of measuring the trait at a given time point. This
subject is currently undergoing further research.
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