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Opportunities to Improve Resilience
In Animal Breeding Programs

Tom V. L. Berghof *, Marieke Poppe and Han A. Mulder

Wageningen University & Research Animal Breeding and Genaes, Wageningen, Netherlands

Resilience is the capacity of an animal to be minimally affeed by disturbances or
to rapidly return to the state pertained before exposure to aisturbance. However,
indicators for general resilience to environmental distbances have not yet been de ned,
and perhaps therefore resilience is not yet included in bretng goals. The current
developments on big data collection give opportunities to dtermine new resilience
indicators based on longitudinal data, which can aid to incporate resilience in animal
breeding goals. The objectives of this paper were: (1) to da@e resilience indicator traits
based on big data, (2) to de ne economic values for resilieng, and (3) to show the
potential to improve resilience of livestock through inckion of resilience in breeding
goals. Resilience might be measured based on deviations fro expected production
levels over a period of time. Suitable resilience indicatercould be the variance of
deviations, the autocorrelation of deviations, the skewrss of deviations, and the slope
of a reaction norm. These (new) resilience indicators pralé opportunity to include
resilience in breeding programs. Economic values of reglice indicators in the selection
index can be calculated based on reduced costs due to labor ad treatments. For
example, when labor time is restricted, the economic value foresilience increases with
an increasing number of animals per farm, and can become as tge as the economic
value of production. This shows the importance of includingesilience in breeding goals.
Two scenarios were described to show the additional benet & including resilience
in breeding programs. These examples showed that it is hardot improve resilience
with only production traits in the selection index, but thatit is possible to greatly
improve resilience by including resilience indicators irhé selection index. However,
when health-related traits are already present in the seléion index, the effect is smaller.
Nevertheless, inclusion of resilience indicators in the &ction index increases the
response in the breeding goal and resilience, which resulté less labor-demanding,
and thus easier-to-manage livestock. Current developmeist on massive collection of
data, and new phenotypes based on these data, offer excitin@pportunities to breed for
improved resilience of livestock.

Keywords: resilience, livestock, breeding program, micro-e nvironment, macro-environment, economic value, big

data, longitudinal data
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INTRODUCTION methods Mulder et al., 2019athe estimated genetic correlation
between them was high (0.76 with $E0.10; Mulder et al.,
Modern livestock production is characterized by intensiio&t,  2013. This indicates that, even though disturbances have e ects
i.e., a higher number of animals per farm. To achieve suaglession a dierent scale, resilience to these disturbances have a
intensi cation of livestock production, without negativeeets  common genetic background and will respond to selection
on animals, farmers and farms, certain requirements nedueto for increased resilience in a similar direction. Neveréssl,
met. One of these requirements for intensi cation of livest  from a practical point of view, resilience to occasional macro
production is the capability of the farmer to take care of aéarg environmental disturbances, such as disease outbreakseatd h
number of animals. This requires healthy and easy-to-managyaves, are less frequent and therefore of lesser importance,
animals that need little/less attention timEIgersma et al., at least in most farms in temperate climates. Thus easy-to-
2019. Resilient animals are animals that need little/less @ittlen  manage livestock is livestock with increased resiliencdatp-
time: ianeaSing resilience is therefore desired. Improsmm)f to_day micro-environmental disturbances within the macro-
resilience can be realized by di erent strategies. Oneeffats  environment (i.e., a farm), but also with increased resiteio
to increase resilience by genetic selection in breedingrarog.  macro-environmental disturbances.
The advantage of genetic selection, in contrast to manageme  Resilience indicators are not yet included in selectiondedi
improvements, is that it is cumulative and a ects all subsedue as far as we know, despite their clear relevance for healthy and
generations of livestock. easy-to-manage livestock (and also production uniformityl an
We de ne resilience as “the capacity of the animal toproduction e ciency). This is likely due to ignorance on how
be minimally aected by disturbances or to rapidly return to de ne, measure and weight resilience indicators and rthei
to the state pertained before exposure to a disturbancesconomic values, and due to the belief that current headtated
(adjusted from Colditz and Hine, 201 Several de nitions trajts in selection indices (e.g., longevity, mortalityowth)
of resilience (e.g.Colditz and Hine, 201 and resilience- cover resilience, at least mostly (egnap, 200% Although
associated concepts have been discussed in literaturestr®®s, syggestions for measuring environmental sensitivitnap,
tolerance, resistance, GxE interaction, genetic hetergigeof 2009} (i.e., resilience) and determining its economic valueehav
environmental variance, plasticity, environmental sewsjt, peen proposedKnap, 2003 proper data collection and data
canalization, (developmental) stability, and residualhiit  processing tools were considered to be major challenges for
individual phenotypic variation (e.gHlolling, 1973; Debat and jmplementation Knap, 2009h However, recent technological
David, 2001; De Jong and Bijma, 2002; Flatt, 2005; Knap, 20@fsvelopments allow collection of big/longitudinal data and
Mulder et al., 2007, 2013; Bishop, 2012; Westneat et al., 20Hearivation of new phenotypes from it\ulder, 201}. These
Colditz and Hine, 2016; Marjanovic et al., 2018e have developments will only continue to expand and will become more
summarized these de nitions and concepts Box 1, but it jmportant in the future. New ideas to explore and exploit big
is beyond the scope of this paper to discuss di erences angata and new phenotypes are required. Also, health-relatétd tra
similarities between these. do not necessarily re ect general resilience, but mainlptese
Disturbances can be of dierent nature, being eitherresistance to diseases (i.e., disease resilighdéer and Rashidi
physical (e.g., disease, temperature stress) or psychdl@@a (2017) In addition, breeding value estimation for disease-relate
novel environment, social stressor, human interactionge(s traits is limited to only a few diseases, if any. Thus therensde
Colditz and Hine, 2016or a review). “General” resilience is pe additional bene t for including general resilience indiors in
therefore a composite trait, consisting of di erent resileen selection indices.
types depending on the nature of the disturbanceoifitz The objectives of this paper were therefore:
and Hine, 2016; Elgersma et al., 2p1®isturbances can 1. to de ne resilience indicator traits based on big/longiinal
be categorized as “macro-environmental factors” or “micro  data,
environmental factors” kalconer and Mackay, 1996; Mulder 2. to de ne economic values for resilience indicators based
et al.,, 201R Macro-environmental factors are characteristics labor and treatment costs, and
of an environment and thus aect the (majority of the) 3. to show the potential to improve resilience of livestock
whole population within that macro-environment (e.g., disea through inclusion of resilience in breeding goals.
ressure, ambien mperature). netic variation in th . L .
Eegrs)zlrj]si toath:see ;na'l[srof)een\?it;:r)nerizl fztc(t;orsa::aarl]t kc))e emietsgr he paper addresses th(_e described objectives sequen_ndlly_an
as the genetic variance of the slope of a reaction norm ové ds with overall conglusmns, and therefore the paper di ers i
di erent environments or di erent quantities of a disturbaec lts setup from conventional research papers.
q
(Mulder et al., 201 Micro-environmental factors occur within
a macro-environment, and thus a ect only a minority of the DEFINING RESILIENCE INDICATORS
whole population within that macro-environment (e.g., dises,
social interactions). Genetic di erences in response to mcr Resilience has been a popular concept in a broad range of
environmental factors can be expressed as genetic variancescienti ¢ disciplines in the last two decades (eSrhe er et al.,
the size of environmental variancil(lder et al., 2013 Despite  2015; Ge et al., 20).6However, de ning resilience indicators
the fact that macro- and micro-environmental sensitivitiefer has been proven to be di cult, and di erent options have been
to dierent concepts and are best investigated with di erentproposed, which suggests that the “right” resilience indicat
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BOX 1 | De nitions of resilience and resilience-associated concepts discus sed in literature (quoted). Note that this box does not serve as a critic al re ection
of literature, but as an overview for interpretation of different conc epts.

Resilience : the capacity of the animal to be minimally affected by disttbances or to rapidly return to the state pertained before gxosure to a disturbance (adjusted
from Colditz and Hine, 201§ this paper).

Robustness : animals that combine high production potential with resiénce to external stressors, allowing for unproblematic gession of high production potential
in a wide variety of environmental conditions (adjusted fro Knap, 2005).

Tolerance : the net impact on performance of a given level of disturbare (adjusted fromBishop, 2012).
Resistance : the ability of the host animal to exert control over the distrbance (adjusted fromBishop, 2012).

GXE interaction : the best genotype in one environment may not be the best geniype in another environment and those genotypes differ in #ir response to
environmental factors /ulder et al., 2013).

Environmental sensitivity : loss of exibility to deal with intensive or limiting condibns, due to unbalanced resource allocation{nap, 2005).

Heritable variation in environmental variance or inherited variability : the variability of trait values of a genotype, measured é&ier repeatedly on the same
individual, or on multiple individuals belonging to the saenfamily (arjanovic et al., 2019§.

(Phenotypic) plasticity : the ability of an organism to alter its physiology, morphoby or development in response to changes in its environmer(Debat and David,
2001).

Macro-environmental sensitivity:  the property of the organisms of a genotype to develop systematically different phenotypes in different environment® norm
of reaction Oebat and David, 2007).

(Genetic) canalization : similarity of the expression of the phenotypic character nder different conditions of development; the process by with phenotypic
variation is reduced by developmental mechanisms or a gengpe's phenotype remains relatively invariant when indivigls of the same single- or multilocus genotype
differ in their genetic background; a particular kind of eptasis Oebat and David, 2001; Flatt, 2009.

(Developmental) stability : the ability of a system to return to an equilibrium state aér a temporary disturbance (olling, 1973).

Residual within-individual phenotypic variation : amount of within-individual variance not explained in a szi ¢ statistical model (i.e., the average squared
deviations of observations from an individual's reactionarm), averaged over a sample of individual$/{estneat et al., 2015.

has yet to be de ned. Recent technological developments giwxperiencing a disturbance eat and produce less than (i.e.,
new opportunities to explore alternative resilience indicato they deviate from) their potential without a disturbance (e.g
based on longitudinal dataMulder, 201}). Here we propose Van der Waalij et al., 2000 However, a deviation between
resilience indicators, which exploit the availability of mya observed production mean and estimated potential (as proposed
repeated observations per individual or per (sire-)famile.(i. by Colditz and Hine, 201pdoes not necessarily fully cover the
big data). We will also describe some of the conditions thesee nition of resilience: resilient animals might have a sevgrop
resilience indicators will have to ful Il in order to be infmative, in production, but might also have the capacity to rapidly return

and their potential weaknesses. to the state pertained before exposure to a disturbance compared
to less resilient animals. Deviations over a period of time (f
Resilience Indicators at least the length of the disturbance) likely re ect resitien

Measuring general resilience is dicult. Many studies havebetter. Thus, resilience might be measured based on denati
focused on one particular type of resilience (especiall?f expected production and observed production (i.e., redgjua
disease resilience) and have used experimental set-ups Q¥er & period of time.
identify underlying physiological mechanisms. Howevegsté Many potential resilience indicator traits have been dedwai
mechanisms strongly depend on the nature of the disturbanc&imed at predicting changes in states of ecosystems (see
are often chosen based on the interest of the study, ané@ble 1 ofScheer et al., 2015or an elaborate overview).
might characterize a phenotype that is (too) dependent offowever, many of these resilience indicators are dicult to
the investigated disturbanceC¢lditz and Hine, 2016 Even apply to livestock species or genetic improvement of livestock,
though these studies can provide useful information andghts ~ because the resilience indicators are not suitable in thogs
in physiology, results may not be representative of generfroduction data (e.g., spatial correlation, spectral reddghi
resilience. Furthermore, typically these challenge envitents  In addition, a large number of investigated resilience oadors
deviate from commercial environments and might thereforeare alike, because they use the data in a similar way, ie., th
be less representative due to GXE interactions. Insteadst haumber of unique indicators is limited. However, we do see
been proposed to measursummary characteristics of responsepportunities for some of them. In this paper, we elaborated
variable$ (quoted from Colditz and Hine, 2016 as general on four resilience indicators, for which we propose they show
resilience indicatorsinap, 2009b; Doeschl-Wilson et al., 2012;a dierent perspective of resilience [see alSahe er et al.
Colditz and Hine, 2016; Elgersma et al., 2018 (2018]. Suitable resilience indicators based on a single trait
Colditz and Hine (2016proposed a diverse set gfitmmary (e.g., production, feed intake) in animal production might be
characteristics of response varidbtesmeasure resilience to varianceof deviationsautocorrelatiorof deviations skewnessf
a disturbance, including typical production traits like feeddeviations of production traits over a period of time, and the
intake, growth rate, and other production variables. Indivals ~ slopeof a reaction norm (se@able 1). We assume that in general
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TABLE 1 | Overview of possible resilience indicators based on big/lgitudinal data per animal with description, interpretatio and remarks.

Indicators Description Interpretation Remarks
Varianceof Indication of the impact Low(er) variance for animals without disturbances or not Does not discriminate between negative and positive
deviations of disturbances in uenced by disturbances; deviations;
High(er) variance for animals in uenced by disturbances; Also known as uniformity, inherited variability, residual
Captures the severity and duration (i.e., rate of recovery) variance, or environmental variance.
of environmental perturbations an individual experiences
(Lag-one) Indication of the length An autocorrelation around O (i.e., subsequent deviations Does not discriminate between negative and positive

Autocorrelation
of deviations

Skewnessof
deviations

Slope of a
reaction norm

of the impact of
disturbances

Indication of the
direction of
disturbances

Indication of resilience
toward a
macro-environmental
disturbance

are unrelated) for animals without disturbances, not

in uenced by disturbances, or with a fast recovery from
disturbances;

An autocorrelation towardC1 (i.e., subsequent
deviations/observations are more alike) for animals

in uenced by disturbances and with slow(er) recovery
from disturbances;

An autocorrelation toward 1 (i.e., subsequent
deviations are opposite) for animals in uenced by
disturbances and a fast and over-compensating
response to disturbances, e.g., Compensatory growth;
Captures the duration (i.e., rate of recovery) of
environmental perturbations an individual experiences.

A skewness around 0 for animals without disturbances

or not in uenced by disturbances;

A positive skewness for animals having (mainly) positive
deviations due to positive responses to environmental
improvements;

A negative skewness for animals having (mainly) negative
deviations due to disturbances;

Captures the severity of environmental perturbations an
individual experiences.

A slope of 0 for animals not in uenced by the
disturbance;

A slope below 0 for animals in uenced by the
disturbance with steeper, negative slopes for animals
more in uenced;

Captures the severity of a macro-environmental
perturbations an individual experiences.

deviations;
Does not give an indication of the impact of deviations.

Might be more sensitive to outliers.

Detection of disturbance can only be done on farm level;
Each disturbance has its own slope, i.e., multiple slopes
per individual are possible;

Disentanglement of two disturbances simultaneously is
not possible;

Micro-environmental disturbances are not captured by
the slope of a reaction norm, i.e., no general resilience
indication.

We assume that in general negative deviations are more observed fasks resilient animals, but this might be opposite depending on the observed ttai

negative deviations are mostly observed for less resdieintals,
but this might be opposite depending on the trait, e.g., body
temperature.

Varianceof deviations (also known as uniformity, inherited
variability, residual variance, or genetic heterogeneify
environmental variance (sééll and Mulder, 2010; Elgersma
et al.,, 2018for overviews) gives an indication of the
impact of disturbances with: low(er) variance for animals
without disturbances or not in uenced by disturbances; and
high(er) variance for animals in uenced by disturbances.
We hypothesize that the variance of deviations captures the
severity and duration (i.e., rate of recovery) of enviromtag
perturbations an individual experiences. The contribution
of severity and duration cannot be disentangled within this
resilience indicator.

(Lag-one)autocorrelationof deviations gives an indication
of the length of the impact of disturbances with: an
autocorrelation around 0 (i.e., subsequent deviations are
unrelated) for animals without disturbances, not in uertte
by disturbances, or with a fast recovery from disturbances;

an autocorrelation toward 1 (i.e., subsequent deviations are
more alike) for animals in uenced by disturbances and with
slow(er) recovery from disturbances; and an autocorretatio
toward 1 (i.e., subsequent deviations are opposite) for
animals inuenced by disturbances and a fast and over-
compensating response to disturbances, e.g., compensatory
growth. We hypothesize that the autocorrelation of deviasio
captures the duration (i.e., rate of recovery) of environma¢n
perturbations an individual experiences.

Skewnesef deviations gives an indication of the direction
of deviations with: a skewness around 0 for animals without
disturbances or not inuenced by disturbances; a positive
skewness for animals having (mainly) positive deviations due
to positive responses to environmental improvements; and
a negative skewness for animals having (mainly) negative
deviations due to disturbances. We hypothesize that the
skewness of deviations captures the severity of environahent
perturbations an individual experiences.

Slope of a reaction norm gives an indication of
resilience toward a macro-environmental disturbance
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(Finlay and Wilkinson, 1963 e.g., disease pressutée(rero-  that cause a decline in farm performance, such as heat stress
Medrano et al., 200)%r a heat waveRavagnolo and Misztal, or a disease outbreak (in case of e.g., heat stress). Thereby
2000. The slope of a reaction norm is estimated basedhe slope provides only information on macro-environmental
on the production of an individual given the level of a disturbances. This is in contrast to the other three proposed
disturbance with: a slope of 0 for animals not in uenced byresilience indicators based on deviations Tiable 1, that can
the disturbance, and a slope below O for animals in uencede used for epidemic (at the farm level) and endemic events
by the disturbance with steeper, negative slopes for animafat the individual level). Therefore, these indicators pdev
that are in uenced more. We hypothesize that the slope of anformation for estimation of breeding values on all types of
reaction norm captures the severity of a macro-environmentadisturbances and thus general resilience. But perhaps trst"“be
perturbations an individual experiences. resilience indicator is yet to be de ned based on a comborati
of the di erent resilience indicators: a multivariate apprbaaf
resilience, for example based on cross-correlations oneaees

ich both capture the relation(s) between di erent resilienc
indicators based on di erent phenotypes (e.gade and Gross,

Thus, less resilient animals are expected to have a largancar
a positive autocorrelation, a negative skewness, and a stee
slope than the population average, assuming that the distudan
is reducing thg trait vglue. Resilient animals are expectfkrdim 2012: Sche er et al., 2015: Gijzel et al., 20BF an index of
a smaller variance (i.e., closer to 0), an autocorrelatiod an - . N
.a number of indicators (i.e., a selection index approaéhzel,
skewness around 0, and a slope closer to zero than the populatl%43
average. . . - Little is known about the usefulness of the proposed resilience
Some remarks regarding the proposed resilience indicators . e . N
. ~indicators based on deviations for livestock genetics:todies

need to be made. A general remark to be made is that scali . - . .

: . - ; . ve investigated the autocorrelations of deviations anel t
can cause that animals with a higher mean have a higher vaian

o : . skewness of deviations, and only a few studies have inagstig
of deviations, but they may also be genetically more semsigss . - .
. . . . the variance of deviation€lgersma et al. (2018hvestigated
resilient compared to animals with a low productioRg|coner

and Mackay, 1996 Specic remarks to be made are: thethe raw phenotypic variance of daily milk yield over the whole

underlying assumption for both variance and autocorrelation.mIIkIng period and its relation to health and longevity trsit

2 - . - : in dairy cows. The raw variance of milk yield was heritable
as resilience indicators is that deviations are mainly @ely) (0.10;Elgersma et al., 201.8Moreover, on a genetic level, cows
negative, because disturbances will reduce production.gvevw o h ' '

; . S with a low variance in milk yield deviations had signi cant
variance and autocorrelation do not discriminate betweer}ewer production-related diseases [i.e., udder health, genet

negative and positive deviations. Therefore, animals shgwi correlation () D 0.36; ketosis,grD  0.52] and a higher

product?on above the expegted pro'duction, like C,O,mpensato,r}/ongevity (D  0.30), suggesting a higher resilienégersma
production (perhaps a desired trait, part of resilience), will | "5518°5\t; et al. (20183howed similar results for pigs kept

be k(]:har_act?nzed laks Inottllehss resr|]I|ent. On the OIZer t_han_n a “natural challenge environment”: the variance of dévias
such animais are fikely 10 have shown a Severe reduction :fﬂ daily feed intake and deviations in daily duration at feed
production due to the disturbance, clearly showing lack o

. . . during nishing phase were positively genetically correlated t
resistance against the disturbance. In contrast, skewdess _mortality and number of treatmentg Utz et al., 207gindicating

dierentiate between positive and negative deviations, Bt iy, nios with lower variance have lower mortality and neessle
likely to be more sensitive to outliers due to cubic termseTh treatments. This means that both feed intake and feed domati
autocorrelation can also be negative, meaning that an alnim%re indicative for health status on a genetic level, and giasvs

shows fast and over-compensating responses to disturbanc@$a; yariation in frequently measured traits can be indieat
e.g., compensatory growth. Although a negative autocofeglat ¢, egjlience. Also, many other studies have investigated

is preferred over a (strong) positive autocorrelation, an &@lim peyjtability of uniformity in production traits, which is ta same
with an autocorrelation around 0'is not a ected by a disturlt@n 55 yarjance in deviations: reported heritabilities rangethieen

at all, and is therefore preferred over a negative autocdio®la () 0o and 0.15 in almost all livestock species send Mulder,
Finally, the estimation of the slope of a reaction norm re@sir 41 0for an overview up to 201Qyeves et al., 2011; Janhunen
quanti cation on farm level either by a known environmental al., 2012: Sae-Lim et al., 2015, 2017; Mulder et al.: 2016
covariate, e.g., temperatureRgvagnolo and Misztal, 2000; geef|gersma et al., 201fr more). Furthermore, the genetic
Bohmanova et al.,, 2007; Carabafio et al., }0r/by an overall - ¢qe cients of variation were generally moderate to high, iafi
drop in production on a farm as a consequence of manygqgests a relatively large potential for genetic improveriren
individual drops in production on that farmRashidi et al.,, 2014, niformity. These studies illustrate good potential for thse of
Herrero-Medrano et al., 20}5In addition, each disturbance has 44y ction deviations as indicator traits for resilience.

its own slope, and it is also almost impossible to estimate iplelti

slopes for multiple disturbances occurring at the same time, . . .

However, the slope of a reaction norm can also be interpretef-Onditions for Measuring Resilience

as (a form of) general resilience, although the slope likelgsd Indicators

not capture the response to micro-environmental disturbance For successful use of resilience indicators in breedingrarog,
which occur at the individual animal level, e.g., endemsedises. certain conditions apply: collection of observations shobél
Thus the slope only provides information for disturbanceson many animals, observations need to be collected fredyent
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FIGURE 1 | Two examples of production traits suitable for investigaty resilience indicators based on deviations(A) Shows repeated measurements of milk yield on
individual level of two dairy cows with the same underlying Whink curve (in red), but differing in resilience: in grayless resilient dairy cow with higher uctuations in
milk yield, and in black a more resilient dairy cow with lowernctuations in milk yield. (B) Shows measurements of carcass weight on family level of twamilies differing
in resilience: in gray a less resilient family with higher tations in carcass weight, and in black a more resilient faity with lower uctuations in carcass weight.

and over a longer period of time, the environment has to begrowth of young animals): standardizing deviations per stag
challenging and diverse to estimate general resilienatpaost  age might be required or treating di erent stages/ages agdne
importantly the resilience indicators have to be informatifior  traits. In case too few repeated observations on productiaitstr
resilience. are collected per individual, deviations of production tsait
Production traits suitable for investigating resiliencecollected on (sire-)family level are an alternative. Esgbci
indicators based on deviations can be either measured reglyat livestock kept in high numbers with a relatively low economic
on individual level or on family level (sdggure 1for example). value (e.g., sh and poultry) or livestock kept in extensive
Repeated observations on individual level allow more aceuratarming systems (e.g., beef cattle and sheep) can benet from
estimation of resilience indicators and their genetic @ade and such an approach to investigate resilience indicators. Sleita
are therefore preferred. Suitable traits are for example yidid, traits are for example slaughter/carcass traits (elgafiez-
egg weight, body weight/growth, and feed intake. An impottanEscriche et al., 200®r traits recorded only during a restricted
point that needs to be addressed is that these traits mightrdne lifetime period (e.g.Neves et al., 2011; Mulder et al., 2016; lung
size of deviations depending on the (lactation) stage or &ge ( et al., 201). It is to be expected that technical developments in
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the (near) future will allow investigation of deviationsdeal on  all types of disturbances for the whole production period with
repeated observations on the same individual for all livelsto frequent measurements.
species. Recent technological developments allow a tremendous
Care has to be taken to estimate deviations properly: lesscrease in number of observations and number of observed
resilient animals will have more uctuations in production, phenotypes: big/longitudinal data and new phenotypes willltesu
but as a consequence the expected production (based on ownmore and new data on individuals to more accurately estena
observations) will be lower. This means that deviations kéll deviations and consequently genetic parameters. Currently
lower if simply an average expected production is used, anchany (breeding) organizations make use of routine data
resilience of the animal is overestimated. For exantplggrsma collection. Automatic milking systems (AMS) and automatic
et al. (2018)concluded that the raw phenotypic variance offeeding systems (AFS) for cattle and pigs are the most wellvkno
daily milk yield is a composite measure of the residual varégan and well-developed examples. Other developments currently
and the shape of the lactation curv&l@ersma et al., 20).8 under investigation are for example automatic weighing syste
They suggested to model the individual's lactation curve anand automatic recording of egg production in group housing.
use variance of deviations from the lactation curve as aebett Collection of more data and new phenotypes are expected to
resilience indicatorttlgersma et al., 20),&s was done byodrea  increase in the near future, which will aid in (better) estition of
et al. (2011) However, an individual permanently a ected by genetic variation of deviations: higher heritabilitieg @jenerally
disturbances (or a disturbance) will have a lactation curvéound with more observations (i.e., individual measurensgn
lower than its true potential without (any) disturbances. Asper individual or family {ill and Mulder, 2010; Elgersma et al.,
a consequence, deviations based on the individual's laatati 201§, suggesting that large datasets are required to accyratel
curve will be lower than when compared to the individual'sestimate genetic variance. In addition, even though hbilitst
potential lactation curve. Modeling lactation curves basethe estimates of variance of deviations based on single recarels
observed data might absorb part of the variance in deviation®ften very low (around 0.01; ségll and Mulder, 2010; Elgersma
Instead, deviations might be based on the di erence betweeat al., 2018or examples), the heritability of residual variance of
observed production and an individual's potential production many of these observations of one animal is actually moderat
e.g., based on its (G)EBV. Determining the expected prodactio(Damgaard et al., 2003; Kapell et al., 2011; Sell-Kubiak et al.,
of an animal is one of the major challenges for unbiase®015; Mulder et al., 2016; Elgersma et al., 2(Rigure 2 shows
estimation of the proposed resilience indicators, and reggiir the relationship between the heritability of the residuatiance
further investigation in the near future. based on multiple individual records and the heritabilitytbfe
To properly estimate general resilience of individuals, twaesidual variance based on one individual record. In summar
factors are essential: the length of the observation periotecent technological developments, such as AMS and AFS, allow
and the frequency of the observations. First, the length obr will allow collection of large datasets with more obseiag
the observation period should be suciently long to allow per animal (i.e., big data). This will greatly facilitate tise of
di erent types of disturbances to occur, as was suggested lgsilience indicators in breeding programs of all livestspkcies.
Mulder et al. (2013)in stressful environments more genetic
variation for micro-environmental sensitivity can be obsed
compared to less stressful environmentsu(der et al., 2018 THE IMPORTANCE OF RESILIENCE IN THE
A potential risk is that results are not reproducible betweerBREEDING GOAL
or even within an environment: for instance, resilience dzhs
on disturbances caused by one particular type (e.g., digeas&etermining the breeding goal is one of the most important
does not re ect resilience toward other types of disturbanceelements of animal breeding. The breeding goal and the
(e.g., heat), and therefore does not represent generaleressl.  corresponding selection index determine the direction in
Second, the frequency of observations should be su ciehifjn ~ which genetic improvement should take place. In all species,
to capture deviations caused by disturbandegiersma et al. breeding goals have moved from primarily production-driven
(2018)suggested that earlier studies might have underestimatdateeding goals to balanced breeding goals that aim for
the potential of resilience indicators due to too long teafrd simultaneous improvement of production, e ciency, and hdalt
intervals, e.g., monthly milk yield records. Also in casmifg  and functional traits Olesen et al., 2003; Knap, 2009a; Neeteson-
deviations are used, there is a substantial risk that thssdwmt Van Nieuwenhoven et al., 2013; Miglior et al., 2D1Genetic
capture any disturbance (in case no or small deviations werenprovement of resilience ts within the philosophy of balanced
present), let alone a diverse set of disturbance types to a&t&im breeding, but, as far as we know, resilience is not (yet)ohed
general resilience. In contrast, too small time periods magke in breeding goals of livestock. If resilience has an impadeaom
larger noise, and it may therefore become harder to nd theprot it should be in the breeding goal. In other words, if the
relevant information for resilience. The time period depetls economic value of resilience is nonzero, it should be a breed
the trait measured. Future research should focus on ndihg t goal trait. The question is, however, how can we determire th
optimal time period for determining deviations by looking at economic value for resilience.
the accuracy of EBV, and the genetic correlations between th To determine the economic value of resilience, we can
resilience indicator(s) and the existing health traits. &digss consider the costs of a lack of resilience, for example higher
of that, resilience is ideally estimated in an environmédratthas production losses, (labor) costs of health treatments, vedeyi
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FIGURE 2 | The heritability of residual vanf:lncd'nfesiduaI varianceP ZC"‘%‘M) as a function of the number of observations per animahj for two heritabilities of
N records

the residual variance based on one individual recormﬁdividual record @nd two repeatabilities of records of the residual varia®c(ingividual record- The used
heritabilities of the residual variance based on one inddual record (nizndividual record are similar to in-literature-reported heritabilities oésidual variance based on one
individual record (i.e., one single phenotypic observatig, seeHill and Mulder (2010)and Elgersma et al. (2018for examples.

costs, and labor costs of the farmer for observing animalsnproved health and welfare of animals, and job satisfaction of
that show signs of lack of resilience. When determining thdarmers. However, for the sake of merely illustrating resite as
economic value of traits, it is important to avoid double a concept, we will not take non-economic values into account in
counting. If resilience is de ned as uctuations in producti, this paper.
care needs to be taken to avoid double counting. For example, Next, we will use the example of labor costs to show the
production losses (i.e., deviations due to a lack of resib¢n potential of including resilience in breeding goals. Addiiid
might already be captured by the production traits, especialljabor costs for (lower) resilience are related to the prolisbi
in dairy cows. Furthermore, costs of health treatments rhighthat the animal generates an alert. An alert is a warning that
already be accounted for in the breeding goal, for instamce imight indicate that an animal is in uenced by a disturbancen A
the case of mastitis in dairy cattle. Treatment costs of itigst alert can be generated either by visual inspection, or by $enso
or costs of discarded milk should not be accounted for inAMS or AFS. We assume that alerts are generated when a trait
resilience. On the other hand, production losses and costs @#ith a normal distribution and an individual-speci c variae)
diseases are not always included in the breeding goal of, fexceeds a xed threshold value that is based on the population
instance, pigs and poultry: there is a lack of health traithigse  variance (e.g., a threshold that belongs to the populatiotewi
breeding goals, and observed production losses in comniercia% probability). This trait could be for instance milk yield or
or crossbred environments due to disturbances may not bbody weight, but likely not the previously proposed resilience
observed in the high health selection environment. Thaefo indicators. The proposed resilience indicators are expeabed t
the economic value of resilience in pigs and poultry may inelud detect problems too late, and we propose to use them to breed for
production losses in the commercial environment and healthmore resilient animals rather than to use them as predictors of
costs. Anyway, the economic value can, for example, be basalérts. Breeding for more resilient animals will result irspring
on labor costs for observing animals that show signs of dseawith a smaller variance in their sensor values than the curren
or other problems, e.g., alerts or visual signs. These costs aeneration, and thus a smaller probability of generating lenta
often overlooked, because it is considered to be part of dayFigure 3).
to-day management. However, if the number of animals per We will illustrate the example of using labor costs to
farm employee is increasing and labor time is restricteds thiderive economic values in two situations: in case labor time
is clearly associated with the farmer's requirement forlthga is unrestricted, and, more realistically, in case laboretiis
and easy-to-manage animals. Genetic improvement in resiie restricted per farm (i.e., maximal number of animals given
would reduce labor requirements and would allow the farneer t farm conditions). In addition, we will show how a combined
keep more animals. Resilience should therefore be included economic value for resilience can be determined based on
breeding goals. multiple components, in this case simpli ed to labor costs and
For sustainable animal breeding, environmental and satiet (health) treatment costs. For simplicity, we choose varicaxe
concerns have to be taken into account, in addition to ecoimom the resilience indicator for (further) illustration. Wesal assume
concerns Qlesen et al., 2000; Nielsen and Amer, 200¥other  that breeding for a lower variance will decrease the prokgbil
words, in addition to an economic value for resilience, a non of generating alerts, and that the genetic correlation leetwthe
economic value might be present. Non-economic values cawvariance and resilience in the breeding goal is 1. We hypataes
require extensive work to determine (e.blielsen et al., 2011; that breeding for more resilient animals will result in o spg
Grimsrud et al.,, 2013 and could for example be based onwith an autocorrelation closer to zero, a skewness closerty ze
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wheren is the number of animals per farm, equal to:

—Average animal More resilient animal
0.5 —Threshold of alert nD L (3)
In C Ir
204 . ; ; ; .
= Rewriting Equation (2) using Equation (3) results in:
g
= 0.3 L
Z Prot D e (Revenues Cost} 4)
= n r
2 0.2
2 To obtain the economic value, the derivative of Equation gwi
& 01 / respect td, is required, being:
dProt L
0.0 D > (Revenues Cost} 5)
3 2 -1 0 1 2 3 dir InC Iy
X

The economic value must be expressed per animal and therefore

FIGURE 3 | The normal distribution of the probability that an animal rates . . . . . .
l b v ge Equation 5 is divided by Equation 3 to obtain the improvement

an alert with an individual-speci c mean and variance based o a trait reaching

a certain threshold. In this gure the individual speci ¢ variace of the “more in pro t when I; changes with 1 time unit:
resilient animal” is smaller than the individual speci c vaance of the “average
animal.” Therefore, the “more resilient animal” has a lowerobability to dProt (Revenues COS’[$

(6)

generate an alert than the “average animal”. dlr:animal |n C |r

In other words, Equation (6) is the change in prot when

) changingl, with 1 time unit, and can be interpreted as the cost-
and a slope closer to zero. In all cases, the o spring are expects i-q of |ahor spent on dealing with alerts for the total periad a

to have_ a lower pro_bability of generating an alert, begauee o nimalis kept, i.e., the produgt din Equation (1). In fact, the

underlying concept is the same, although it is less obvioas th ¢, mic value shows the increase or decrease in farm pret du

with a smaller variance. to higher or lower resilience, because more or fewer aninais c
. . be kept on the farm, if labor is restricted.

Economic Value for Resilience Based on To obtain the economic value on the basis of a di erence in

one Component resilience, Equation 1 (unrestricted labor time) is adjddtased

If labor time is unrestricted, the economic value of resitie  on the di erent cost-price of restricted labor time of Equati6.

is the change in expected number of alerts multiplied by thdhis results in:

time per alert and the labor cost per time unit over the

whole production cycle of an individual; i.e., using Equatio Vresilienceestricted labor timéD
8b from Mulder et al. (2008)the economic value of resilience (Revenues Cost}

. 05 z x Iy @)
(Vresiliencainrestricted labor timkiS: IhCl;

To show the impact of unrestricted labor time and restricted
labor time per farm, we calculate the economic values for
resilience for a farm with nisher pigs. We assume 8 labor ly/da

wherez is the ordinate of the standard normal distribution at 15 currency units/h labor costs, 10 currency unit pro t per adm
the standardized threshokiof the alert (e.g., the threshold that (i.e., the economic value of growth), a 1% alert probabilisy. (

belongs to the 1% probability)s is the labor time required for  p 2.33), 5min attention time per alerty), and 125 daysd)
dealing with the alertq is thg labor cqst per time unit, andis 4 grow from 25 kg to 125 kg (i.e., average daily gain is 808yy/d
the number of days of the nisher period. Figure 4 shows that the economic value of resilience is constant
Iflabor time is restricted per farm (i.e., the number of ani®1a \yhen jabor time is unrestricted. However, the economic gaifi
on a farm is maximized given a certain farm management), Weasilience increases with increasing farm size when labe is
assume that the total available time) (s constant, and average restricted per farmFigure 4). The two situations lead to an equal
time available per animal for normal managemeh) (cannot  conomic value when the farm size is 1,500 nisher pigs, eeau
be changed. We also assume that the average time per animahnat case the income of the farmer would be 15 currency
required for dealing with alertd(D la  pa, with pa being the  njts/h, equal to the price of unrestricted labor. The ecoriom
probability of obtaining an alert) can be changed by seleciie., \ajye of resilience based on restricted labor time reaches m
selection for resilience reduces the number of alerts pemahi  han 609% of the economic value of growth (in our example)
over the whole production cycle. The total pro tofafarmis: \yith a farm size of 2,000 pigs, and would keep increasing with
increasing farm size. Improving resilience of animals would
Prot Dn (Revenues Costy (2) thus allow more animals per farm (i.e., intensi cation). lact

Vresilienceinrestricted labor timd 0.5 2 X la g d (1)
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to avoid double counting of these costs. This small extended

0 0 500 1,000 1,500 2,000 example shows that di erent components, based on costs, can
. . be relatively easily included in the economic value of iersde.
——Unrestricted labor time i . . .
g -1 ——Restricted labor time As shown inFigure 4, the economic value of resilience can easily
£ estnie reach 60% of the economic value of growth, but these extra
% 2 components can make the economic value even larger than the
g economic value of growth.
E 3
g
o™ THE ADDED VALUE OF RESILIENCE IN
§ 5 BREEDING PROGRAMS
=]
2 6 We will now show the added value of estimated breeding values

for resilience to breed healthy and easy-to-manage animéalgi
-7 Number of animal livestock species: (1) a pig scenario, and (2) a dairy catlesio.
umber of animals In both cases, the selection indices will be simpli ed in arde
FIGURE 4 | Economic value for resilience based on available labor timeither to draw general conclusions. Selection is based on truneatio

unrestricted or restricted, for day-to-day animal care talng. Assumptions selection on the index (I) to maximize response in the bregdin
made are: 8 labor h/day, 15 currency units/h labor costs, 10 curency unit goal (H). A simpli ed genomics scheme is simulated. Caldatat
pro t per animal (i.e., the economic value of growth), a 1% alé probability of the responses to selection were done in SelAction \FﬂJlIén

(i.e.,x D 2.33), 5min attention time per alertlg), and 125 days ¢) to grow

from 25kg to 125 kg (i.e., average daily gain is 800 g/day). et al., 200}, using the principle ofbekkers (2007}o include

genomic information.

with restricted labor time, the time for normal managemehy) ( Pig Scenario

per animal decreases with an increase in number of animafé1 t.h',s example, we describe a simpli ed pig scenario, in Wh'f:h
and a constant amount of labor time available. Therefore, thindividuals are only selected on growth rate and the breeding
proportion of time for alerts k) increases and the proportion goal is extended with resilience. We explore the e ect of agdin

of time for normal time {,) decreases with farm size. As garesilience indicator (e.g., variance of deviations) togélection

consequence, an increase or decrease in resilience hagea lafNd€x @nd assume a genetic correlation of 1 between théenesd

impact on prot of the farm when the farm size increases. indicator and resilience in the breeding goal. Assumptioraien

Nevertheless, both situations show that the economic vefue &'®

resilience would be negative, meaning that reducing dviat  Resilience has a heritability of 0.15 (slightly more conséma
will have a bene cial e ect (i.e., an increase) on farm protén  than Putz et al., 2018 The genetic correlation of resilience
thus resilience should be included in the breeding goal. and growth rate is unknown and will be set to 0.25 00.25.

. . A positive genetic correlation indicates that a lower resitie
Economic Value for Resilience Based on indicator is correlated to a lower growth rate anite verséor
Multiple Components a negative correlation. In other words, a positive correlatio

In the situation above, we considered only labor costs. Negt is unfavorable and a negative correlation is favorable for
extend the economic value of resilience to include for ins&a simultaneous improvement of both traits.

treatment costs for a disease, in case these costs are not yeSelection is done at sexual maturation. Selection is based on

included in the breeding goal. The economic value for resge all available information at that moment: own performance,
is: BLUP, full and half sibs, and genomic breeding values.
Genomic breeding values have an accuracy®f77, based on
VresilienceD Viabor C Vireatment ®) a reference population of 10,000 animals and the number of
with viahor being the economic value for labor costs (based either ::td;pezrcl)%;nt chromosomal segments being 1, (wyler

on unrestricted or restricted labor time) anglearmentsbeing the

economic value for treatment costs, which can be de ned as: The economic value of growth rate is set to 1 anfl and the

economic value of resilience will be varied betwedn000 and
1,000 to obtain an ellipse of selection responses. Note that the
interesting part of the ellipse is where the response in growth
rate is positive and the response in the variance is negateze (i
improved resilience).

VireatmentD 0.5 Z X prreatment COStreatment 9)

wherez is the ordinate of the standard normal distribution at
the standardized threshoklof the alert, (e.qg., the threshold that
belongs to the 1% probabilitypyeatment is the probability of a More information about input can be found in
treatment given that the animal got an alert, a@bSfeatment  Supplementary Material

is the cost of the treatments. Note that in this case, treatme  Figure 5 shows the selection response of growth rate and
costs must not be part of other components of the selectiominderesilience. The desired direction of a breeding program dime
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A Selection index without resilience (r, = 0.25) B Selection index with resilience (r, = 0.25)
1.25 1.25

-1.25 1.25 -1.25, 1.25

Selection response resilience
Selection response resilience

-1.25 -1.25
Selection response growth rate Selection response growth rate

Selection index without resilience (rg =-0.25) Selection index with resilience (rg =-0.25)

1.25 1.25

-1.25 1.25 -1.25 1.25

Selection response resilience
Selection response resilience

-1.25 -1.25
Selection response growth rate Selection response growth rate

FIGURE 5 | Selection responses for growth rate and resilience with theconomic value of growth rate setto 1 and 1, and the economic value of resilience varying
between 1,000 and 1,000 in a pig breeding program. The gure shows the esponse ellipses of growth rate and resilience for the selé¢ion index without resilience
(A,C) or with resilience(B,D) with a genetic correlation of 0.25(A,B) or a genetic correlation of 0.25 (C,D). The red crosses inA,B are discussed in the text.

at simultaneously improving growth rate and resilience,, i.e to a reduction of 24.7% in the number of alerts. In case of a
reducing the variance, is the bottom right corner of eachptira favorable genetic correlation between growth rate andiessie,
Thus, in case of an unfavorable positive genetic correlatiothe increase in selection response in H is even higher when
between growth rate and resilience, and resilience indisat comparing a selection index withoutFigure 50 and with

are not included in the selection index, no progress can ba resilience indicator Kigure 5D): C42.8% for an economic
made to obtain more resilient animal&igure 5A). However, value of 1.6 for resilience. This simpli ed example shows that
including a resilience indicator into the selection indefkpigs  including resilience indicators in the selection index teve big
can result in a higher selection response in the breeding(@tal impact on the selection response and number of alerts.

and more resilient animals, depending on the chosen economic

values Figure 5B). For example with an economic value 00.6 Dairy Cattle Scenario

for resilience (and an economic value of 1 for growth rate) . . L . .
the selection response in H is improved with 14.6% when !32 this ex?‘mp'e’ we describe a 5|mpl| ed dairy cattle scenario
resilience indicator is included in the selection indexthalugh t ough_ Vf"_th a more complex breedm_g program than the pig
in this case, a reduction in the selection response of growtﬁcgnarlo._|nd|V|du§1Is are selected on rr_ulky|eld and heedated
rate is observed (15.4%), the selection response of resiliencd &!tS: which are in thls.case Ior.1_geV|ty.an_d udder health: we
improves with 185.3% (see red crossedrigures 5A,B. Not eprorg t.he e ect of addlng a .re5|||er?ce |nd|catpr (e.g..,'azme
including a resilience indicator in the selection index rieases _ofdo_levtlano:s) o tht? selecngn mdgx, I.e., selecting oesilience
the probability to generate an alert to 1.16% (start: 1%),ewhilIn Icator. Assumptions made are-

including a resilience indicator in the selection index ueds Resilience has a heritability of 0.1BIgersma et al., 20).8
the probability to generate an alert to 0.88%. This corresponds The genetic correlation between resilience and milk yield i
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0.61, between resilience and longevity 8.30, and between
resilience and udder health is0.36. In other words, a higher
resilience (i.e., a lower variance of deviations) is geatyi
correlated with a lower milk yield, a higher longevity, and
a better udder health. These estimates were obtained fro
Elgersma et al. (201&@nhdCRV (2015)
Selection is based on genomic breeding values only. Genomic
breeding values have an accuracy 00.79, based on a
reference population of 20,000 animals and the number @
independent chromosomal segments being 1,208efwyler
etal., 2008
The economic values are set to 0.3 for milk yield, 0.3 fo
longevity, and 0.2 for udder health. In the default situatio
the economic value of resilience is set t®.2. This means
that 30% emphasis is placed on milk yield, 30% on longevity
20% on udder health and 20% on resilience, when ignorin
correlations between traits (e.dViglior et al., 2005 The
economic value of resilience will be varied betwedh5 and
0.001 (i.e., aiming for reduced variation in deviations)aas

m

FIGURE 6 | Change (in %) in selection response in the breeding goal (Hha
the probability an animal generates an alert in a default sition index without
and with inclusion of a resilience indicator for various ecmmic values in a
dairy cattle breeding program. The default selection indegontains milk yield,

sensitivity analysis. longevity, and udder health. The crosses are discussed in ttext and shown
. . . . in detail inTable 2.
More information about input can be found in
Supplementary Material

Similar to the pig scenario, including resilience into thetasLE 2 | selection responses (in trait units) and alert probabilig) and their
breeding goal of dairy cattle can result in a higher sel@ctio relative changes (in %) in a selection index without and withclusion of a
response in H Compared to not including resilience imoresilience indicator (economic valu® 0.2) in a dairy cattle breeding program.
the breeding goal, depending on the chosen economic values
(Figure 6), even though health-related traits (i.e., longevity and

Trait Selection index Change (%)

udder health) are already included in the breeding goal and Without Wwith

selection index. If resilience, being the variance in tlaise; has resilience  resilience

an economic value of 0.2, the selection response in H increasegelection response  Milk yield 0.80 0.75 6.3
ywth 3.0% (see black Cross ffigure 6): including a resme_nce_ (trait units) Longevity 125 127 14
indicator in the selection index compensates the loss in milk Udder health 0.80 0.80 10
yield (6.3%) by an improvement in longevity (1.4%), udder Healt Resiliencé 015 0.31 1026
(1.0%), and resilience (102.6%) Table 2. Not including a Breeding goal (H) 0.80 0.83 30
resilience indicator in the selection index reduces the plulity Alort probability 0.9% 0.84% o

to generate an alert to 0.92% (start: 1%), while including a

resilience indicator in the selection index reduces the plility ~ The default selection index contains milk yield, longevity, and udder héfal Selection

to generate an alert to 0.84%. This corresponds to a reductiggsronses are shown for milk yield, longevity, udder health, resiliencend the breeding
f 8.4% in th b f alert d Fi goal (H).2In order to improve resilience of an animal, the resilience indicator ttge.g.,

0 o 0 “j] € number or alerts (se_g re FJTO_SS gure 6) variation in deviations) has to be reduced. Negative selection response areettefore

This simpli ed example shows that resilience indicators camén  desired, and more negative values indicate higher resilience.

bene cial impact. However, the e ectis smaller in the dairyttea

scenario compared to the pig scenario, because of the presence o

health-related traits in the selection index. Nevertheless, also for dam lines resilience can be included

in breeding programs: multiplier farms require resilient sows
and resilient piglets. For instance, litter size uniformfigs a
bene cial e ect on piglet resilience based on survivak(ngaard

Perspectives and Other Livestock Species
The potential of resilience in breeding goals was clearlytititesd

in the two scenarios. Obviously these scenarios overetgitha
impact of resilience indicators, because of their simpliioat
Nevertheless, the underlying idea holds, because a reducti

et al., 2003; Mulder et al., 200)5avorable correlations were
found between the residual variance of feed intake and feed
duration with mortality and the number of health treatmerits

time spent on an animal with an alert (for any reason) will pigs in a challenge environmen®(tz et al., 2013 This shows
reduce costs and consequentially increase farm pro t. The pithat the residual variance of feed intake and feed duratian c

scenario was based on only two traits, but might still belyair

be used to improve resilience. Dairy cattle breeding programs

close to a pig sire line scenario. Sire line breeding prograntontain health(-related) traits, which are expected to yastver

are primarily focused on improvement of production traits,

resilience indicators. Indeed, several favoragleatween health

in contrast to dam line breeding programs, which are moretraits and variance in deviations of milk yield were founditb

focused on improvement of reproduction and maternal traits

none of them is equal to 1 indicating that the raw variance
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of milk yield contains new information about resilience andparticular interest are variance of deviations, autocatieh
health Elgersma et al., 20).8This was also shown in the of deviations, and skewness of deviations. Also the slope of
dairy cattle scenario, which showed considerable improvéme the reaction norm might contain information, though limite
in response to a selection index with resilience. We propose th&o macro-environmental disturbances. An economic value for
inclusion of resilience to selection indices of livestockdaling resilience indicators in the selection index can be detesdi
programs (similar to pigs and dairy cattle) will strongly inase  based on reduced labor costs and health costs, provided that
the response in resilience of livestock, and likely increhse these costs are not accounted for in other traits in the sielec
selection response in H as well. indices. For most farms, where labor time is restricted, the
We did not investigate resilience in breeding programs ofconomic value of resilience increases with an increasingoer
other livestock, such as poultry, extensively kept livesgpecies of animals per farm. This paper also shows the additional bene t
(e.g., beef cattle and sheep), or aquaculture species, becaofincluding resilience in the breeding goal: in both the pigla
resilience is more dicult to assess and apply in practice atdairy cattle scenarios, we show improvements in the selectio
this moment. In the rst place, because repeated measurementssponse in the breeding goals and in particular the improvemen
are di cult to collect. This is mainly due to the impossibilit of resilience by including resilience in the breeding gddie
to measure animals individually, due to group housing orrapid technological development on massive collection ofdat
di culties catching individuals. In the second place, labbime  (i.e., big data) is only expected to increase in the near &jtur
spent on alerts is less relevant. Alerts are created for somesulting in more data available. The accompanying possésili
livestock species based on group measurements (e.g., watieutilize these data to determine resilience indicatoii$i,greatly
intake), but not at the individual level. Also these type offacilitate breeding for improved resilience in all livestagecies.
alerts represent epidemic disturbances, rather than dagatp-
endemic disturbances. However, resilience indicatorethasn AUTHOR CONTRIBUTIONS
a relatively limited set of production data (both frequendy o
repeated observations and number of animals) can alreadyB and HM conceived the project. TB, MP, and HM developed
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