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How much energetic trade-offs limit selection? Insights from
livestock and related laboratory model species

Abstract

Trade-offs between life history traits are expected to
occur due to the limited amount of resources that organ-
isms can obtain and share among biological functions, but
are of least concern for selection responses in nutrient-
rich or benign environments. In domestic animals, se-
lection limits have not yet been reached despite strong
selection for higher meat, milk or egg yields. Yet, nega-
tive genetic correlations between productivity traits and
health or fertility traits have often been reported, sup-
porting the view that trade-offs do occur in the context
of nonlimiting resources. The importance of allocation
mechanisms in limiting genetic changes can thus be ques-
tioned when animals are mostly constrained by their time
to acquire and process energy rather than by feed avail-
ability. Selection for high productivity traits early in life
should promote a fast metabolism with less energy allo-
cated to self-maintenance (contributing to soma preser-
vation and repair). Consequently, the capacity to breed
shortly after an intensive period of production or to re-
main healthy should be compromised. We assessed those
predictions in mammalian and avian livestock and related
laboratory model species. First, we surveyed studies that
compared energy allocation to maintenance between
breeds or lines of contrasting productivity but found little
support for the occurrence of an energy allocation trade-
off. Second, selection experiments for lower feed intake
per unit of product (i.e. higher feed efficiency) generally
resulted in reduced allocation to maintenance, but this did
not entail fitness costs in terms of survival or future repro-
duction. These findings indicate that the consequences of
a particular selection in domestic animals are much more
difficult to predict than one could anticipate from the en-

ergy allocation framework alone. Future developments

to predict the contribution of time constraints and trade-
offs to selection limits will be insightful to breed livestock

in increasingly challenging environments.

1 | INTRODUCTION

Most livestock breeding programmes currently generate hyperpro-
ductive animals: in less than half a century, the chicken body growth
rate has increased almost fivefold (Collins et al., 2014; Havenstein
et al., 2003; Zuidhof et al., 2014), annual egg production of layer
hens has doubled (Preisinger & Flock, 2000), pig litter size at birth
has increased since the nineties by one piglet every 5 years (Merks
et al., 2012), and annual milk yield of dairy cows has increased by
140 kg every year from the seventies. As selection for higher pro-
ductivity (see glossary in Box 1 for a definition) generally acceler-
ates the conversion of feed supply into increasing amounts of animal
products (Vandehaar, 1998), it has been a successful economic strat-
egy to make nutrient-rich animal source food increasingly affordable
to a growing human population (Garnett et al., 2013). Besides the
major sustainability concerns including environmental, health and
welfare issues, the large and continuous increase in livestock pro-
ductivity falls into the lively debate regarding biological limits to en-
ergy expenditure (Denny, 2008; Piersma, 2011; Careau et al., 2013;
see Marck et al., 2017 for a review).

In agricultural sciences, the extent to which further genetic gains
(Box 1) can be sustained is a long-standing issue (Collier et al., 2005;
Fredeen, 1984; Hammond, 1947; Hunton, 1984; Kennedy, 1984;
Legates, 1967; reviewed in Hill & Biinger, 2004) that continues to
be puzzling (Hill, 2016; Tallentire et al., 2018). Evolutionary the-
ory predicts the depletion of additive genetic variance as a conse-
quence of selection (Hill, 2016; Merila et al., 2001). Thus, a strong
and sustained directional selection on productivity traits should lead
to the fixation of favourable alleles and elimination of disfavoured
alleles, and thereby should stop the evolution of more productive
genotypes (Robertson, 1960). However, most long-term (i.e. >30
generations) selection experiments in vertebrates have dismissed

the existence of limits for various productivity traits, including body
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BOX 1 Glossary

Basal metabolic rate (BMR): the lowest measurable rate of energy expenditure in a nonreproducing adult endotherm, during inactive,
postabsorptive and not-growing stages (McNab, 1997).

Breeding objective (or goal): traits to be improved in a breeding programme and the relative emphasis that is given to each trait. This
sets the direction of artificial selection.

Feed efficiency: productivity output (expressed in mass, energy or protein) relative to the amount of feed consumed (i.e. input). Feed
efficiency metrics are generally defined either as a ratio (i.e. output/input, the feed conversion ratio) or as a measure of feed intake
adjusted for production requirements (e.g. residual feed intake; see below). Feed for livestock is distinguished from food, that is feed
for human consumption. Edible crops can be used as feed or food so improving feed efficiency may contribute to reduce feed-food
competition.

Genetic gain: for a particular trait, it is the change in average breeding value between one generation of selection candidates and the
next generation only formed from the candidates that were selected and became parents.

Metabolizable energy intake (MEI): the amount of energy that an animal assimilates from feed intake on a daily basis. MEl is usually
calculated as the amount of feed intake times the metabolizable energy density of the diet.

Productivity: the production of new biomass via growth or reproduction and measured as growth rates or rate of production by adult
females (e.g. offspring, eggs, milk; Biro & Stamps, 2010). Energy allocation to productivity includes the energy contained in new
biomass and the energy used for this biosynthesis and dissipated as heat. Productivity traits reflect production performed during a
given time period that is determined either biologically (e.g. pig litter size at birth is accumulated during gestation) or technically (e.g.
cow annual milk yield usually refers to a standard lactation period of 305 days). A major outcome of animal breeding has been the
generation of breeds or lines hyperspecialized in particular types of productivity (e.g. meat-type fast-growing vs. egg-type in poultry,
beef vs. dairy in cattle).

Physiological constraints: the lack of genetic variation in physiological control mechanisms of a productivity trait that prevents further
selection (Ricklefs & Wilkelski, 2002).

Residual feed intake (RFI): a measure of feed intake adjusted for production requirements that corresponds to the difference between
actual feed intake and feed intake predicted from body mass and actual production (e.g. mass gain, milk yield over the period on
which feed intake is measured). Individuals with lowest RFI are consistently deemed to be the most efficient.

Resting metabolic rate (RMR): the lowest metabolic rate of an endotherm when one or more of the conditions required for measuring
BMR cannot be met (i.e. during adult, postabsorptive, nonreproductive or resting phase; Careau & Garland, 2012). When animals
are in a production phase, RMR includes the energy costs to sustain the production processes (e.g. enlargement of central organs
involved in energy supply such as the intestines, liver, kidney or heart, and increase in their metabolic activity; Biro & Stamps, 2010).
Self-maintenance: the different vital processes involved to maintain an animal in a state of energy equilibrium implying nor loss or
gain when no energy is required for activity, growth or reproduction (Knap, 2009). In practice, maintenance energy requirements
for self-maintenance can be reasonably approximated by RMR under laboratory experimental conditions. Energy allocation to self-
maintenance contributes to soma preservation and repair. It thus favours future survival and reproduction and delays senescence
(Kirkwood, 2017).

Trade-off: when one trait cannot increase without a decrease in another trait (or vice versa; e.g. Garland, 2014). If an increase in the
expression of a trait requires more energy and if this need of extra-energy implies a reduction in another component of the energy
budget, then an energetic trade-off occurs (Careau & Garland, 2012), as in the Y model of energy allocation (see path 3 in Figure
1). Energetic trade-offs are expected to occur when the amount of energy available to organisms is limiting or when organisms are
constrained by their time to acquire and process energy.

growth (Marks (1996) in Japanese quails, Siegel (2014) in meat-type
chicken, Nestor et al. (2008) in turkey and Biinger et al. (2001) in
mice), egg production (Poggenpoel et al. (1996) in chicken) or litter
size (Estany et al. (1989) in rabbits, Holt et al. (2005) in mice, and Hsu
and Johnson (2014) in pigs). These results match observations from
populations of animals in the wild and humans for which genetic
variation also remains high for many traits that are under directional
or stabilizing selection (Merila et al., 2001; Polderman et al., 2015).

Moreover, the existence of selection limits for expensive behaviours
in mice (e.g. nest-building, voluntary wheel-running) indicates that
the depletion of additive genetic variance in the selected trait is not
necessarily involved (Bult & Lynch, 2000; Careau et al., 2013).
Selection for productivity can result in correlated responses in
other traits, which in return may have detrimental effects on fitness
(Lerner & Dempster, 1951). For at least three decades, the continu-
ous increase in productivity within livestock populations has been
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accompanied by negative side effects on health and fertility traits
(Berry et al., 2014; Julian, 1998; Nebel & McGilliard, 1993; Rauw
et al.,, 1998; Roberts, 1979). To counterbalance these negative side
effects, several affected traits are now part of the breeding objec-
tives (Box 1) as their continuous degradation would otherwise carry
economic losses (Hayes et al., 2013; Miglior et al., 2005; Neeteson-
van Nieuwenhoven et al.,, 2013). However, it remains unclear
whether selection adjustments in the breeding objectives are high
enough to mitigate the degradation in health, survivorship or fertil-
ity (Berry et al., 2014) or to prevent the occurrence of new detrimen-
tal effects (e.g. increasing incidence of growth-related breast meat
abnormalities in chicken selected for fast growth; Soglia et al., 2018).
Neither do we know whether those negative side effects are linked
to physiological constraints (Box 1), which may ultimately impose
limits to selection (Blows & Hoffmann, 2005).

In all organisms, productivity measures the output of an energy
conversion process governed by general physical and chemical prin-
ciples and sustained by a metabolic engine that is also energetically
costly to maintain (Biro & Stamps, 2010). Accordingly, the traditional
view that the energy available to individuals is limited so that any
energy allocation to one function reduces the allocation to another
function (Cody, 1966) has also been considered in the context of live-
stock and laboratory animals (Beilharz et al., 1993; Rauw, 2009). The
resource allocation theory became popular within livestock sciences
after Rauw et al. (1998) conjectured that it offers a biological expla-
nation for the widespread occurrence of negative side effects of se-
lection for high productivity. This view received some support from
experimental comparisons of selected lines (e.g. Rauw et al., 1999;
Savietto et al., 2014; Schiitz & Jensen, 2001; Theilgaard et al., 2007)
and was further established through reports on farm animal health
and welfare (e.g. Oltenacu & Broom, 2010; Prunier et al., 2010).
Although developments of a resource allocation framework in the
livestock context have then focused on predicting the consequences

FIGURE 1 Several paths of change in

24 energy acquisition and allocation may be
% expected from applying the Y model of

é energy allocation to selection for livestock
g; productivity. MEI allocated to productivity
) (energy deposited in new biomass during

growth or reproduction plus the energy of
biosynthesis; in red) versus maintenance
and activity (once the covariation with
body size has been accounted for;

in yellow). Each point represents an
individual, and paths 1 to 3 predict how a
same selective increase in a productivity
trait (e.g. growth rate) would be mediated
through energy acquisition and allocation
A depending on the energy available. Grey
shade reflects the trade-off intensity

energy intake

energy intake

of animal breeding (Doeschl-Wilson et al., 2009; Friggens & Newbold,
2007; Van Der Waaij, 2004), the applicability of the allocation princi-
ple to such context has rarely been questioned (Gilbert et al., 2017).
This may seem confusing as environments optimized for production
such as farms or laboratories are unlikely to primarily set limits on
the amount of energy that animals can obtain. Without such limits
and given the persistent genetic variation in productivity traits, live-
stock selection should simply generate animals that escape resource
allocation trade-offs by compensating the higher nutrient allocation
to biosynthesis with higher rates of feed acquisition (van Noordwijk
& de Jong, 1986; Reznick et al., 2000). Yet, in practice, nutrient in-
take may be frequently limited by the economic dependence of in-
tensive production systems on expensive nutrient-rich feed inputs
such as grain (Garnett et al., 2013). Nutritional limitations may also
be imposed by farmers to avoid health problems of excess nutrient
consumption (D’Eath et al., 2009) or may occur incidentally (e.g. as a
result of competitive group-feeding; Grant & Albright, 2001).

Most obviously, time must be limiting and time constraints re-
main independently of the amount and quality of resources avail-
able (Lemaitre et al., 2020), leading to the existence of potential
limits in the rate at which animal bodies metabolize and process
energy (Hammond & Diamond, 1997). Animals selected for high
productivity may increase their time spent foraging but such in-
crease is inevitably limited. For instance, dairy cows selected for
high milk yield spend an increasing proportion of the day eating
at the expense of lying time which, in turn, may approach welfare
limits (Levendahl & Munksgaard, 2016). There are also inherent
physiological limits on the time to achieve certain production pro-
cesses. For instance, layer hens cannot produce more than one
egg per day under a normal light-dark cycle of 24 h, so selection
on egg production basically seeks to increase the laying frequency
over the annual production cycle (Hunton, 1984). Such time con-
straints are exceptionally challenged in livestock breeding given
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that feed availability is relatively nonlimiting but that strong se-
lection is exerted to quickly convert feed intake into animal prod-
ucts. However, in those conditions where animals are mostly
constrained by their time to metabolize energy rather than by the
amount of energy, we still have a limited knowledge of how do se-
lective increments in productivity translate in terms of energy al-
location trade-offs (Jackson & Diamond, 1996; Konarzewski et al.,
2000). Although the role of time constraints and subsequent en-
ergy allocation in life history evolution is well established (Arnold,
1992; Garland & Carter, 1994; Ricklefs & Wilkelski, 2002), their
link to the limits of selection for higher rates of energy expendi-
ture in the form of animal products is mostly unexplored, despite
their strong biological and socio-economic implications.

Here, we propose that the apparent absence of selection
limits for increased productivity despite the existence of physi-
ological trade-offs illustrates a conundrum in our understanding
of selection responses. Did selection for ever-increasing rates of
biosynthesis in nutrient-rich environments lead us to overlook
the existence of physiological limits to acquire and process en-
ergy, which can then favour the occurrence of energy allocation
trade-offs? To address this issue, data from livestock and related
laboratory models represent a relevant starting point. Indeed, a
large body of research on feed efficiency (Box 1) of agricultural
production exists that is primarily motivated by economic implica-
tions as feed accounts for most of the production costs on farms
(Johnson et al., 2003). Greater feed conversion rates or feed ef-
ficiency is limited by the energy required for animal maintenance,
which goes from 10% in pigs and poultry to more than 50% in
ruminants, whereas this energy allocated to self-maintenance (Box
1) is thought to be key to sustain production processes over life-
time (Kirkwood, 2017). This research on livestock feed efficiency
has a clear general biological basis, which, for instance, allowed
inference from laboratory species such as mice or Japanese quails
(Pitchford, 2004). However, its evolutionary implications have
been seldom considered (Swallow et al., 2009). Though, data avail-
able so far represent an untapped opportunity to highlight the
role of energetic trade-offs in selection responses across diverse
vertebrate species (Swallow et al., 2009). Here, we predict that
if the energy allocation framework strictly applies, then selec-
tion for high productivity early in life should concurrently reduce
the relative energy allocation to self-maintenance (prediction 1).
Those changes in the energy allocation to productivity relative
to the allocation to maintenance are more direct when selecting
for productivity outputs while controlling for feed inputs. In this
last case, we thus expect a reduced energy allocation to mainte-
nance and repairing processes that will result in impaired health or
future reproduction (prediction 2). After examining those predic-
tions with the data currently available in the literature, we argue
that the mechanisms through which productivity is selectively in-
creased should be addressed in a more complete energy allocation
framework than the current one. This appears as a key issue if we
are to predict the consequences of selection for livestock bred in
increasingly diverse and challenging environments.

., \\ | E Y-

2 | TRADE-OFFS DEFINED IN THE
ENERGY ALLOCATION FRAMEWORK

The principle of energy allocation between self-maintenance,
growth and reproduction is a cornerstone of life history theory on
which the expectation of evolutionary trade-offs is based (Cody,
1966; Williams, 1966). Accordingly, several studies performed in the
wild have revealed negative associations between the allocation to
growth or reproduction and the subsequent survival or reproductive
performance (Hamel et al., 2010; Lemaitre et al., 2015). However,
trade-offs are far from being consistently detected and positive
associations are commonly reported (Lemaitre et al., 2015, 2020).
Van Noordwijk and de Jong (1986) proposed that energy allocation
trade-offs should only occur when individual variation in resource
allocation is larger than the variation in resource acquisition (a model
called the ‘'Y model’). However, the model assumption that the rela-
tive resource allocation is independent from resource acquisition is
too restrictive to cover the diversity of resource allocation strate-
gies observed among taxa (Descamps et al., 2016). Moreover, the
association between resource acquisition and resource availability
is complex and prevents any reliable prediction of whether a trade-
off occurs or not in a particular context (Boggs, 2009; Glazier, 1999;
Roff & Fairbairn, 2007). In practice, energy acquisition and alloca-
tion are difficult to measure and are most commonly inferred from a
limited number of phenotypic measurements (Ng'oma et al., 2017).
Experimental manipulations of the quantity or quality of feed supply
or of the reproductive effort have shown that physiological trade-
offs are more acute under stressful environments (Boggs, 2009).
Likewise, several studies in the wild have detected fitness cost of
reproduction only when resources are limited during specific years
and/or in specific areas (Cohen et al., 2019). For example, in Soay
sheep (Ovis aries), young breeding males suffer from an impaired sur-
vival only in years of high population density (Stevenson & Bancroft,
1995), likely as a result from an earlier allocation to reproduction.
The costs of reproduction are indeed particularly high in this spe-
cies, probably because Soay sheep bear the hallmarks of selection
forincreased productivity during their initial domestication (Clutton-
Brock & Pemberton, 2004). Still, in the wild, a proper test of the Y
model is largely hindered by practical difficulties to get reliable es-
timates of individual variation in resource acquisition. This is less of
an issue in high-input livestock production systems where the avail-
ability of feed intake data enables large-scale genetic evaluations.

In contrast to life history evolution that primarily views the prin-
ciple of allocation as a powerful theoretical framework to interpret
evolutionary outcomes, this principle has been more narrowly ap-
plied to livestock breeding as an organismal constraint on the fluxes
of energy and nutrients between functions that governs responses
to artificial selection (Beilharz et al., 1993; Rauw, 2009). Under the
Y model, MEI (Box 1) can be split on a daily basis by individuals into
one part allocated to productivity (energy retained as new biomass
such as muscle, fat, milk, egg or wool plus the associated energy of
biosynthesis dissipated as heat; Figure 1), and the other part allo-
cated to activity and self-maintenance (with the latter maximizing
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the chance of survival and future reproduction; Kirkwood, 2017,
Box 1). Most negative side effects of selection for high productivity
are thus thought to stem in the extent to which energy allocation
to maintenance is reduced in the total energy budget MEI (Beilharz
et al., 1993; Rauw et al., 1998) once its covariation with body size
has been accounted for (Konarzewski & Ksigzek, 2013). However,
under the assumption of independence between resource acquisi-
tion and relative allocation (Descamps et al., 2016), a same increase
in productivity over generations of selected animals could be me-
diated through an increase in MEI, or through an increase in rela-
tive allocation (i.e. energy allocation to productivity relative to MEI),
or through a mixture of both changes possibly independently from
each other (Figure 1).

Further, if we consider that energy allocation to maintenance
mostly reflects the minimal energetic cost to maintain the tissues
and essential life functions or to support the ‘metabolic engine’ (Biro
& Stamps, 2010), then the different paths of Figure 1 match hypoth-
eses developed by physiologists to explain intra-specific variation in
BMR (Box 1) in an ecological context (Burton et al., 2011; Careau &
Garland, 2012). Similar to the ‘independent hypothesis’ that predicts
variation in metabolic rates independently from daily energy expen-
diture (Konarzewski, 1995), livestock nutrition generally considers
that energy allocation to productivity is independent from the allo-
cation to maintenance (path 2 in Figure 1). A key implication of this
assumption is a dilution of the maintenance energy requirements
(Bauman et al., 1985; Vandehaar, 1998) so that gains in livestock
productivity are associated with gains in feed efficiency (Capper &
Bauman, 2013). In other words, the energy costs of maintenance are
assumed to be fixed, leading the maintenance cost per unit of animal
production to be reduced. In contrast, a greater productivity might
involve higher maintenance costs (the ‘increased-intake hypothesis’,
Biro & Stamps, 2010; Burton et al., 2011; Careau & Garland, 2012;
Koteja, 2000; Nilsson, 2002; path 1 in Figure 1).

Studies in livestock have implicitly assumed that the amount of
feed available in the environment (often categorized as ‘limiting’ vs.
‘nonlimiting’) determines which of the previous paths is undertaken
during selection for increased productivity. In limiting environments
(path 3 in Figure 1), trade-offs show up because any increase in pro-
ductivity should result in reduced energy allocation to maintenance
during the productive phases of animal life (cf. prediction 1). If this
reduction is associated with insufficient maintenance and repairing
processes, then the capacity to start over a new productive cycle or
to remain healthy should be impaired (cf. prediction 2). In contrast,
energy allocation trade-offs are unlikely to occur as far as the feed
supply keeps up with genetic gains in productivity (paths 1 and 2 in
Figure 1), unless the levels of productivity approach physiological
limits stemming from time constraints. Indeed, under those condi-
tions we contend that time constraints on energy allocation should
be prominent and thus lead energy allocation trade-offs to occur
as predicted under limited energy availability (cf. predictions 1 and
2). Most evidence for the previous framework accumulated so far
is indirect or correlative, and its predictions have not been formally
tested in livestock or laboratory animals.

3 | SURVEY OF BREED COMPARISONS
AND SELECTION EXPERIMENTS

To assess prediction 1 (i.e. selection for productivity results in re-
duced allocation to maintenance) and prediction 2 (i.e. reduced
energy allocation to maintenance results in impaired health or fu-
ture reproduction), we surveyed studies in livestock species (mam-
mals and birds) that have investigated the genetic relationships
between productivity and energy allocation to self-maintenance.
We thus performed a systemic search in Web of Science by using
the following string of search terms: (‘metabolic rate’ OR ‘mainte-
nance’ OR ‘heat production’) AND (‘line’ OR ‘breed’ OR ‘strain’) in
the Web of Science categories (‘Agriculture Dairy Animal Science’
OR ‘Genetics Heredity’ OR ‘Veterinary Sciences’ OR ‘Ecology’ OR
‘Multidisciplinary Sciences’), and using citation chaining (Figure S1
and the PRISMA diagram in Supplementary Material). Surprisingly,
eligible studies were quite rare. We looked chiefly for selection ex-
periments as most of the phenotypic differences among lines can
be attributed to genetic differences generated during the selection
process. Moreover, selection experiments are particularly relevant
to investigate physiological constraints in action during evolutionary
changes (Garland, 2003; Box 2). Unfortunately, only a few of them
have actually measured RMR in livestock. Data on RMR are more
frequent for a particular breed or commercial line to estimate its
nutritional requirements. In this case, the genetic effect related to
productivity was less obvious, but our survey also included those
studies based on breed comparisons to further discuss the effect
of different levels of productivity on RMR (Tables 1 and 2). To gain
complementary insights, we also considered laboratory species that
have been commonly used in livestock research as relevant biologi-
cal models. Thus, results from previous syntheses within particular
taxa (e.g. Konarzewski & Ksigzek, 2013) could be compared with
those available for other mammals and birds.

3.1 | Prediction 1: selection for productivity results
in reduced allocation to maintenance

We distinguished two main types of productivity traits: those related
to body growth (Table 1; studies ‘Gi’), and those related to maternal
reproductive outputs such as litter size or milk yield in mammals
(Table 2; studies ‘Ri’). As for energy allocation to self-maintenance, it
cannot be approximated by BMR when animals are in a production
phase. We considered instead any measure of RMR (Box 1) as previ-
ously done (Biro & Stamps, 2010; Burton et al., 2011). In livestock
studies, related metrics include heat production after fasting (using
indirect calorimetry) or estimates of energy intake by extrapolation
at various feeding levels towards zero energy retention (using com-
parative slaughter technique to estimate the retained energy (RE)
in body mass gain). None of the methods that were developed to
determine energy maintenance requirements during productive
phases have gained broad acceptance due to the difficulty to tease
apart the energetic costs related to productivity from the minimal
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BOX 2 When selection experiments reveal the importance of physiological constraints in selection responses

Identifying physiological constraints at the level of genes is challenging. Focal traits under selection, such as productivity traits,
are often the end products of complex genetic, physiological, developmental and endocrine processes. The biological complexity in
the mapping of genotype to phenotype can be reduced by focusing on mechanistic traits, which usually refer to a small number of
physiological traits that determine focal traits. To assess the extent to which those mechanistic traits constrain or enable selection
responses, laboratory selection experiments exploring multiple directions of selection are relevant tools (Garland, 2003). If in all
directions of selection, observed direct responses of focal traits are consistent with predicted responses based on mechanistic traits,
this would support strong physiological constraints. This is well illustrated by Davidowitz et al. (2016)’s study case on the tobacco
hornworm (Manduca sexta; Figure 2).

Two focal traits of larva development to pupation were artificially selected: development time and pupal weight. Those traits can
be predicted from their functional relationships with three mechanistic traits (i.e. critical weight (CW), length of the growth period
(ICG) and growth rate (GR)) that characterize the last stage of larva development into pupae:

Predicted pupal weight = CW + (ICG x GR),

Predicted development time = ICG + (CW/GR),

where the attainment of the CW marks the transition from the juvenile growth to the reproductive adult phase (initial adult
weight), ICG corresponds to the duration of the period of growth from CW to pupal weight, and GR refers to the linear rate of change
in body weight during this stage.

Both CW and ICG have positive effects on development time and pupal weight, whereas GR has a positive effect on pupal weight
and a negative effect on development time. Pupal weight and development time were simultaneously selected to explore four di-
rections (i.e. same or opposite directions). Regression lines in Figure 2 show that whatever the direction of selection, responses are
highly predictable from the correlated changes in the three mechanistic traits. In other words, those physiological determinants of
development at the individual level strongly constrain responses to selection in multiple directions.

15 Pupal weight (g) 58 Development time (days)
[ == C
2 4 e
g 14 +/+ .# g 22 & =
s 13 < 21 ® . -
o control _ .~ b
g 12 [ 2 5 20 ’
T 11 £ 19 e
210 . m— ’ 2 18 . ®control
%’ 9| . larvae pupae S 47 ._/_
Q
O g O 16
8 10 12 14 16 16 17 18 19 20
Predicted Predicted

Selection directions on focal traits:
(Pupal weight / Development time)

+/+ Big/Long -+ Big/Short
-/- Small/Short +/- Small/Long

FIGURE 2 Infour different directions of selection on two focal traits of larva development to pupae (pupal weight and
development time) in Manduca sexta (Sphingidae), direct responses are predictable from fixed relationships between three
mechanistic traits describing individual development. Data from Davidowitz et al. (2016). Image sources: Larva image modified
from an image by Daniel Schwen available from Wikimedia Commons under licence CC BY-SA 4.0. Pupa image modified from an
image by 7 and available from Wikimedia Commons under licence CC BY-SA 3.0

energetic cost of living (Knap, 2009). Moreover, previous metrics studies in livestock research divide them by the so-called metabolic

0.75)

are not homogeneously adjusted for the effect of metabolic allom- body mass (i.e. m , but we also found studies that simply reported

etry that stands within species (Konarzewski & Ksigzek, 2013). Most mass-specific estimates and others that used covariance analysis
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with body mass as covariate, as recommended by integrative physi-
ologists (Konarzewski & Ksigzek, 2013). All studies from our survey
used nutrient-rich diets that were provided ad libitum, and thus, MEI
was not limited by the environment.

Overall, about half cases (10 out of 21) did not detect any differ-
ence in maintenance energy metabolism between animal groups with
contrasting growth rates (Table 1). However, results varied across
species. In mice, no association was reported between productivity
and RMR in 80% of the cases. In poultry, a negative association oc-
curred in two thirds of the cases. In pigs, a positive association was
detected in all the four studies, regardless of a selection on low fat-
ness in addition to high productivity (studies G12 and G15). Finally,
there was no clear trend in ruminants. Interestingly, the relationship
between maintenance and fatness (studies G12, G15 and G18) was
reciprocally observed in some cases (i.e. a higher fatness associated
with a lower maintenance; studies G3, G4, G8 and G19), and none of
the 21 cases indicated a positive covariation between fatness and
RMR.

All six studies in reproducing females (Table 2) found a positive
effect of maternal productivity on RMR, in support of the ‘increased-
intake hypothesis’ (Figure 1; path 1).

Associations between the genetic potential for growth and
maintenance requirements were all measured in growing animals,
sometimes in several growth phases (e.g. studies G8 and G14).
However, there was little information on the persistence of those
associations beyond the growth period in these determinate grow-
ers (i.e. few studies on mature animals such as G19). In contrast,
evidence for positive associations between maternal productivity
and RMR was also observed when adult females were not repro-
ducing (e.g. studies R3-R5). Still, the detection of associations is
inevitably hindered by the limited data relative to the large num-
ber of factors, notably caused by the use of various metrics to

measure RMR.

3.2 | Prediction 2: reduced energy allocation to
maintenance results in impaired health or future
reproduction

To study the consequences of genetic changes in the energy alloca-
tion to maintenance on components, or physiological correlates, of
health or future reproduction, we surveyed selection experiments
directly targeting energy metabolism (e.g. Konarzewski et al., 2005)
or indirectly through feed efficiency (Table 3, studies ‘Mi’). Indeed,
in the livestock context, feed efficiency and related metrics such as
residual feed intake (Box 1) are more commonly studied than RMR
because they have higher practical relevance and become increas-
ingly available in commercial populations with the development of
individual feed intake monitoring. In our survey, all the selection ex-
periments on feed efficiency where a RMR-related metric was meas-
ured showed that feed efficiency and RMR were consistently and

positively related (Table 3). Selection for feed efficiency also affects

components other than energy metabolism (e.g. digestive efficiency,
especially in ruminants). However, experiments in mice show that,

in turn, selection for RMR (e.g. heat loss/m®7 (

Exp. M7) or mass-
independent BMR (Exp. M8)) has a positive selection response on
feed intake (Table 3). Thus, we assumed that results from selection
for high feed efficiency and for low RMR were comparable. Overall,
feed efficiency metrics have a moderate heritability (e.g. mean of
0.25 from 35 estimates in seven species as reported by Pitchford,
2004), close to that reported for RMR (Konarzewski & Ksigzek,
2013; Pettersen et al., 2018). Both feed efficiency and RMR metrics
thus well respond to selection.

Although selection was supposed to be mass-independent,
about one third of the cases had a positive effect on body mass
and several experiments showed an increasing mass of some di-
gestive organs (e.g. liver mass; exps. M2, M6-8 and M10; Table 3).
In addition, experiments that measured physical activity all found
it positively associated with feed intake. Altogether, these results
support the ‘increased-intake hypothesis’ (Biro & Stamps, 2010;
Koteja, 2000; Nilsson, 2002), even when variation in body mass is
accounted for.

We found equivocal evidence for a relationship between RMR
metrics and components or physiological correlates of reproduc-
tion or survival (Table 3). Six of the 11 cases investigating those
aspects detected a positive association between RMR and repro-
ductive output, in agreement with previous results (Table 2). For in-
stance, mice with high mass-specific feed intake had large litter or
high offspring growth in four experiments (exps. M5-8). In contrast,
in pigs, two experiments of divergent selection on the same criteria
of residual feed intake (exps. M11-12) reported the same negative
effect on litter size, which suggests that mothers with low energy
requirements for maintenance produce larger litters at least in
early adulthood. Eight cases investigated a hypothetical physiolog-
ical correlate of health, but did not support any clear link between
responses to immune challenge and maintenance. Oxidative stress
was the only marker that was positively related to residual or ab-
solute feed intake in the four cases where it was studied (exps. Mé
and M8 in mice, and exps. M11-12 in pigs). Overall, from the limited
data available and their potential bias (e.g. most observations were
performed early in adulthood), our survey indicates that selection
for feed efficiency involving low maintenance in early life does not
simply result into a degradation of a fitness-related trait. This paral-
lels the lack of a consistent relationship observed at the phenotypic
level between RMR and performance measures in the wild (Burton
et al., 2011; Pettersen et al., 2018). Finally, it is noteworthy that the
set of physiological traits commonly used to date to assess health
and survival in that context (see Table 3) does not include accurate
markers of survival prospects (Kennedy et al., 2014; Lopez-Otin
et al., 2013), especially when they are investigated separately. For
instance, field evidence from Soay sheep has revealed that multi-
ple markers of oxidative stress are required to assess reliably the
relationship between oxidative damage and survival (Christensen
etal., 2016).
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4 | SHORTCOMINGS OF A RESOURCE
SUPPLY-DEMAND APPROACH

Trade-offs in life history evolution are generally viewed as a result
of competing allocation between functions for a fixed amount of
resources. Although resource allocation trade-offs have also been
considered to play a key role in the context of livestock selection
(Beilharz et al., 1993; Rauw, 2009), this application of the standard
life history view (Figure 3a) lacks direct or mechanistic support as
shown by our literature survey. In the following, we argue that this
absence of identified pathway outlines several shortcomings of re-
stricting the interpretation of the resource allocation framework
in terms of a supply-demand approach. We discuss limitations to
address the functional significance of among-individual variation in
the energy used for self-maintenance (Section 4.1) and the premise
that such variation stems from constraints on energy supply (Section
4.2). Alternatively, fitness costs of high energy intake may have been
overlooked in livestock, as the focus on early-life productivity pro-
vides little room for trade-off detection later in life (Section 4.3).
Accordingly, most previous assessments probably relied on inad-
equate data, arbitrary choice of biomarkers and heterogeneity in
the timing of measurements (e.g. adult vs. old individuals). Those
shortcomings concur with other limitations addressed from a life
history perspective (Agrawal, 2020; Ng'oma et al., 2017; Speakman
& Garratt, 2014).

4.1 | Energy allocation to maintenance is difficult
both to estimate and to interpret

In comparison with the energy expended in biomass production
(e.g. milk, egg, meat, wool), the energy used for self-maintenance
and dissipated as heat is more challenging to estimate and to in-
terpret functionally, particularly when animals are in a productive
phase (Figure 3b). Just as RMR (Pettersen et al., 2018), feed effi-
ciency is likely to involve more than one trait. Thus, using those met-
rics to measure energy allocation to maintenance as presented in
Figure 1 is undoubtedly an oversimplification. For instance, in meat-
type chicken, a positive relationship between growth rate and RMR
may translate into an increase in heat dissipated due to biosynthesis
(proportional to growth rate) and, at the same time, a decrease in
the energy needed for other functions, such as the expression of
energetically expensive behaviours (Tallentire et al., 2016). The mag-
nitude of the energy costs of biosynthesis is sometimes so high that
it can flip the sign of the relationship between productivity and RMR
if not discounted from total heat production (Konarzewski, 1995).
From a physiological perspective, a dissection of the biological basis
of whole-organism measures of RMR (Cantalapiedra-Hijar et al.,
2018; Herd & Arthur, 2009; Konarzewski & Ksigzek, 2013) does not
simply translate into the resource acquisition-allocation framework.
For instance, besides changes in energy acquisition and alloca-
tion, the efficiency of use in metabolizable energy in mitochondria
is also subject to selection for high feed efficiency as observed in

., \\| £y

chicken (Bottje & Carstens, 2009), pigs (Gilbert et al., 2017) and cat-
tle (Cantalapiedra-Hijar et al., 2018). If high mitochondrial efficiency
incurs fitness costs, notably through higher generation of reactive
oxygen species (ROS; Salin et al., 2015), this would imply that fit-
ness costs do not necessarily result from a low energy allocation to
somatic maintenance per se. Surprisingly, studies in livestock found
that ROS was low in lines selected for high feed efficiency (Table 3)
and that energetically repairing processes are actually enhanced in
efficient animals with a relatively low RMR (Labussiére et al., 2015;
Piekarski-Welsher et al., 2018).

Beyond previous limitations, allocation constraints (Figure 3a)
are not always actively involved in the physiological mechanisms un-
derpinning selection responses. Indeed, ad libitum access to nutrient-
dense feed is commonly considered as a main reason for the absence
of trade-off (Metcalfe & Monaghan, 2013), in particular the lack of
consistent relationship between RMR and reproductive output
(Burton et al., 2011). However, benign conditions do not preclude
the existence of energetic trade-offs, and even favour them in some
contexts (Figure 3c). Thus, trade-offs between growth and immunity
in intensive poultry systems (Van Der Most et al., 2011) could be
favoured by heavy reliance on antibiotics and low pathogen pres-
sure. The consequent relaxed selection on immunity could enable
standing and de novo genetic variation underlying immunosuppres-
sion (Gering et al., 2019), notably through changes in growth-related
genes (Leshchinsky & Klasing, 2001). Domestication and intense se-
lection for productivity have resulted in the downregulation of sev-
eral energetically expensive behaviours that are no longer needed in
farming conditions (e.g. ability to escape predators, fighting for ac-
cess to mating, extensive foraging behaviour; Diamond, 2002; Rauw
et al., 2017). More sedentary lifestyle and easier access to feed that
characterize modern livestock species compared with their wild
counterparts could also favour morphological evolution, in particu-
lar smaller energetically expensive organs such as brain (e.g. in chick-
ens; Jackson & Diamond, 1996) or heart (in pigs; Van Essen et al.,
2018). Correlated changes in energy metabolism are also supported
at the level of tissues. For instance, selection for high feed efficiency
in pigs has resulted in a higher proportion of fast-twitch glycolytic fi-
bres (Gilbert et al., 2017), whose low protein turnover can contribute
to reduce overall maintenance metabolism.

Overall, the complexity of the genetic architecture underlying
those coordinated modifications makes the consequences of a par-
ticular selection more difficult to predict than one could anticipate
from the resource allocation framework alone. For instance, exper-
imentally selecting ancestors of modern chicken for reduced fear of
humans has resulted in an increase in RMR (Agnvall et al., 2015).
Even in the absence of direct selection for growth, several anabolic
pathways were upregulated in low-fear chickens, just as observed
in the modern chicken (Jackson & Diamond, 1996). Reciprocally,
our results suggest that a reduction in activity is probably the most
obvious side effect of selection for high feed efficiency (Table 3),
in line with Rauw et al. (2017). In livestock, many selection exper-
iments have been performed on traits not directly related to feed
efficiency (e.g. behavioural traits or resistance to specific diseases).
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Unfortunately, correlated responses on whole-organism energy
metabolism and allocation have too rarely been assessed. Although
such responses are challenging to measure, they would be insightful
to discriminate between the role of correlational selection and con-

strained resource supply in causing trade-offs (Figure 3d).

4.2 | Constraints on energy supply and
expenditure are elusive

If there is a constraint on feed intake (as in Figure 3a), should selec-
tion for higher productivity effectively result in a reduced amount of
energy allocated to other traits? Support for this has been provided
by earlier experiments in mice, where selection for growth under re-
stricted feed conditions has resulted in a decrease in RMR (Falconer,
1960; McPhee et al., 1987; Nielsen & Andersen, 1987). In contrast,
livestock selected for high productivity are often fed with abundant
nutrient-dense feed. Moreover, physiological limits to feed intake
have rarely been of concern, except in the growing chicken (Jackson
& Diamond, 1996; Konarzewski et al., 2000; Ricklefs, 1985).
Physiological limits to sustained energy intake and expenditure
have been extensively studied in rodents (reviewed in Speakman
& Krol, 2011). The focus of these studies has shifted from central
limitations—where energy is assimilated—to limitations at the tis-
sue level—where energy is used (Hammond et al., 1996)—or at the
whole-organism level—where it is dissipated as heat (Speakman &
Krél, 2010). However, the role of those limits acting within individual
is rarely considered in the context of individual variation although
this is a critical issue for the manifestation of trade-offs (Careau &

N
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multifunctionality of maintenance,
including foraging behaviour; (c) context-
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response during domestication); and
A (d) correlated selection response in
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Pathways (a) and (b) involve physiological
constraints on energy allocation (dark
arrows), contrarily to (c) and (d) (grey
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Wilson, 2017; van Noordwijk & de Jong, 1986). In particular, few
studies have addressed whether potential limits are absolute or can
be overcome by selection (Garland & Carter, 1994). To this end, the
development of mechanistic approaches to link physiological pro-
cesses to selection responses (e.g. Box 2) is a promising avenue for
future research, with key applications for livestock breeding.

An absolute limit on daily feed intake is currently suspected to
cause a plateau in commercial selection for fast-growing chicken
(Tallentire et al., 2018). However, the underlying mechanisms of this
limit remain elusive. For long, the primary focus has been on lim-
its in the developmental capacity of central organs involved in en-
ergy supply to keep up with the selective increase in tissue demand
(e.g. Dror et al., 1977). A nutritional imbalance is associated with
the development of various metabolic troubles (e.g. cardiovascular
diseases and musculoskeletal disorders (Julian, 2005) or muscle ab-
normalities (Soglia et al., 2018) in poultry; but see also Prunier et al.
(2010) in pigs or Ingvartsen et al. (2003) in dairy cows). However, the
general picture that has emerged from decades of research on the
limits to sustained energy intake suggests that multiple constraints
are involved, to different extents throughout development, and
both from the supply side through the digestive and circulatory sys-
tems and from the demand side through peripheral tissues (Ricklefs,
2003; Speakman & Krél, 2011). Moreover, ontogenetic processes
governing nutrient supply and demand are amenable to selection as
demonstrated by selection on the shape of growth curves in chicken
(Mignon-Grasteau et al., 1999). Hence, the incidence of several
metabolic diseases related to an imbalance between supply and de-
mand has been reduced through selection (e.g. notably in chicken
with tibial dyschondroplasia (Wong-valle et al., 1992) or pulmonary
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hypertension (Pavlidis et al., 1997)). In these cases, selection for re-
duced disease incidence also led to a decrease in growth that may
well reflect that facing the boundaries of the physiological space is
ineluctable. However, in several cases, the limits that trade-offs im-
pose on the simultaneous improvement of antagonistically related
traits have been overcome by selecting for an index that combines
those traits (e.g. Index = b, X, + b, X,, where b, and b, are the selec-
tion weights applied to traits X, and X,, respectively) or by selecting
for a composite trait (Neeteson-van Nieuwenhoven et al., 2013). For
instance, Nielsen et al. (2013) showed that in sows, selection for high
litter size after the early nursing period simultaneously increased
litter size at birth and neonatal survival, whereas a trade-off exists
between these two latter traits. However, another trait may then
become first limiting (e.g. number of sow teats) and then a new tar-
get of selection. Knowing to what extent simultaneous selection for
increased demand and lower supply can be sustained and how this
translates morphologically would be useful to clarify the importance
of physiological constraints at an among-individual level.

So far, the hypothesis that morphological constraints on organs
involved in energy supply would limit selection for productivity has
received little support (Schmidt et al., 2009; Zuidhof et al., 2014).
Indirectly, supply organs such as the heart, the liver or the intes-
tine seem to respond to selection for increased nutrient demand.
Moreover, clear evidence supports the view that selection for in-
creased productivity in nutrient-rich environments has mostly been
achieved through higher feed intake. This has been the key response
in selection experiments for increased growth rate (e.g. reviewed
in mice and rats (Roberts, 1979), in rabbits (Feki et al., 1996), in
Japanese quails (Marks, 1978), in chickens (Dunnington et al., 2013),
in turkeys (Nestor et al., 2008), or in sheep (Thompson et al., 1985)),

as well as for increased litter size at birth in mice (Rauw et al., 2000)
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orin rabbits (Quevedo et al., 2006). The same phenomenon has likely
occurred in commercial populations too. For instance, data from di-
gestibility trials indicate that a doubling of milk yield in US dairy cows
between 1970 and 2014 was accompanied by a 70% increase in dry
matter intake (Potts et al., 2017).

Overall, selection responses are also consistent with responses
occurring within individuals as the achievement of increased growth
rate through increased intake is also supported during ontogeny. For
instance, in chicken, the ontogenetic scaling of MEI tends to be simply
proportional to the increasing body mass (i.e. isometry) when chick-
ens are increasingly fast-growers (Figure 4). These changes in the
scaling exponent thus suggest a continuous morphological adapta-
tion when individuals with higher energy requirements are selected.
This is in line with evidence showing that allometric relationships do
not always resist selection (White et al., 2019). Nevertheless, the
room for adaptation may be limited as proposed by the ‘metabolic-
level boundary hypothesis’ of Glazier (2010; Figure 4). Either way,
those observations should warn against the application of interspe-
cific rules of metabolic scaling within species and regardless of on-
togeny in livestock nutrition (Noblet et al., 2015).

In our survey, support for the ‘independent’ or ‘increased-intake
hypothesis’ (paths 1 and 2, respectively, in Figure 1) suggests that
despite intensive selection, resulting in a marked increase in nutri-
tional requirements, the total energy budget is not constrained by
an absolute limit on the rate of energy assimilation (as presented
in Figure 3a). In the allocation framework, such physiological con-
straint would be a prerequisite for a negative association between
productivity and maintenance (Konarzewski et al., 2000). Our re-
sults are thus in line with the rationale of most feeding recommenda-
tion systems that consider that more productive animals will simply

eat more to meet their higher nutritional requirements (Emmans &
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FIGURE 4 Selection for fast-growing chicken has substantially changed growth curves and the allometric relationships between body
mass and energy intake. Changes in chicken body mass during the first 8 weeks of age (a) are associated with changes in the scaling of
energy intake with body mass (b). In inset, scaling exponents of the relations are reported according to the maximum growth rate of each
curve shown in (a). When the metabolic costs of growth increase, the scaling exponent of energy intake converges towards unity. In other
words, the growth of new tissue becomes proportional to existing tissue mass, as predicted by the metabolic-level boundary hypothesis
(Glazier, 2010). Data were compiled from Jackson and Diamond (1996) and Zuidhof et al. (2014) and from nutritional recommendations of a

high-yielding broiler chicken (Ross 308, Aviagen)
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Kyriazakis, 2001). However, livestock nutritionists generally con-
sider that maintenance nutrient requirements are independent
from the level of productivity (Johnson et al., 2003). Others have
recommended to revise those requirements upwards to account for
an additional demand accompanying increased intake. For instance,
the high contribution of visceral organs to RMR is clear according
to relationships between RMR and the mass of organs in cattle or
in pigs (Ferrell, 1988; van Milgen et al., 1998). However, the mass of
digestive organs is not always a good predictor of the energy costs
of feed intake (Sadowska et al., 2013; Selman et al., 2001; Speakman
et al., 2004).

4.3 | Fitness costs of intake have been largely
overlooked to date

Although physiological constraints on energy intake and expendi-
ture remain elusive, this does not preclude a physiological restraint
that is evolutionary shaped due to the fitness costs of a high intake
(Speakman & Krél, 2005). Such genetically determined restraint
would thus represent a limit that can be overcome by artificial selec-
tion for high energy expenditure. Owing to the allometric relation-
ship between feed intake and RMR, it is not surprising that fitness
costs of high productivity have also been considered in the evolu-
tion of upper limits to metabolic rate (Drent & Daan, 1980; Peterson
et al., 1990; Piersma, 2011). In particular, long-term energy expen-
ditures may be restrained by an ‘optimal working capacity’, that is
a maximum level of metabolism that can be sustained and beyond
which the mortality risk would become too high due to body reserve
exhaustion, organ failure or wear-and-tear processes. As maximum
levels of energy expenditure inevitably decline with the duration of
the effort (Peterson et al., 1990) and since productivity traits are
by definition constrained by time, then we could similarly assume
optimal levels of livestock productivity for particular environments.

In livestock, evolutionary hypotheses on the control of feed
intake have received some attention (lllius et al., 2002; Tolkamp &
Ketelaars, 1992) but they had relatively little impact on the research
done on energetic efficiency (Johnson et al., 2003). Two main rea-
sons can be the limited scope for the expression of fitness costs
of feed intake late in life in livestock (cf. Results Section 3.2), and
the weak empirical and mechanistic evidence of a negative associ-
ation between high productivity early in adulthood and late-life re-
production or survival traits (e.g. Douhard et al., 2016; Theilgaard
et al., 2007). Senescence (i.e. age-specific decline in survival and/
or reproductive performance; see Gaillard & Lemaitre, 2020) seems
ubiquitous in contexts as different as those of populations in the
wild (Nussey et al.,, 2013) and highly productive livestock (Brody
et al., 1926; Theilgaard et al., 2007). Yet, the trade-off observed
in wild populations between high reproduction in early adulthood
and performance later in life (Lemaitre et al., 2015) is challenging
to assess in livestock given that most of those animals are rapidly
slaughtered or replaced (Hoffman & Valencak, 2020). For example,
dairy cattle, sheep, pigs or goats are commonly slaughtered before

reaching 30% of their possible lifespan (Hoffman & Valencak, 2020).
Accordingly, genetic correlations between productivity traits and
longevity are often found inconsistent (Essl, 1998). However, lon-
gevity is not a proper metric of senescence, which rather corre-
sponds to the declining performance with increasing age that can
be analysed well before individuals have reached old ages (Gaillard
& Lemaitre, 2017; Kinzina et al., 2019). Moreover, the currently quite
short lifespan of reproducing adults on farm is often economically
suboptimal when the different costs of maintaining herd structure
are correctly accounted for. For instance, in high-producing dairy
farms, cows should be kept on average 2 years longer than at pres-
ent (i.e. five lactations instead of three) to compensate for the farm
costs of breeding females before they reach sexual maturity and
then develop their milk yield potential (which peaks at around four
annual lactations; De Vries, 2020). Animals able to sustain their pro-
duction over the long-term are also increasingly relevant to address
welfare and ethical concerns of breeding intensively and remove
prematurely too many young animals (Oltenacu & Broom, 2010;
Prunier et al., 2010). Improved opportunity to assess senescence
patterns in livestock should thus take place in the near future. If
early-late life trade-offs also hold in livestock, then strong selection
for early productivity (e.g. early age at first reproduction and high
litter size) may have incidentally favoured rapidly ageing individuals
(Mysterud et al., 2002, on domestic sheep, Grange et al., 2009 on
horses), which improves the power of studying senescence prior to
old ages. In the context of improving livestock welfare and the life-
time production of reproducing adults through lifespan extension,
biomarkers involved in health and senescence such as the telomere
dynamics or the age-specific changes in the DNA methylation pro-
files are coming under scrutiny (Monaghan et al., 2018; Simpson &
Chandra, 2021). As those biomarkers of biological age become in-
creasingly accurate, they may have a strong interest in the early de-
tection of animals with a high potential for long-life performance.
For instance, the relative leucocyte telomere length quickly declines
after birth and is positively correlated to lifespan in high-producing
dairy cows (Seeker et al., 2018). As this trait is moderately heritable,
it could thus be considered in future breeding objective to extend
cow lifespan. Such biomarkers (see also Simpson and Chandra (2021)
for a discussion on the use of the epigenetic clocks in that context)
may benefit to a broader understanding of early-late life trade-offs
(Lemaitre et al., 2015). So far, little is known about the respective
fitness consequences of energy intake and its allocation to somatic
maintenance in livestock.

Viewing the physiological control of feed intake as a target of
selection is also in line with incentives to consider more explicitly
signalling pathways in the resource allocation framework (Glazier,
2015; Ng'oma et al., 2017) and in behavioural evolution (Garland
et al., 2016). Although the genetic basis of the control and orches-
tration of short-term and long-term regulations of energy metabo-
lism has long been acknowledged by scientists working on livestock
(Bauman & Currie, 1980), the associated endocrine pathways and
their genetic basis are still largely unravelled. In some cases, the
effects of artificial selection on the hormonal control of nutrient
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allocation during productive phases or of behavioural traits have
been extensively studied, but their implications in terms of senes-
cence are rarely considered. For instance, major changes in the
somatotropic axis of dairy cows have been associated with selec-
tion for high milk yield (Lucy et al., 2009), whereas those hormones
also have an evolutionary conserved role in modulating senescence
(Bartke et al., 2013). In chicken, selection for growth has substan-
tially altered neuroendocrine pathways, leading to hyperphagia and
obesity in adults (Decuypere et al., 2010), which raises major issues

in terms of management and animal welfare (D’Eath et al., 2009).

5 | CONCLUSIONS AND FUTURE
DIRECTIONS

Observations in livestock do not conflict with the compelling evi-
dence that supports resource allocation in the broad sense—that is
the fact that changes in energy and material apportioning are part
of selection responses. As observed in our study, genetic changes
in energy allocation to maintenance are clearer when feed intake is
part of the selection objective than when selection is simply based
on a productivity trait. However, livestock data question the nature
and the importance of resource allocation constraints in the narrow
sense (Glazier, 2009)—that is the assumption that resource limita-
tion primarily causes trade-offs that limit selection responses. In
particular, we found little evidence that a reduction in the energy
allocation to maintenance is at the basis of genetic antagonisms
observed in livestock populations between productivity traits and
traits related to health or future reproduction. As we discussed, such
lack of evidence may well reflect limitations in the measurement of
self-maintenance or in the data available so far in livestock to as-
sess costs of high productivity on fitness-related traits. However, it
becomes increasingly clear that the resource allocation framework
narrowly defined in terms of energy and nutrient supply and ex-
penditure is insufficient to explain trade-offs so that a more com-
plete picture requires the integration of time constraints (Lemaitre
et al., 2020) and alternative physiological causes (Harshman & Zera,
2007; Leroi, 2001; Ricklefs & Wilkelski, 2002; Speakman, 2008;
Zera & Harshman, 2001). Besides, evolutionary biologists and
physiologists are converging towards a shared understanding of the
molecular pathways underlying trade-offs (Flatt & Heyland, 2011,
Mauro & Ghalambor, 2020; Ng'oma et al., 2017). We argue that such
integrated framework could also benefit from a higher connection
with research in comparative physiology and livestock breeding and
genetics. This in turn could come with strong practical implications
to orientate future breeding objectives.

In particular, recent evidence from experiments performed on
laboratory organisms has revealed that somatic maintenance can be
improved at no fitness cost when nutrient-sensing pathway is down-
regulated during adulthood (e.g. Carlsson et al., 2021; Lind et al.,
2019). These results, which challenge the ubiquity of the principle
of allocation for explaining the decrease in fitness-related traits in
late life, suggest that selection for a certain level of gene expression

T, \y [ E Y-

during early life (e.g. a level of expression associated with a high pro-
ductivity) might have detrimental effects in late life if the selected
level of gene expression become suboptimal from mid-adulthood
onwards (Gems & de Magalhaes, 2021; Maklakov & Chapman, 2019).
However, this emerging theoretical framework (i.e. hyperfunc-
tion theory, developmental theory of ageing, early-life inertia; see
Carlsson et al., 2021; Maklakov & Chapman, 2019) opens the door to
an experimental uncoupling of the trade-off between productivity
on the one hand and both health and survival in late life on the other
hand but remains to be embraced in livestock studies.

Although livestock populations are often bred in relatively
uniform and controlled environments, the large amount of data
collected on these biological models offers a largely untapped op-
portunity to bridge research on physiological trade-offs with popu-
lation genetics. For instance, Schou et al. (2020) used estimates of
micro-environmental variance in dairy cattle and found some sup-
port for a stabilizing selection for milk yield in the most controlled
environments. In other words, selection for productivity may have
enforced an upper limit, possibly due to physiological constraints,
and be then counterbalanced by natural selection. Another line of
evidence for this hypothesis is suggested by published estimates of
the genetic antagonism between dairy cow productivity (milk yield)
and fertility (Berry et al., 2014). As shown by Pryce et al. (2014), this
antagonism increases in the most favourable environments. Such re-
lationship might be thus consistent with physiological constraints on
high metabolic intensity (Figure 5). Would there be a link between
such potential stabilizing selection in livestock populations and the
concept of optimal working level of energy metabolism? Answers
to this question will be favoured by framing the energy allocation
to self-maintenance as a multivariate trait in a microevolutionary
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FIGURE 5 Genetic antagonism between dairy cow milk yield
and fertility (calving interval, the time elapsed between two
successive calving events) according to phenotypic average of
milk yield (an indicator of energy availability in the production
environment). Here, trade-off intensity (grey shade) increases in
less limiting environments. The polynomial trend is shown (dotted
line). Figure adapted from Pryce et al. (2014)
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framework so that genetic covariances among others traits can
be measured and potential constraints identified (Konarzewski &
Ksigzek, 2013; Pettersen et al., 2018).

Finally, although continuous improvement in livestock produc-
tivity seems feasible from the perspective of quantitative genetics
(Hill, 2016), there is now alarming evidence that industrial food sys-
tems that rely on this strategy are unsustainable given their con-
tribution to unhealthy diets and environmental degradation (Willett
et al.,, 2019). In other words, further increase in productivity may
first be limited as a result of constraints at the level of livestock pro-
duction systems rather at the level of animal biology. Some advocate
further gains in animal productivity to reduce feed use and environ-
mental impacts per unit of animal product (e.g. Capper & Bauman,
2013; Garnett et al., 2013). Yet, further increase in the genetic po-
tential for productivity fuels the intensification and specialization
of industrialized farming systems. In those systems, heavy reliance
on external inputs (e.g. grains, freshwater, antibiotics) raise strong
concerns in terms of global (e.g. greenhouse gas emissions, land con-
version off-farm) and local (e.g. soil and water pollution) footprints
(Willett et al., 2019). Moreover, ethical debates exist on the accept-
ability of creating ever more productive livestock animals (Hotzel,
2014; Sandge et al., 1999). Although industrial production systems
have provided ideal conditions to foster continuous genetic gains in
high-yielding livestock (i.e. controlled and homogeneous environ-
ments), livestock breeding now needs to emphasize production in
challenging environments (low levels of nutrition, heat stress; Hayes
et al., 2013). In this context, the development of farming systems
designed from ecological concepts and principles, as proposed by
the agroecological paradigm (Altieri, 2018), provides a timely oppor-
tunity to renew the historical partnership between evolutionary bi-
ology and livestock breeding and genetics (Hill & Kirkpatrick, 2010).
Agroecological systems seek to achieve whole-system productivity
by minimizing their reliance on external inputs, by using genetic di-
versity within farms and by promoting animal capacities to sustain
lifetime production in varying conditions. In this respect, research
on breeding strategies to improve animal capacities to recover from
various environmental challenges (i.e. resilience) is at the forefront
(Berghof et al., 2019), just like research on the flexibility of resource
allocation and the plasticity of metabolic rate surges with climate
change (Ng'oma et al., 2017; Norin & Metcalfe, 2019). Developing
connections between those areas has great promise to address their
integration within the resource allocation framework.

KEYWORDS

livestock breeding, metabolic rate, pleiotropy, senescence, trade-offs

ACKNOWLEDGEMENTS

We are grateful to the Associate Editor, Frédéric Thomas and the
three reviewers of this paper, including Marco Festa-Bianchet and
Peter Biro, for their thorough revision and their insightful comments
on a first draft. Their feedback helped us a lot to improve the final

version.

CONFLICTS OF INTEREST

The authors declare no conflict of interest.

DATA AVAILABILITY STATEMENT
Data sharing is not applicable to this article as no new data were cre-
ated or analysed in this study.

Frédéric Douhard?
Mathieu Douhard?
Hélene Gilbert®
Philippe Monget®
Jean-Michel Gaillard?

Jean-Francois Lemaitre?

1GenPhySE, INRAE, ENVT, Université de Toulouse, Castanet-
Tolosan, France

2L aboratoire de Biométrie & Biologie Evolutive, CNRS, UMR
5558, Université Lyon 1, Villeurbanne, France

SCNRS, IFCE, INRAE, PRC, Université de Tours, Nouzilly, France

Correspondence

Frédéric Douhard, GenPhySE, Université de Toulouse,
INRAE, ENVT, F-31326 Castanet-Tolosan, France.
Email: frederic.douhard@inrae.fr

ORCID
Frédéric Douhard " https://orcid.org/0000-0002-8503-1089
Mathieu Douhard "= https://orcid.org/0000-0001-9422-7270

Hélene Gilbert "= https://orcid.org/0000-0002-4385-3228
Philippe Monget "= https://orcid.org/0000-0002-6374-175X
Jean-Michel Gaillard " https://orcid.org/0000-0003-0174-8451
Jean-Francois Lemaitre " https://orcid.org/0000-0001-9898-2353

REFERENCES

Agnvall, B., Katajamaa, R., Altimiras, J., & Jensen, P. (2015). Is domes-
tication driven by reduced fear of humans? Boldness, metabo-
lism and serotonin levels in divergently selected red junglefowl
(Gallus gallus). Biology Letters, 11(9), 6-9. https://doi.org/10.1098/
rsbl.2015.0509

Agrawal, A. A. (2020). A scale-dependent framework for trade-offs, syn-
dromes, and specialization in organismal biology. Ecology, 101(2),
1-24. https://doi.org/10.1002/ecy.2924

Al Jothery, A. H., Vaanholt, L. M., Mody, N., Arnous, A., Lykkesfeldt, J.,
Biinger, L., Hill, W. G., Mitchell, S. E., Allison, D. B., & Speakman,
J. R. (2016). Oxidative costs of reproduction in mouse strains se-
lected for different levels of food intake and which differ in repro-
ductive performance. Scientific Reports, 6(1), 36353. https://doi.
org/10.1038/srep36353

Altieri, M. A. (2018). Agroecology - the science of sustainable agriculture,
2nd ed. CRC Press.

Arnold, S. J. (1992). Constraints on phenotypic evolution. The American
Naturalist, 140, S85-5107. https://doi.org/10.1086/285398

Arthur, P. F., Herd, R. M., Wilkins, J. F., & Archer, J. A. (2005). Maternal
productivity of Angus cows divergently selected for post-weaning
residual feed intake. Australian Journal of Experimental Agriculture,
45(8), 985-993. https://doi.org/10.1071/EA05052


mailto:﻿
https://orcid.org/0000-0002-8503-1089
https://orcid.org/0000-0001-9422-7270
https://orcid.org/0000-0002-4385-3228
https://orcid.org/0000-0002-6374-175X
https://orcid.org/0000-0003-0174-8451
https://orcid.org/0000-0001-9898-2353
mailto:frederic.douhard@inrae.fr
https://orcid.org/0000-0002-8503-1089
https://orcid.org/0000-0002-8503-1089
https://orcid.org/0000-0001-9422-7270
https://orcid.org/0000-0001-9422-7270
https://orcid.org/0000-0002-4385-3228
https://orcid.org/0000-0002-4385-3228
https://orcid.org/0000-0002-6374-175X
https://orcid.org/0000-0002-6374-175X
https://orcid.org/0000-0003-0174-8451
https://orcid.org/0000-0003-0174-8451
https://orcid.org/0000-0001-9898-2353
https://orcid.org/0000-0001-9898-2353
https://doi.org/10.1098/rsbl.2015.0509
https://doi.org/10.1098/rsbl.2015.0509
https://doi.org/10.1002/ecy.2924
https://doi.org/10.1038/srep36353
https://doi.org/10.1038/srep36353
https://doi.org/10.1086/285398
https://doi.org/10.1071/EA05052

DOUHARD ET AL.

Bartke, A., Sun, L. Y., & Longo, V. (2013). Somatotropic signaling: Trade-
offs between growth, reproductive development, and longevity.
Physiological Reviews, 93(2), 571-598. https://doi.org/10.1152/
physrev.00006.2012

Batalha, C. D. A, Tedeschi, L. O., de Aradjo, F. L., Branco, R. H., Cyrillo,
J.N.D.S. G, &Bonilha, S. F. M. (2021). Animals selected for post-
weaning weight gain rate have similar maintenance energy re-
quirements regardless of their residual feed intake classification.
Journal of Animal Science, 99(3), skab067. https://doi.org/10.1093/
jas/skab067

Bauman, D. E., & Currie, B. W. (1980). Partitioning of nutrients during
pregnancy and lactation: A review of mechanisms involving homeo-
stasis and homeorhesis. Journal of Dairy Science, 63(9), 1514-1529.
https://doi.org/10.3168/jds.5S0022-0302(80)83111-0

Bauman, D. E., McCutcheon, S. N., Steinhour, W. D., Eppard, J., Sechen,
S. J., & Eppard, P. J. (1985). Sources of variation and prospects for
improvement of productive efficiency in the dairy cow: A review.
Journal of Dairy Science, 60(2), 583-592. https://doi.org/10.2527/
jas1985.602583x

Beilharz, R. G., Luxford, B. G., & Wilkinson, J. L. (1993). Quantitative ge-
netics and evolution: Is our understanding of genetics sufficient to
explain evolution? Journal of Animal Breeding and Genetics, 110(1-
6), 161-170. https://doi.org/10.1111/j.1439-0388.1993.tb00728.x

Bentsen, H. B. (1983). Genetic variation in feed efficiency of laying hens
at constant body weight and egg production. Acta Agriculturae
Scandinavica, 33(4), 289-304. https://doi.org/10.1080/00015
128309435369

Berghof, T. V. L., Poppe, M., & Mulder, H. A. (2019). Opportunities to im-
prove resilience in animal breeding programs. Frontiers in Genetics,
9, 1-15. https://doi.org/10.3389/fgene.2018.00692

Berry, D. P, Wall, E., & Pryce, J. E. (2014). Genetics and genomics of re-
productive performance in dairy and beef cattle. Animal, 8(Suppl.
1), 105-121. https://doi.org/10.1017/51751731114000743

Bhatnagar, A. S., & Nielsen, M. K. (2014). Lifetime reproductive per-
formance and survival analysis of mice divergently selected for
heat loss. Journal of Animal Science, 92(2), 477-484. https://doi.
org/10.2527/jas.2013-6974

Biro, P. A., & Stamps, J. A. (2010). Do consistent individual differences
in metabolic rate promote consistent individual differences in be-
havior? Trends in Ecology and Evolution, 25(11), 653-659. https://doi.
org/10.1016/j.tree.2010.08.003

Bishop, S. C., & Hill, W. G. (1985). Effects of selection on growth, body
composition, and food intake in mice: Ill. Correlated responses:
growth, body composition, food intake and efficiency and catabo-
lism. Genetics Research, 46(1), 57-74.

Blows, M. A, & Hoffmann, A. A. (2005). A reassessment of genetic lim-
its to evolutionary change. Ecology, 86(6), 1371-1384. https://doi.
org/10.1890/04-1209

Boddicker, N., Gabler, N. K., Spurlock, M. E., Nettleton, D., & Dekkers,
J. C. M. (2011). Effects of ad libitum and restricted feed intake on
growth performance and body composition of Yorkshire pigs se-
lected for reduced residual feed intake. Journal of Animal Science,
89(1), 40-51. https://doi.org/10.2527/jas.2010-3106

Boggs, C. L. (2009). Understanding insect life histories and senescence
through a resource allocation lens. Functional Ecology, 23(1), 27-37.
https://doi.org/10.1111/j.1365-2435.2008.01527.x

Bordas, A., Boichard, M. T., & Merat, P. (1992). Direct and correlated re-
sponses to divergent selection for residual food intake in Rhode
Island Red laying hens. British Poultry Science, 33(4), 741-754.
https://doi.org/10.1080/00071669208417515

Bottje, W. G., & Carstens, G. E. (2009). Association of mitochondrial
function and feed efficiency in poultry and livestock species.
Journal of Animal Science, 87, 48-63. https://doi.org/10.2527/
jas.2008-1379

Brien, F. D., & Hill, W. G. (1986). Reproductive performance over re-
peated parities of lines of mice selected for appetite, lean growth

., \\| £y

and fatness. Animal Science, 42(3), 397-410. https://doi.org/10.1017/
S$0003356100018183

Brien, F. D., Sharp, G. L., Hill, W. G., & Robertson, A. (1984). Effects of
selection on growth, body composition and food intake in mice: Il.
Correlated responses in reproduction. Genetics Research, 44(1), 73-
85. https://doi.org/10.1017/5S0016672300026252

Brody, S., Hogan, A. G., Kempster, H. L., Ragsdale, A. C., & Trowbridge,
E. A. (1926). Growth and development, with special reference to do-
mestic animals. |. Quantitative data (p. 182). Missouri University
Agricultural Experiment Station Research Bulletin.

Bult, A., & Lynch, C. B. (2000). Breaking through artificial selection lim-
its of an adaptive behavior in mice and the consequences for cor-
related responses. Behavior Genetics, 30(3), 193-206.

Biinger, L., Laidlaw, A., Bulfield, G, Eisen, E. J., Medrano, J. F., Bradford,
G.E., Pirchner, F., Renne, U., Schlote, W., & Hill, W. G. (2001). Inbred
lines of mice derived from long-term growth selected lines: unique
resources for mapping growth genes. Mammalian Genome, 12(9),
678-686. https://doi.org/10.1007/s00335001-3018-6

Burton, T., Killen, S. S., Armstrong, J. D., & Metcalfe, N. B. (2011).
What causes intraspecific variation in resting metabolic rate and
what are its ecological consequences? Proceedings of the Royal
Society B: Biological Sciences, 278(1724), 3465-3473. https://doi.
org/10.1098/rspb.2011.1778

Cai, W, Casey, D. S., & Dekkers, J. C. M. (2008). Selection response and
genetic parameters for residual feed intake in Yorkshire swine.
Journal of Animal Science, 86(2), 287-298. https://doi.org/10.2527/
jas.2007-03%96

Canolty, N. L., & Koong, L. J. (1976). Utilization of energy for maintenance
and for fat and lean gains by mice selected for rapid postweaning
growth rate. The Journal of Nutrition, 106(8), 1202-1208. https://
doi.org/10.1093/jn/106.8.1202

Cantalapiedra-Hijar, G., Abo-Ismail, M., Carstens, G. E., Guan, L. L.,
Hegarty, R., Kenny, D. A., McGee, M., Plastow, G., Relling, A., &
Ortigues-Marty, |. (2018). Review: Biological determinants of
between-animal variation in feed efficiency of growing beef cat-
tle. Animal, 12(s2), 321-335. https://doi.org/10.1017/5175173111
8001489

Capper, J. L., & Bauman, D. E. (2013). The role of productivity in improv-
ing the environmental sustainability of ruminant production sys-
tems. Annual Review of Animal Biosciences, 1(1), 469-489. https://
doi.org/10.1146/annurev-animal-031412-103727

Careau, V., & Garland, T. J. (2012). Performance, personality, and ener-
getics: Correlation, causation, and mechanism. Physiological and
Biochemical Zoology, 85(6), 543-571. https://doi.org/10.1675/152
4-4695(2008)31

Careau, V., & Wilson, R. S. (2017). Of uberfleas and krakens: Detecting
trade-offs using mixed models. Integrative and Comparative Biology,
57(2), 362-371. https://doi.org/10.1093/icb/icx015

Careau, V., Wolak, M. E., Carter, P. A., & Garland, T. (2013). Limits to
behavioral evolution: The quantitative genetics of a complex trait
under directional selection. Evolution, 67(11), 3102-3119. https://
doi.org/10.1111/ev0.12200

Carlsson, H., Ivimey-cook, E., Maklakov, A. A., Duxbury, E. M. L., Edden,
N., & Sales, K. (2021). Ageing as “early-life inertia”: Disentangling
life-history trade-offs along a lifetime of an individual. Evolution
Letters, 5(5), 551-564. https://doi.org/10.1002/evI3.254

Castro Bulle, F. C. P, Paulino, P. V., Sanches, A. C., & Sainz, R. D. (2007).
Growth, carcass quality, and protein and energy metabolism in beef
cattle with different growth potentials and residual feed intakes.
Journal of Animal Science, 85(4), 928-936. https://doi.org/10.2527/
jas.2008-86-5-1278

Chatelet, A., Gondret, F., Merlot, E., Gilbert, H., Friggens, N. C., & Le
Floc’h, N. (2018). Impact of hygiene of housing conditions on per-
formance and health of two pig genetic lines divergent for residual
feed intake. Animal, 12(2), 350-358. https://doi.org/10.1017/51751
731117001379


https://doi.org/10.1152/physrev.00006.2012
https://doi.org/10.1152/physrev.00006.2012
https://doi.org/10.1093/jas/skab067
https://doi.org/10.1093/jas/skab067
https://doi.org/10.3168/jds.S0022-0302(80)83111-0
https://doi.org/10.2527/jas1985.602583x
https://doi.org/10.2527/jas1985.602583x
https://doi.org/10.1111/j.1439-0388.1993.tb00728.x
https://doi.org/10.1080/00015128309435369
https://doi.org/10.1080/00015128309435369
https://doi.org/10.3389/fgene.2018.00692
https://doi.org/10.1017/S1751731114000743
https://doi.org/10.2527/jas.2013-6974
https://doi.org/10.2527/jas.2013-6974
https://doi.org/10.1016/j.tree.2010.08.003
https://doi.org/10.1016/j.tree.2010.08.003
https://doi.org/10.1890/04-1209
https://doi.org/10.1890/04-1209
https://doi.org/10.2527/jas.2010-3106
https://doi.org/10.1111/j.1365-2435.2008.01527.x
https://doi.org/10.1080/00071669208417515
https://doi.org/10.2527/jas.2008-1379
https://doi.org/10.2527/jas.2008-1379
https://doi.org/10.1017/S0003356100018183
https://doi.org/10.1017/S0003356100018183
https://doi.org/10.1017/S0016672300026252
https://doi.org/10.1007/s00335001-3018-6
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.1098/rspb.2011.1778
https://doi.org/10.2527/jas.2007-0396
https://doi.org/10.2527/jas.2007-0396
https://doi.org/10.1093/jn/106.8.1202
https://doi.org/10.1093/jn/106.8.1202
https://doi.org/10.1017/S1751731118001489
https://doi.org/10.1017/S1751731118001489
https://doi.org/10.1146/annurev-animal-031412-103727
https://doi.org/10.1146/annurev-animal-031412-103727
https://doi.org/10.1675/1524-4695(2008)31
https://doi.org/10.1675/1524-4695(2008)31
https://doi.org/10.1093/icb/icx015
https://doi.org/10.1111/evo.12200
https://doi.org/10.1111/evo.12200
https://doi.org/10.1002/evl3.254
https://doi.org/10.2527/jas.2008-86-5-1278
https://doi.org/10.2527/jas.2008-86-5-1278
https://doi.org/10.1017/S1751731117001379
https://doi.org/10.1017/S1751731117001379

DOUHARD ET AL.

2744
—I—WI LEY

Christensen, L. L., Selman, C., Blount, J. D., Pilkington, J. G., Watt, K.
A., Pemberton, J. M., Reid, J. M., & Nussey, D. H. (2016). Marker-
dependent associations among oxidative stress, growth and
survival during early life in a wild mammal. Proceedings of the
Royal Society B-Biological Sciences, 283, 20161407. https://doi.
org/10.1098/rspb.2016.1407

Clapperton, M., Bishop, S. C., & Glass, E. J. (2006). Selection for lean
growth and food intake leads to correlated changes in innate im-
mune traits in Large White pigs. Animal Science, 82(6), 867-876.
https://doi.org/10.1017/ASC200691

Clutton-Brock, T. H., & Pemberton, J. M. (2004). Soay sheep: Dynamics
and selection in an island population. Cambridge University Press.

Cody, M. L. (1966). A general theory of clutch size. Evolution, 20(2), 174-
184. https://doi.org/10.1111/j.1558-5646.1966.tb03353.x

Cohen, A. A, Coste, C. F. D,, Li, X. Y., Bourg, S., & Pavard, S. (2019). Are
trade-offs really the key drivers of ageing and life span? Functional
Ecology, 34(1),153-166. https://doi.org/10.1111/1365-2435.13444

Collier, R. J., Baumgard, L. H., Lock, A. L., & Bauman, D. E. (2005).
Physiological limitations, nutrient partitioning. In R. Sylvester-
Bradley & J. Wiseman (Eds.), Yields of farmed species: constraints
and opportunities in the 21st Century (pp. 351-377). Nottingham
University Press. https://doi.org/10.1002/9783527626038.ch1

Collins, K. E., Kiepper, B. H., Ritz, C. W., McLendon, B. L., & Wilson, J. L.
(2014). Growth, livability, feed consumption, and carcass composi-
tion of the Athens Canadian Random Bred 1955 meat-type chicken
versus the 2012 high-yielding Cobb 500 broiler. Poultry Science,
93(12), 2953-2962. https://doi.org/10.3382/ps.2014-04224

D’Eath, R. B., Tolkamp, B. J., Kyriazakis, I., & Lawrence, A. B. (2009).
“Freedom from hunger” and preventing obesity: The animal wel-
fare implications of reducing food quantity or quality. Animal
Behaviour, 77(2), 275-288. https://doi.org/10.1016/j.anbeh
av.2008.10.028

Davidowitz, G., Roff, D., & Nijhout, H. F. (2016). Synergism and an-
tagonism of proximate mechanisms enable and constrain the re-
sponse to simultaneous selection on body size and development
time: An empirical test using experimental evolution. The American
Naturalist, 188(5), 499-520. https://doi.org/10.1086/688653

De Vries, A. (2020). Symposium review: Why revisit dairy cattle produc-
tive lifespan? Journal of Dairy Science, 103(4), 3838-3845. https://
doi.org/10.3168/jds.2019-17361

Decuypere, E., Bruggeman, V., Everaert, N., Li, Y., Boonen, R., De
Tavernier, J., Janssens, S., & Buys, N. (2010). The broiler breeder
paradox: Ethical, genetic and physiological perspectives, and
suggestions for solutions. British Poultry Science, 51(5), 569-579.
https://doi.org/10.1080/00071668.2010.519121

Denny, M. W. (2008). Limits to running speed in dogs, horses and hu-
mans. The Journal of Experimental Biology, 211(3), 3836-3849.
https://doi.org/10.1242/jeb.052886

Descamps, S., Gaillard, J.-M., Hamel, S., & Yoccoz, N. G. (2016). When rel-
ative allocation depends on total resource acquisition: Implication
for the analysis of trade-offs. Journal of Evolutionary Biology, 29(9),
1860-1866. https://doi.org/10.1111/jeb.12901

Diamond, J. (2002). Evolution, consequences and future of plant and
animal domestication. Nature, 418(6898), 700-707. https://doi.
org/10.1038/nature01019

Doeschl-Wilson, A. B., Brindle, W., Emmans, G. C., & Kyriazakis, |. (2009).
Unravelling the relationship between animal growth and immune
response during micro-parasitic infections. PLoS One, 4(10), e7508.
https://doi.org/10.1371/journal.pone.0007508

Douhard, F., Jopson, N. B., Friggens, N. C., & Amer, P. R. (2016). Effects
of the level of early productivity on the lifespan of ewes in con-
trasting flock environments. Animal, 10(12), 2034-2042. https://
doi.org/10.1017/51751731116001002

Downs, C.J., Brown, J. L., Wone, B., Donovan, E. R., Hunter, K., & Hayes, J.
P. (2013). Selection for increased mass-independent maximal met-
abolic rate suppresses innate but not adaptive immune function.

OpenAccess

Proceedings of the Royal Society B: Biological Sciences, 280(1754),
20122636. https://doi.org/10.1098/rspb.2012.2636

Drent, R. H., & Daan, S. (1980). The prudent parent: Energetic adjust-
ments in avian breeding. Ardea, 55(1-2), 225-252. https://doi.
org/10.5253/arde.v68.p225

Dror, Y., Nir, I., & Nitsan, Z. (1977). The relative growth of internal organs
in light and heavy breeds. British Poultry Science, 18(4), 493-496.
https://doi.org/10.1080/00071667708416389

Dunnington, E. A., Honaker, C. F., McGilliard, M. L., & Siegel, P. B.
(2013). Phenotypic responses of chickens to long-term, bidirec-
tional selection for juvenile body weight—Historical perspec-
tive. Poultry Science, 92(7), 1724-1734. https://doi.org/10.3382/
ps.2013-03069

Emmans, G. C., & Kyriazakis, I. (2001). Consequences of genetic change
in farm animals on food intake and feeding behaviour. Proceedings
of the Nutrition Society, 60(01), 115-125. https://doi.org/10.1079/
PNS200059

Essl, A. (1998). Longevity in dairy cattle breeding: A review. Livestock
Production Science, 57(1), 79-89.

Estany, J., Baselga, M., Blasco, A., & Camacho, J. (1989). Mixed model
methodology for the estimation of genetic response to selection
in litter size of rabbits. Livestock Production Science, 21(1), 67-75.
https://doi.org/10.1016/0301-6226(89)90021-3

Fan, Y. K., Croom, J., Christensen, V. L., Black, B. L., Bird, A. R., Daniel, L.
R., McBride, B. W., & Eisen, E. J. (1997). Jejunal glucose uptake and
oxygen consumption in Turkey Poults selected for rapid growth.
Poultry Science, 76(12), 1738-1745. https://doi.org/10.1093/
ps/76.12.1738

Feki, S., Baselga, M., Blas, E., Cervera, C., & Gdémez, E. A. (1996).
Comparison of growth and feed efficiency among rabbit lines se-
lected for different objectives. Livestock Production Science, 45(1),
87-92. https://doi.org/10.1016/0301-6226(95)00081-X

Ferrell, C. L. (1988). Contribution of visceral organs to animal energy ex-
penditures. Journal of Animal Science, 66(suppl_3), 23-24.

Ferrell, C. L., & Jenkins, T. G. (1984). Energy utilization by mature,
nonpregnant, nonlactating cows of different types. Journal of
Animal Science, 58(1), 234-243. https://doi.org/10.2527/jas19
84.581234x

Flatt, T., & Heyland, A. (2011). In T. Flatt & A. Heyland (Eds.), Mechanisms
of life history evolution: The genetics and physiology of life history traits
and trade-offs. Oxford University Press.

Fredeen, H. T. (1984). Selection limits: Have they been reached with
pigs? Canadian Journal of Animal Science, 64(2), 223-234. https://
doi.org/10.4141/cjas84-030

Friggens, N. C., & Newbold, J. R. (2007). Towards a biological basis for
predicting nutrient partitioning: The dairy cow as an example.
Animal, 1(1), 87-97. https://doi.org/10.1017/51751731107657772

Gabarrou, J. F., Geraert, P. A., Francois, N., Guillaumin, S., Picard, M., &
Bordas, A. (1998). Energy balance of laying hens selected on resid-
ual food consumption. British Poultry Science, 39(1), 79-89. https://
doi.org/10.1080/00071669889439

Gaillard, J.-M., & Lemaitre, J.-F. (2017). The Williams’ legacy: A critical re-
appraisal of his nine predictions about the evolution of senescence.
Evolution, 71(12), 2768-2785. https://doi.org/10.1111/evo.13379

Gaillard, J.-M., & Lemaitre, J. (2020). An integrative view of senes-
cence in nature. Functional Ecology, 34(1), 4-16. https://doi.
org/10.1111/1365-2435.13506

Garland, T. (2003). Selection experiments: An under-utilized tool in
biomechanics and organismal biology. In L. Bels, J.-P. Gasc, & A.
Casinos (Eds.), Vertebrate biomechanics and evolution (pp. 23-56).
Oxford, UK: BIOS Scientific.

Garland, T. J. (2014). Trade-offs. Current Biology, 24(2), R60-Ré1. https://
doi.org/10.1016/j.cub.2013.11.036

Garland, T. J., & Carter, P. A. (1994). Evolutionary physiology. Annual
Review of Physiology, 56(1), 579-621. https://doi.org/10.1146/
annurev.ph.56.030194.003051


https://doi.org/10.1098/rspb.2016.1407
https://doi.org/10.1098/rspb.2016.1407
https://doi.org/10.1017/ASC200691
https://doi.org/10.1111/j.1558-5646.1966.tb03353.x
https://doi.org/10.1111/1365-2435.13444
https://doi.org/10.1002/9783527626038.ch1
https://doi.org/10.3382/ps.2014-04224
https://doi.org/10.1016/j.anbehav.2008.10.028
https://doi.org/10.1016/j.anbehav.2008.10.028
https://doi.org/10.1086/688653
https://doi.org/10.3168/jds.2019-17361
https://doi.org/10.3168/jds.2019-17361
https://doi.org/10.1080/00071668.2010.519121
https://doi.org/10.1242/jeb.052886
https://doi.org/10.1111/jeb.12901
https://doi.org/10.1038/nature01019
https://doi.org/10.1038/nature01019
https://doi.org/10.1371/journal.pone.0007508
https://doi.org/10.1017/S1751731116001002
https://doi.org/10.1017/S1751731116001002
https://doi.org/10.1098/rspb.2012.2636
https://doi.org/10.5253/arde.v68.p225
https://doi.org/10.5253/arde.v68.p225
https://doi.org/10.1080/00071667708416389
https://doi.org/10.3382/ps.2013-03069
https://doi.org/10.3382/ps.2013-03069
https://doi.org/10.1079/PNS200059
https://doi.org/10.1079/PNS200059
https://doi.org/10.1016/0301-6226(89)90021-3
https://doi.org/10.1093/ps/76.12.1738
https://doi.org/10.1093/ps/76.12.1738
https://doi.org/10.1016/0301-6226(95)00081-X
https://doi.org/10.2527/jas1984.581234x
https://doi.org/10.2527/jas1984.581234x
https://doi.org/10.4141/cjas84-030
https://doi.org/10.4141/cjas84-030
https://doi.org/10.1017/S1751731107657772
https://doi.org/10.1080/00071669889439
https://doi.org/10.1080/00071669889439
https://doi.org/10.1111/evo.13379
https://doi.org/10.1111/1365-2435.13506
https://doi.org/10.1111/1365-2435.13506
https://doi.org/10.1016/j.cub.2013.11.036
https://doi.org/10.1016/j.cub.2013.11.036
https://doi.org/10.1146/annurev.ph.56.030194.003051
https://doi.org/10.1146/annurev.ph.56.030194.003051

DOUHARD ET AL.

Garland, T. J., Zhao, M., & Saltzman, W. (2016). Hormones and the evo-
lution of complex traits: Insights from artificial selection on behav-
ior. Integrative and Comparative Biology, 56(2), 207-224. https://doi.
org/10.1093/icb/icw040

Garnett, T., Appleby, M. C., Balmford, A., Bateman, I. J., Benton, T. G,
Bloomer, P., Burlingame, B., Dawkins, M., Dolan, L., Fraser, D.,
Herrero, M., Hoffmann, 1., Smith, P., Thornton, P. K., Toulmin, C.,
Vermeulen, S. J., & Godfray, H. C. J. (2013). Sustainable intensi-
fication in agriculture: Premises and policies. Science Magazine,
341(6141), 33-34. https://doi.org/10.1126/science.1234485

Gems, D., & de Magalhdes, J. P. (2021). The Hoverfly and the Wasp:
A critique of the hallmarks of aging as a paradigm. https://doi.
org/10.20944/preprints202105.0310.v1

Gering, E., Getty, T, Incorvaia, D., Henriksen, R., & Wright, D. (2019).
Maladaptation in feral and domesticated animals. Evolutionary
Applications, 12(7), 1274-1286. https://doi.org/10.1111/eva.12784

Gilbert, H., Billon, Y., Brossard, L., Faure, J., Gatellier, P., Gondret, F.,
Labussiére, E., Lebret, B., Lefaucheur, L., Le Floch, N., Louveau,
I., Merlot, E., Meunier-Salaiin, M.-C., Montagne, L., Mormede,
P., Renaudeau, D., Riquet, J., Rogel-Gaillard, C., van Milgen, J., ...
Noblet, J. (2017). Review: Divergent selection for residual feed
intake in the growing pig. Animal, 11(9), 1427-1439. https://doi.
org/10.1017/5175173111600286X

Glazier, D. S. (1999). Trade-offs between reproductive and somatic
(storage) investments in animals: A comparative test of the Van
Noordwijk and De Jong model. Evolutionary Ecology, 13(6), 539-
555. https://doi.org/10.1023/A:1006793600600

Glazier, D.S.(2009). Trade-offs. In W. M. Rauw (Ed.), Resource allocation the-
ory applied to farm animal production (pp. 44-60). CABI International.

Glazier, D. S. (2010). A unifying explanation for diverse meta-
bolic scaling in animals and plants. Biological Reviews of the
Cambridge Philosophical Society, 85(1), 111-138. https://doi.
org/10.1111/j.1469-185X.2009.00095.x

Glazier, D. S. (2015). Is metabolic rate a universal “pacemaker” for bio-
logical processes? Biological Reviews of the Cambridge Philosophical
Society, 90(2), 377-407. https://doi.org/10.1111/brv.12115

Grant, R. J., & Albright, J. L. (2001). Effect of animal grouping on feed-
ing behavior and intake of dairy cattle. Journal of Dairy Science, 84,
E156-E163. https://doi.org/10.3168/jds.50022-0302(01)70210-X

Grange, S., Duncan, P., & Gaillard, J.-M. (2009). Poor horse traders: large
mammals trade survival for reproduction during the process of
feralization. Proceedings of the Royal Society B: Biological Sciences,
276(1663), 1911-1919.

Grubbs, J. K., Fritchen, A. N., Huff-Lonergan, E., Dekkers, J. C. M., Gabler,
N. K., & Lonergan, S. M. (2013). Divergent genetic selection for re-
sidual feed intake impacts mitochondria reactive oxygen species
production in pigs. Journal of Animal Science, 91(5), 2133-2140.

Hamel, S., Gaillard, J.-M., Yoccoz, N. G., Loison, A., Bonenfant, C.,
& Descamps, S. (2010). Fitness costs of reproduction de-
pend on life speed: Empirical evidence from mammalian
populations.  Ecology Letters, 13(7), 915-935. https://doi.
org/10.1111/j.1461-0248.2010.01478.x

Hammond, J. (1947). Animal breeding in relation to nutrition and envi-
ronmental conditions. Biological Reviews, 22(3), 195-213. https://
doi.org/10.1111/j.1469-185X.1947.tb00330.x

Hammond, K. A., & Diamond, J. (1997). Maximal sustained energy bud-
gets in humans and animals. Nature, 386(6624), 457-462. https://
doi.org/10.1038/386457a0

Hammond, K. A., Lloyd, K. C., & Diamond, J. (1996). Is mammary output
capacity limiting to lactational performance in mice? The Journal of
Experimental Biology, 199(Pt 2), 337-349. http://www.ncbi.nlm.nih.
gov/pubmed/8930000

Harshman, L. G., & Zera, A. J. (2007). The cost of reproduction: The devil
in the details. Trends in Ecology and Evolution, 22(2), 80-86. https://
doi.org/10.1016/j.tree.2006.10.008

. \\| £y

Hastings, I. M., Moruppa, S. M., Blinger, L., & Hill, W. G. (1997). Effects
of selection on food intake in the adult mouse. Journal of Animal
Breeding and Genetics, 114(1-6), 419-434. https://doi.org/10.1111/
j.1439-0388.1997.tb00528.x

Havenstein, G., Ferket, P., & Qureshi, M. (2003). Growth, livability, and
feed conversion of 1957 versus 2001 broilers when fed represen-
tative 1957 and 2001 broiler diets. Poultry Science, 82(10), 1500-
1508. https://doi.org/10.1093/ps/82.10.1500

Hayes, B. J.,, Lewin, H. A, & Goddard, M. E. (2013). The future of live-
stock breeding: Genomic selection for efficiency, reduced emis-
sions intensity, and adaptation. Trends in Genetics, 29(4), 206-214.
https://doi.org/10.1016/j.tig.2012.11.009

Herd, R. M. (1995). Effect of divergent selection for yearling growth
rate on the maintenance feed requirements of mature Angus
cows. Livestock Production Science, 41(1), 39-49. https://doi.
org/10.1016/0301-6226(94)00043-7

Herd, R. M., & Arthur, P. F. (2009). Physiological basis for residual feed
intake. Journal of Animal Science, 87(14 Suppl.), 64-71. https://doi.
org/10.2527/jas.2008-1345

Hill, W. G. (2016). Is continued genetic improvement of livestock sus-
tainable? Genetics, 202(3), 877-881. https://doi.org/10.1534/genet
ics.115.186650

Hill, W. G., & Blnger, L. (2004). Inferences on the genetics of quanti-
tative traits from long-term selection in laboratory and domes-
tic animals. Plant Breeding Reviews, 24(2), 169-210. https://doi.
org/10.1002/9780470650288.ch6

Hill, W. G., & Kirkpatrick, M. (2010). What animal breeding has taught us
about evolution. Annual Review of Ecology and Systematics, 41, 1-19.
https://doi.org/10.1146/annurev-ecolsys-102209-144728

Hoffman, J. M., & Valencak, T. G. (2020). A short life on the farm: Aging
and longevity in agricultural, large-bodied mammals. GeroScience,
42(3), 909-922. https://doi.org/10.1007/s11357-020-00190-4

Holt, M., Meuwissen, T., & Vangen, O. (2005). Long-term responses,
changes in genetic variances and inbreeding depression from 122
generations of selection on increased litter size in mice. Journal
of Animal Breeding and Genetics, 122(3), 199-209. https://doi.
org/10.1111/j.1439-0388.2005.00526.x

Hotzel, M. J. (2014). Improving farm animal welfare: Is evolution or rev-
olution needed in production systems? In M. C. Appleby, D. M.
Weary & P. Sandge (Eds.), Dilemmas in Animal Welfare. (67-84).
CABI. https://doi.org/10.1079/9781780642161.0067

Hsu, W. L., & Johnson, R. K. (2014). Analysis of 28 generations of selec-
tion for reproduction, growth, and carcass traits in swine. Journal of
Animal Science, 92(11), 4806-4822. https://doi.org/10.2527/jas20
14-8125

Hunton, P. (1984). Selection limits: Have they been reached in the poul-
try industry? Canadian Journal of Animal Science, 64(2), 217-221.
https://doi.org/10.4141/cjas84-029

llius, A. W., Tolkamp, B. J., & Yearsley, J. M. (2002). The evolution of the
control of food intake. Proceedings of the Nutrition Society, 61(04),
465-472. https://doi.org/10.1079/PNS2002179

Ingvartsen, K. L., Dewhurst, R. J., & Friggens, N. C. (2003). On the rela-
tionship between lactational performance and health: Is it yield or
metabolic imbalance that cause production diseases in dairy cattle?
A position paper. Livestock Production Science, 83(2-3), 277-308.
https://doi.org/10.1016/5S0301-6226(03)00110-6

Jackson, S., & Diamond, J. (1996). Metabolic and digestive responses to
artificial selection in chickens. Evolution, 50(4), 1638-1650. https://
doi.org/10.1111/j.1558-5646.1996.tb03936.x

Johnson, D. E., Ferrell, C. L., & Jenkins, T. G. (2003). The history of ener-
getic efficiency research: Where have we been and where are we
going? Journal of Animal Science, 81(E. Suppl. 1), E27-E38.

Johnson, T. H., & McLaury, D. W. (1973). Reproductive traits associ-
ated with oxygen consumption Poultry Science, 52(4), 1664-1665.
https://doi.org/10.3382/ps.0521664


https://doi.org/10.1093/icb/icw040
https://doi.org/10.1093/icb/icw040
https://doi.org/10.1126/science.1234485
https://doi.org/10.20944/preprints202105.0310.v1
https://doi.org/10.20944/preprints202105.0310.v1
https://doi.org/10.1111/eva.12784
https://doi.org/10.1017/S175173111600286X
https://doi.org/10.1017/S175173111600286X
https://doi.org/10.1023/A:1006793600600
https://doi.org/10.1111/j.1469-185X.2009.00095.x
https://doi.org/10.1111/j.1469-185X.2009.00095.x
https://doi.org/10.1111/brv.12115
https://doi.org/10.3168/jds.S0022-0302(01)70210-X
https://doi.org/10.1111/j.1461-0248.2010.01478.x
https://doi.org/10.1111/j.1461-0248.2010.01478.x
https://doi.org/10.1111/j.1469-185X.1947.tb00330.x
https://doi.org/10.1111/j.1469-185X.1947.tb00330.x
https://doi.org/10.1038/386457a0
https://doi.org/10.1038/386457a0
http://www.ncbi.nlm.nih.gov/pubmed/8930000
http://www.ncbi.nlm.nih.gov/pubmed/8930000
https://doi.org/10.1016/j.tree.2006.10.008
https://doi.org/10.1016/j.tree.2006.10.008
https://doi.org/10.1111/j.1439-0388.1997.tb00528.x
https://doi.org/10.1111/j.1439-0388.1997.tb00528.x
https://doi.org/10.1093/ps/82.10.1500
https://doi.org/10.1016/j.tig.2012.11.009
https://doi.org/10.1016/0301-6226(94)00043-7
https://doi.org/10.1016/0301-6226(94)00043-7
https://doi.org/10.2527/jas.2008-1345
https://doi.org/10.2527/jas.2008-1345
https://doi.org/10.1534/genetics.115.186650
https://doi.org/10.1534/genetics.115.186650
https://doi.org/10.1002/9780470650288.ch6
https://doi.org/10.1002/9780470650288.ch6
https://doi.org/10.1146/annurev-ecolsys-102209-144728
https://doi.org/10.1007/s11357-020-00190-4
https://doi.org/10.1111/j.1439-0388.2005.00526.x
https://doi.org/10.1111/j.1439-0388.2005.00526.x
https://doi.org/10.1079/9781780642161.0067
https://doi.org/10.2527/jas2014-8125
https://doi.org/10.2527/jas2014-8125
https://doi.org/10.4141/cjas84-029
https://doi.org/10.1079/PNS2002179
https://doi.org/10.1016/S0301-6226(03)00110-6
https://doi.org/10.1111/j.1558-5646.1996.tb03936.x
https://doi.org/10.1111/j.1558-5646.1996.tb03936.x
https://doi.org/10.3382/ps.0521664

DOUHARD ET AL.

2746
—LWI LEY

Julian, R. J. (1998). Rapid growth problems: Ascites and skeletal defor-
mities in broilers. Poultry Science, 77(12), 1773-1780. https://doi.
org/10.1093/ps/77.12.1773

Julian, R. J. (2005). Production and growth related disorders and other
metabolic diseases of poultry—A review. Veterinary Journal, 169(3),
350-369. https://doi.org/10.1016/j.tvjl.2004.04.015

Kennedy, B. W. (1984). Selection limits: Have they been reached with
the dairy cow? Canadian Journal of Animal Science, 64(2), 207-215.
https://doi.org/10.4141/cjas84-028

Kennedy, B. K., Berger, S. L., Brunet, A., Campisi, J., Cuervo, A. M., Epel,
E. S., Franceschi, C., Lithgow, G. J., Morimoto, R. I., Pessin, J. E., &
Rando, T. A. (2014). Geroscience: Linking aging to chronic disease.
Cell, 159(4), 709-713. https://doi.org/10.1016/j.cell.2014.10.039

Kerr, J. C., & Cameron, N. D. (1995). Reproductive performance of pigs
selected for components of efficient lean growth. Animal Science,
60(2), 281-290. https://doi.org/10.1017/51357729800008444

Kinzina, E. D., Podolskiy, D. I., Dmitriev, S. E., & Gladysheyv, V. N. (2019).
Patterns of aging biomarkers, mortality, and damaging mutations
illuminate the beginning of aging and causes of early-life mortal-
ity. Cell Reports, 29(13), 4276-4284. https://doi.org/10.1016/j.
celrep.2019.11.091

Kirkwood, T. B. L. (2017). The disposable soma theory. In R. Shefferson,
0. Jones, & R. Salguero-Gomez (Eds.), The evolution of senescence in
the tree of life (pp. 23-39). Cambridge University Press.

Klein, M., Schadereit, R., Scholze, H., & Renne, U. (1999). Studies on en-
ergy metabolism in lines of mice selected for different growth pa-
rameters. Journal of Animal Physiology and Animal Nutrition, 81(2),
75-89. https://doi.org/10.1046/j.1439-0396.1999.812197.x

Knap, P. W. (2009). Allocation of resources to maintenance. In W. M.
Rauw (Ed.), Resource allocation theory applied to farm animal produc-
tion (pp. 110-129). CABI International.

Kolstad, K., & Vangen, O. (1996). Breed differences in maintenance re-
quirements of growing pigs when accounting for changes in body
composition. Livestock Production Science, 47(1), 23-32. https://doi.
org/10.1016/50301-6226(96)01007-X

Konarzewski, M. (1995). Allocation of energy to growth and respiration
in avian postembryonic development. Ecology, 76(1), 8-19. https://
doi.org/10.2307/1940627

Konarzewski, M., Gavin, A., McDevitt, R., & Wallis, |. R. (2000). Metabolic
and organ mass responses to selection for high growth rates in the
domestic chicken (Gallus domesticus). Physiological and Biochemical
Zoology, 73(2), 237-248. https://doi.org/10.1086/316729

Konarzewski, M., & Ksiagzek, A. (2013). Determinants of intra-specific
variation in basal metabolic rate. Journal of Comparative Physiology
B, 183(1), 27-41. https://doi.org/10.1007/s00360-012-0698-z

Konarzewski, M., Ksigzek, A., & tapo, I. B. (2005). Artificial selection
on metabolic rates and related traits in rodents. Integrative and
Comparative Biology, 45(3), 416-425. https://doi.org/10.1093/
icb/45.3.416

Koteja, P. (2000). Energy assimilation, parental care and the evolution
of endothermy. Proceedings of the Royal Society of London. Series B:
Biological Sciences, 267(1442), 479-484. https://doi.org/10.1098/
rspb.2000.1025

Ksigzek, A., & Konarzewski, M. (2016). Heat dissipation does not sup-
press an immune response in laboratory mice divergently selected
for basal metabolic rate (BMR). Journal of Experimental Biology,
219(10), 1542-1551. https://doi.org/10.1242/jeb.129312

Kuenzel, W. J., & Kuenzel, N. T. (1977). Basal metabolic rate in growing
chicks Gallus domesticus. Poultry Science, 56(2), 619-627. https://
doi.org/10.3382/ps.0560619

Labussiére, E., Dubois, S., Gilbert, H., Thibault, J. N, Le Floc’h, N., Noblet,
J., & van Milgen, J. (2015). Effect of inflammation stimulation on
energy and nutrient utilization in piglets selected for low and
high residual feed intake. Animal, 9(10), 1653-1661. https://doi.
org/10.1017/51751731115000932

OpenAccess

Legates, J. E. (1967). Are there limits to genetic improvement in dairy
cattle? Journal of Dairy Science, 50(2), 260-267. https://doi.
org/10.3168/jds.S0022-0302(67)87402-2

Lemaitre, J.-F., Berger, V., Bonenfant, C., Douhard, M., Gamelon, M.,
Plard, F., & Gaillard, J.-M. (2015). Early-late life trade-offs and the
evolution of ageing in the wild. Proceedings of the Royal Society
B: Biological Sciences, 282(1806), 1-10. https://doi.org/10.1098/
rspb.2015.0209

Lemaitre, J.-F., Cheynel, L., Douhard, M., Ronget, V., & Gaillard, J.-M.
(2020). Trade-offs. In S. I. S. Rattan (Ed.), Encyclopedia of biomedical
gerontology (pp. 367-375). Elsevier.

Lerner, M., & Dempster, E. R. (1951). Attenuation of genetic progress
under continued selection in poultry. Heredity, 5(1), 75-94. https://
doi.org/10.1038/hdy.1951.4

Leroi, A. M. (2001). Molecular signals versus the Loi de Balancement.
Trends in Ecology and Evolution, 16(1), 24-29. https://doi.
org/10.1016/50169-5347(00)02032-2

Leshchinsky, T. V., & Klasing, K. C. (2001). Divergence of the inflam-
matory response in two types of chickens. Developmental and
Comparative Immunology, 25(7), 629-638. https://doi.org/10.1016/
S0145-305X(01)00023-4

Lin, C.-S., Chianga, S.-H., & Lub, M.-Y. (2010). Comparison of the energy
utilisation of conventional and Taiwanese native male broilers.
Animal Feed Science and Technology, 161(3-4), 149-154. https://doi.
org/10.1016/j.anifeedsci.2010.08.007

Lind, M. I, Ravindran, S., Sekajova, Z., Carlsson, H., Hinas, A., & Maklakov,
A. A. (2019). Experimentally reduced insulin/IGF-1 signaling in
adulthood extends lifespan of parents and improves Darwinian fit-
ness of their offspring. Evolution Letters, 3(2), 207-216. https://doi.
org/10.1002/evI3.108

Lépez-Otin, C., Blasco, M. A,, Partridge, L., Serrano, M., & Kroemer, G.
(2013). The hallmarks of aging. Cell, 153(6), 1194-1217. https://doi.
org/10.1016/j.cell.2013.05.039

Lgvendahl, P., & Munksgaard, L. (2016). An investigation into genetic
and phenotypic variation in time budgets and yield of dairy cows.
Journal of Dairy Science, 99(1), 408-417. https://doi.org/10.3168/
jds.2015-9838

Lucy, M. C,, Verkerk, G. A., Whyte, B. E., MacDonald, K. A, Burton, L.,
Cursons, R. T, Roche, J. R., & Holmes, C. W. (2009). Somatotropic
axis components and nutrient partitioning in genetically diverse
dairy cows managed under different feed allowances in a pas-
ture system. Journal of Dairy Science, 92(2), 526-539. https://doi.
org/10.3168/jds.2008-1421

Maeda, Y., Kawabe, K., Okamoto, S., Okamoto, S., & Hashiguchi, T.
(1994). Comparison of energy metabolism during the growing pe-
riod in quail lines selected for body weight. British Poultry Science,
35(1), 135-144. https://doi.org/10.1080/00071669408417678

Maklakov, A. A., & Chapman, T. (2019). Evolution of ageing as a tangle
of trade-offs: Energy versus function. Proceedings of the Royal
Society B-Biological Sciences, 286(1911), 20191604. https://doi.
org/10.1098/rspb.2019.1604

Marck, A., Antero, J., Berthelot, G., Sauliére, G., Jancovici, J.-M., Masson-
Delmotte, V., Boeuf, G., Spedding, M., Le Bourg, E., & Toussaint,
J.-F. (2017). Are we reaching the limits of Homo sapiens? Frontiers
in Physiology, 8, 1-12. https://doi.org/10.3389/fphys.2017.00812

Marks, H. L. (1978). Long-term selection for four-week body weight in
Japanese quail under different nutritional environments. Theoretical
and Applied Genetics, 52(10), 105-111.

Marks, H. L. (1996). Long-term selection for body weight in Japanese
quail under different environments. Poultry Science, 75(10), 1198-
1203. https://doi.org/10.3382/ps.0751198

Mauro, A. A., & Ghalambor, C. K. (2020). Trade-offs, pleiotropy, and
shared molecular pathways: A unified view of constraints on adap-
tation. Integrative and Comparative Biology, 60(2), 332-347. https://
doi.org/10.1093/icb/icaa056


https://doi.org/10.1093/ps/77.12.1773
https://doi.org/10.1093/ps/77.12.1773
https://doi.org/10.1016/j.tvjl.2004.04.015
https://doi.org/10.4141/cjas84-028
https://doi.org/10.1016/j.cell.2014.10.039
https://doi.org/10.1017/S1357729800008444
https://doi.org/10.1016/j.celrep.2019.11.091
https://doi.org/10.1016/j.celrep.2019.11.091
https://doi.org/10.1046/j.1439-0396.1999.812197.x
https://doi.org/10.1016/S0301-6226(96)01007-X
https://doi.org/10.1016/S0301-6226(96)01007-X
https://doi.org/10.2307/1940627
https://doi.org/10.2307/1940627
https://doi.org/10.1086/316729
https://doi.org/10.1007/s00360-012-0698-z
https://doi.org/10.1093/icb/45.3.416
https://doi.org/10.1093/icb/45.3.416
https://doi.org/10.1098/rspb.2000.1025
https://doi.org/10.1098/rspb.2000.1025
https://doi.org/10.1242/jeb.129312
https://doi.org/10.3382/ps.0560619
https://doi.org/10.3382/ps.0560619
https://doi.org/10.1017/S1751731115000932
https://doi.org/10.1017/S1751731115000932
https://doi.org/10.3168/jds.S0022-0302(67)87402-2
https://doi.org/10.3168/jds.S0022-0302(67)87402-2
https://doi.org/10.1098/rspb.2015.0209
https://doi.org/10.1098/rspb.2015.0209
https://doi.org/10.1038/hdy.1951.4
https://doi.org/10.1038/hdy.1951.4
https://doi.org/10.1016/S0169-5347(00)02032-2
https://doi.org/10.1016/S0169-5347(00)02032-2
https://doi.org/10.1016/S0145-305X(01)00023-4
https://doi.org/10.1016/S0145-305X(01)00023-4
https://doi.org/10.1016/j.anifeedsci.2010.08.007
https://doi.org/10.1016/j.anifeedsci.2010.08.007
https://doi.org/10.1002/evl3.108
https://doi.org/10.1002/evl3.108
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.1016/j.cell.2013.05.039
https://doi.org/10.3168/jds.2015-9838
https://doi.org/10.3168/jds.2015-9838
https://doi.org/10.3168/jds.2008-1421
https://doi.org/10.3168/jds.2008-1421
https://doi.org/10.1080/00071669408417678
https://doi.org/10.1098/rspb.2019.1604
https://doi.org/10.1098/rspb.2019.1604
https://doi.org/10.3389/fphys.2017.00812
https://doi.org/10.3382/ps.0751198
https://doi.org/10.1093/icb/icaa056
https://doi.org/10.1093/icb/icaa056

DOUHARD ET AL.

McNab, B. K. (1997). On the utility of uniformity in the definition of the
basal rate of metabolism. Physiological Zoology, 70(6), 718-720.
McLaury, D. W., & Johnson, T. H. (1972). Selection for High and Low
Oxygen Consumption in Chickens Poultry Science, 51(2), 591-597.

https://doi.org/10.3382/ps.0510591

Merild, J., Sheldon, B., & Kruuk, L. (2001). Explaining stasis:
Microevolutionary studies in natural populations. Genetica, 112-
113(1), 199-222.

Merks, J. W. M., Mathur, P. K., & Knol, E. F. (2012). New phenotypes
for new breeding goals in pigs. Animal, 68(3), 387-399. https://doi.
org/10.1017/50043933912000505

Metcalfe, N. B., & Monaghan, P. (2013). Does reproduction cause oxida-
tive stress? An open question. Trends in Ecology and Evolution, 28(6),
347-350. https://doi.org/10.1016/j.tree.2013.01.015

Miglior, F., Muir, B. L., & Van Doormaal, B. J. (2005). Selection indices in
Holstein cattle of various countries. Journal of Dairy Science, 88(3),
1255-1263. https://doi.org/10.3168/jds.50022-0302(05)72792-2

Mignon-Grasteau, S., Beaumont, C., Le Bihan-Duval, E., Poivey, J. P,,
De Rochambeau, H., & Ricard, F. H. (1999). Genetic parameters
of growth curve parameters in male and female chickens. British
Poultry Science, 40(1), 44-51. https://doi.org/10.1080/00071
669987827

Monaghan, P, Eisenberg, D. T. A., Harrington, L., & Nussey, D. (2018).
Understanding diversity in telomere dynamics. Philosophical
Transactions of the Royal Society B: Biological Sciences, 373,
20160435.

Montano-Bermudez, M., Nielsen, M. K., & Deutscher, G. H. (1990).
Energy requirements for maintenance of crossbred beef cattle with
different genetic potential for milk. Journal of Animal Science, 68(8),
2297-2309.

Morisson, M., Bordas, A., Petit, J. M., Jayat-Vignoles, C., Julien, R., &
Minvielle, F. (1997). Associated effects of divergent selection for
residual feed consumption on reproduction, sperm characteristics,
and mitochondria of spermatozoa. Poultry Science, 76(3), 425-431.
https://doi.org/10.1093/ps/76.3.425

Mysterud, A., Steinheim, G., Yoccoz, N. G., Holand, @. H., & Stenseth,
N. C. (2002). Early onset of reproductive senescence in domestic
sheep, Ovis aries. Oikos, 97(2), 177-183.

Nebel, R. L., & McGilliard, M. L. (1993). Interactions of high milk yield
and reproductive performance in dairy cows. Journal of Dairy
Science, 76(10), 3257-3268. https://doi.org/10.3168/jds.S0022
-0302(93)77662-6

Neeteson-van Nieuwenhoven, A.-M., Knap, P. W., & Avendano, S.
(2013). The role of sustainable commercial pig and poultry breed-
ing for food security. Animal Frontiers, 3(1), 52-57. https://doi.
org/10.2527/af.2013-0008

Nestor, K. E., Anderson, J. W., Patterson, R. A, & Velleman, S. G. (2008).
Genetics of growth and reproduction in the Turkey. 17. Changes
in genetic parameters over forty generations of selection for in-
creased sixteen-week body weight. Poultry Science, 87(10), 1971-
1979. https://doi.org/10.3382/ps.2008-00137

Ng'oma, E., Perinchery, A., & King, E. G. (2017). How to get the most
bang for your buck: The evolution and physiology of nutrition-
dependent resource allocation strategies. Proceedings of the
Royal Society B-Biological Sciences, 284, 20170445. https://doi.
org/10.1101/113027

Nielsen, B., Su, G., Lund, M. S., & Madsen, P. (2013). Selection for in-
creased number of piglets at d 5 after farrowing has increased litter
size and reduced piglet mortality. Journal of Animal Science, 91(6),
2575-2582. https://doi.org/10.2527/jas.2012-5990

Nielsen, M. K., Jones, L. D., Freking, B. A., & DeShazer, J. A. (1997).
Divergent selection for heat loss in mice: I. Selection applied and
direct response through fifteen generations. Journal of Animal
Science, 75(6), 1461-1468.

Nilsson, J.-A. (2002). Metabolic consequences of hard work.
Proceedings of the Royal Society of London. Series B: Biological

T \\| £y

Sciences, 269(1501), 1735-1739. https://doi.org/10.1098/
rspb.2002.2071

Noblet, J., Dubois, S., Lasnier, J., Warpechowski, M., Dimon, P., Carré, B.,
Milgen, J. V., & Labussiére, E. (2015). Fasting heat production and
metabolic BW in group-housed broilers. Animal, 9(7), 1138-1144.
https://doi.org/10.1017/51751731115000403

Norin, T., & Metcalfe, N. B. (2019). Ecological and evolutionary con-
sequences of metabolic rate plasticity in response to environ-
mental change. Philosophical Transactions of the Royal Society
B: Biological Sciences, 374(1768), 1-9. https://doi.org/10.1098/
rstb.2018.0180

Nussey, D. H., Froy, H., Lemaitre, J.-F., Gaillard, J.-M., & Austad, S. N.
(2013). Senescence in natural populations of animals: Widespread
evidence and its implications for bio-gerontology. Ageing
Research Reviews, 12(1), 214-225. https://doi.org/10.1016/j.
arr.2012.07.004

Oltenacu, P. A., & Broom, D. M. (2010). The impact of genetic selec-
tion for increased milk yield on the welfare of dairy cows. Animal
Welfare, 19(1), 39-49.

Owens, C. A., Siegel, P. B., & Van Krey, H. P. (1971). Selection for body
weight at eight weeks of age. 8. Growth and metabolism in two
light environments. Poultry Science, 50(2), 548-553. https://doi.
org/10.3382/ps.0410954

Pavlidis, H. O., Balog, J. M., Stamps, L. K., Hughes, J. D., Huff, W. E.,
& Anthony, N. B. (1997). Divergent selection for ascites inci-
dence in chickens. Poultry Science, 86(12), 2517-2529. https://doi.
org/10.3382/ps.2007-00134

Peterson, C. C., Nagy, K. A., & Diamond, J. (1990). Sustained meta-
bolic scope. Evolution, 87(6), 2324-2328. https://doi.org/10.1073/
pnas.87.6.2324

Pettersen, A. K., Marshall, D. J., & White, C. R. (2018). Understanding
variation in metabolic rate. The Journal of Experimental Biology,
221(1), jeb166876. https://doi.org/10.1242/jeb.166876

Pick, J. L., Hutter, P., Ebneter, C., Ziegler, A. K., Giordano, M., & Tschirren,
B. (2016). Artificial selection reveals the energetic expense of pro-
ducing larger eggs. Frontiers in Zoology, 13(1), 1-10. https://doi.
org/10.1186/s12983-016-0172-y

Piekarski-welsher, A., Greene, E., Lassiter, K., Kong, B. C., Dridi, S.,
& Bottje, W. G. (2018). Enrichment of autophagy and proteo-
some pathways in breast muscle of feed efficient pedigree male
broilers. Frontiers in Physiology, 9, 1-8. https://doi.org/10.3389/
fphys.2018.01342

Piersma, T. (2011). Why marathon migrants get away with high meta-
bolic ceilings: Towards an ecology of physiological restraint. Journal
of Experimental Biology, 214(2), 295-302. https://doi.org/10.1242/
jeb.046748

Pitchford, W. S. (2004). Genetic improvement of feed efficiency of beef
cattle: What lessons can be learnt from other species? Australian
Journal of Experimental Agriculture, 44(5), 371. https://doi.
org/10.1071/EA02111

Poggenpoel, D. G., Ferreira, G. F., Hayes, J. P, & Du Preez, J. J. (1996).
Response to long-term selection for egg production in laying hen.
British Poultry Science, 37(4), 743-756.

Polderman, T. J., Benyamin, B., De Leeuw, C. A, Sullivan, P. F.,, Van
Bochoven,, A., Visscher, P. M., & Posthuma, D. (2015). Meta-
analysis of the heritability of human traits based on fifty years
of twin studies. Nature Genetics, 47(7), 702-709. https://doi.
org/10.1038/ng.3285

Potts, S. B., Shaughness, M., & Erdman, R. A. (2017). The decline in diges-
tive efficiency of US dairy cows from 1970 to 2014. Journal of Dairy
Science, 100(7), 1-11. https://doi.org/10.3168/jds.2017-12641

Preisinger, R., & Flock, D. K. (2000). Genetic changes in layer breed-
ing: Historical trends and future prospects. In BSAP Occasional
Publication. Occasional Publication No. 27(20-28).

Prunier, A., Heinonen, M., & Quesnel, H. (2010). High physiologi-
cal demands in intensively raised pigs: Impact on health and


https://doi.org/10.3382/ps.0510591
https://doi.org/10.1017/S0043933912000505
https://doi.org/10.1017/S0043933912000505
https://doi.org/10.1016/j.tree.2013.01.015
https://doi.org/10.3168/jds.S0022-0302(05)72792-2
https://doi.org/10.1080/00071669987827
https://doi.org/10.1080/00071669987827
https://doi.org/10.1093/ps/76.3.425
https://doi.org/10.3168/jds.S0022-0302(93)77662-6
https://doi.org/10.3168/jds.S0022-0302(93)77662-6
https://doi.org/10.2527/af.2013-0008
https://doi.org/10.2527/af.2013-0008
https://doi.org/10.3382/ps.2008-00137
https://doi.org/10.1101/113027
https://doi.org/10.1101/113027
https://doi.org/10.2527/jas.2012-5990
https://doi.org/10.1098/rspb.2002.2071
https://doi.org/10.1098/rspb.2002.2071
https://doi.org/10.1017/S1751731115000403
https://doi.org/10.1098/rstb.2018.0180
https://doi.org/10.1098/rstb.2018.0180
https://doi.org/10.1016/j.arr.2012.07.004
https://doi.org/10.1016/j.arr.2012.07.004
https://doi.org/10.3382/ps.0410954
https://doi.org/10.3382/ps.0410954
https://doi.org/10.3382/ps.2007-00134
https://doi.org/10.3382/ps.2007-00134
https://doi.org/10.1073/pnas.87.6.2324
https://doi.org/10.1073/pnas.87.6.2324
https://doi.org/10.1242/jeb.166876
https://doi.org/10.1186/s12983-016-0172-y
https://doi.org/10.1186/s12983-016-0172-y
https://doi.org/10.3389/fphys.2018.01342
https://doi.org/10.3389/fphys.2018.01342
https://doi.org/10.1242/jeb.046748
https://doi.org/10.1242/jeb.046748
https://doi.org/10.1071/EA02111
https://doi.org/10.1071/EA02111
https://doi.org/10.1038/ng.3285
https://doi.org/10.1038/ng.3285
https://doi.org/10.3168/jds.2017-12641

DOUHARD ET AL.

2748
—LWI LEY

welfare. Animal, 4(6), 886-898. https://doi.org/10.1017/51751
73111000008X

Pryce, J. E., Woolaston, R., Berry, D. P., Wall, E., Winters, M., Butler, R., &
Shaffer, M. (2014). World trends in dairy cow fertility. In 10th World
Congress of Genetics Applied to Livestock Production, vol. 32, 1-10.
https://doi.org/10.1016/j.procs.2014.05.386

Pym, R. A. E., & Nicholls, P. J. (1979). Selection for food conversion in
broilers: Direct and correlated responses to selection for body-
weight gain, food consumption and food conversion ratio. British
Poultry Science, 20(1), 73-86. https://doi.org/10.1080/00071
667908416551

Pym, R. A. E., Nicholls, P. J., Thomson, E., Choice, A., & Farrell, D. J.
(1984). Energy and nitrogen metabolism of broilers selected over
ten generations for increased growth rate, food consumption and
conversion of food to gain. British Poultry Science, 25(4), 529-539.
https://doi.org/10.1080/00071668408454894

Quevedo, F., Cervera, C., Blas, E., Baselga, M., & Pascual, J. J. (2006).
Long-term effect of selection for litter size and feeding programme
on the performance of reproductive rabbit does 2. Lactation and
growing period. Animal Science, 82(5), 751-762.

Rauw, W. M. (2009). In W. M. Rauw (Ed.), Resource allocation theory ap-
plied to farm animal production. CABI International. http://books.
google.com/books?hl=fr&Ir=&id=yiVFxaLP9eYC&pgis=1

Rauw, W. M., Johnson, A. K., Gomez-Raya, L., & Dekkers, J. C. M. (2017).
A hypothesis and review of the relationship between selection
for improved production efficiency, coping behavior, and domes-
tication. Frontiers in Genetics, 8, 1-13. https://doi.org/10.3389/
fgene.2017.00134

Rauw, W. M., Kanis, E., Noordhuizen-Stassen, E. N., & Grommers, F. J.
(1998). Undesirable side effects of selection for high production
efficiency in farm animals: A review. Livestock Production Science,
56(1), 15-33. https://doi.org/10.1016/50301-6226(98)00147-X

Rauw, W. M., Luiting, P., Beilharz, R. G., Verstegen, M. W. A., & Vangen,
0. (1999). Selection for litter size and its consequences for the allo-
cation of feed resources: A concept and its implications illustrated
by mice selection experiments. Livestock Production Science, 60(2-
3), 329-342. https://doi.org/10.1016/50301-6226(99)00104-9

Rauw, W. M., Luiting, P., Verstegen, M. W. A., Vangen, O., & Knap, P.
W. (2000). Differences in food resource allocation in a long-term
selection experiment for litter size in mice 2. Developmental trends
in body weight against food intake. Animal Science, 71(1), 39-47.
https://doi.org/10.1017/51357729800054874

Reznick, D., Nunney, L., & Tessier, A. (2000). Big houses, big cars, super-
fleas and the costs of reproduction. Trends in Ecology & Evolution,
15(10), 421-425. https://doi.org/10.1016/50169-5347(00)01941-8

Richardson, E. C., & Herd, R. M. (2004). Biological basis for variation in
residual feed intake in beef cattle. 2. Synthesis of results following
divergent selection. Australian Journal of Experimental Agriculture,
44(5), 431-440. https://doi.org/10.1071/EA02221

Ricklefs, R. E. (1985). Modification of growth and development of mus-
cles of poultry. Poultry Science, 64(8), 1563-1576. https://doi.
org/10.3382/ps.0641563

Ricklefs, R. E. (2003). Is rate of ontogenetic growth constrained by re-
source supply or tissue growth potential? A comment on West
et al’.s model. Functional Ecology, 17(3), 384-393.

Ricklefs, R. E., & Wilkelski, M. (2002). The physiology/life-history
nexus. Trends in Ecology and Evolution, 17(10), 462-469. https://doi.
org/10.1016/50169-5347(02)02578-8

Roberts, R. C. (1979). Side effects of selection for growth in laboratory
animals. Livestock Production Science, 6(1), 93-104. https://doi.
org/10.1016/0301-6226(79)90034-4

Robertson, A. (1960). A theory of limits in artificial selection. Proceedings
of the Royal Society B, 153(951), 234-249.

Roff, D. A., & Fairbairn, D. J. (2007). The evolution of trade-offs: Where
are we? Journal of Evolutionary Biology, 20(2), 433-447. https://doi.
org/10.1111/j.1420-9101.2006.01255.x

OpenAccess

Sadowska, J., Gebczynski, A. K., & Konarzewski, M. (2013). Basal
metabolic rate is positively correlated with parental investment
in laboratory mice. Proceedings of the Royal Society B-Biological
Sciences, 280(1753), 20122576. https://doi.org/10.1098/
rspb.2012.2576

Salin, K., Auer, S. K., Rey, B., Selman, C., & Metcalfe, N. B. (2015).
Variation in the link between oxygen consumption and ATP produc-
tion, and its relevance for animal performance. Proceedings of the
Royal Society B-Biological Sciences, 282(1812), 20151028. https://
doi.org/10.1098/rspb.2015.1028

Sandge, P., Nielsen, B. L., Christensen, L. G., & Sgrensen, P. (1999).
Staying good while playing God—The ethics of breeding farm an-
imals. Animal Welfare, 8(4), 313-328.

Savietto, D., Cervera, C., Rédenas, L., Martinez-Paredes, E., Baselga, M.,
Garcia-Diego, F. J.,, Larsen, T., Friggens, N. C., & Pascual, J. J. (2014).
Different resource allocation strategies result from selection for
litter size at weaning in rabbit does. Animal, 8(4), 618-628. https://
doi.org/10.1017/51751731113002437

Schmidt, C. J., Persia, M. E., Feierstein, E., Kingham, B., & Saylor, W. W.
(2009). Comparison of a modern broiler line and a heritage line
unselected since the 1950s. Poultry Science, 88(12), 2610-2619.
https://doi.org/10.3382/ps.2009-00055

Schou, M. F., Kristensen, T. N., & Hoffmann, A. A. (2020). Patterns of
environmental variance across environments and traits in domes-
tic cattle. Evolutionary Applications, 13(5), 1090-1102. https://doi.
org/10.1111/eva.12924

Schiitz, K. E., & Jensen, P. (2001). Effects of resource allocation on be-
havioural strategies: A comparison of red junglefowl (Gallus gallus)
and two domesticated breeds of poultry. Ethology, 107(8), 753-765.
https://doi.org/10.1046/j.1439-0310.2001.00703.x

Seeker, L. A., llska, J. J., Psifidi, A., Wilbourn, R. V., Underwood, S. L.,
Fairlie, J., Holland, R., Froy, H., Salvo-, E., Bagnall, A., Whitelaw,
B., Coffey, M. P, Nussey, D. H., & Banos, G. (2018). Bovine telo-
mere dynamics and the association between telomere length and
productive lifespan. Scientific Reports, 8(1), 12748. https://doi.
org/10.1038/s41598-018-31185-z

Selman, C., Lumsden, S., Blinger, L., Hill, W. G., & Speakman, J. R. (2001).
Resting metabolic rate and morphology in mice (Mus musculus)
selected for high and low food intake. The Journal of Experimental
Biology, 204(4), 777-784. https://doi.org/10.1242/jeb.204.4.777

Siegel, P. B. (2014). Evolution of the modern broiler and feed efficiency.
Annual Review of Animal Biosciences, 2(1), 375-385. https://doi.
org/10.1146/annurev-animal-022513-114132

Simpson, D. J., & Chandra, T. (2021). Epigenetic age prediction. Aging Cell,
20(9), €13452. https://doi.org/10.1111/acel.13452

Soglia, F., Mazzoni, M., & Petracci, M. (2018). Spotlight on avian pathol-
ogy: Current growth-related breast meat abnormalities in broil-
ers. Avian Pathology, 48(1), 1-3. https://doi.org/10.1080/03079
457.2018.1508821

Solis, J. C., Byers, F. M., Schelling, G. T., Long, C. R., & Greene, L. W.
(1988). Maintenance requirements and energetic efficiency of
cows of different breed types. Journal of Animal Science, 66(3), 764-
773. https://doi.org/10.2527/jas1988.663764x

Speakman, J. R. (2008). The physiological costs of reproduction in
small mammals. Philosophical Transactions of the Royal Society B:
Biological Sciences, 363(1490), 375-398. https://doi.org/10.1098/
rstb.2007.2145

Speakman, J. R., & Garratt, M. (2014). Oxidative stress as a cost of re-
production: Beyond the simplistic trade-off model. BioEssays, 36(1),
93-106. https://doi.org/10.1002/bies.201300108

Speakman, J. R., & Krdl, E. (2005). Limits to sustained energy intake
IX: A review of hypotheses. Journal of Comparative Physiology B:
Biochemical, Systemic, and Environmental Physiology, 175(6), 375-
394. https://doi.org/10.1007/s00360-005-0013-3

Speakman, J. R., & Krdl, E. (2010). The heat dissipation limit theory and
evolution of life histories in endotherms-time to dispose of the


https://doi.org/10.1017/S175173111000008X
https://doi.org/10.1017/S175173111000008X
https://doi.org/10.1016/j.procs.2014.05.386
https://doi.org/10.1080/00071667908416551
https://doi.org/10.1080/00071667908416551
https://doi.org/10.1080/00071668408454894
http://books.google.com/books?hl=fr&lr=&id=yiVFxaLP9eYC&pgis=1
http://books.google.com/books?hl=fr&lr=&id=yiVFxaLP9eYC&pgis=1
https://doi.org/10.3389/fgene.2017.00134
https://doi.org/10.3389/fgene.2017.00134
https://doi.org/10.1016/S0301-6226(98)00147-X
https://doi.org/10.1016/S0301-6226(99)00104-9
https://doi.org/10.1017/S1357729800054874
https://doi.org/10.1016/S0169-5347(00)01941-8
https://doi.org/10.1071/EA02221
https://doi.org/10.3382/ps.0641563
https://doi.org/10.3382/ps.0641563
https://doi.org/10.1016/S0169-5347(02)02578-8
https://doi.org/10.1016/S0169-5347(02)02578-8
https://doi.org/10.1016/0301-6226(79)90034-4
https://doi.org/10.1016/0301-6226(79)90034-4
https://doi.org/10.1111/j.1420-9101.2006.01255.x
https://doi.org/10.1111/j.1420-9101.2006.01255.x
https://doi.org/10.1098/rspb.2012.2576
https://doi.org/10.1098/rspb.2012.2576
https://doi.org/10.1098/rspb.2015.1028
https://doi.org/10.1098/rspb.2015.1028
https://doi.org/10.1017/S1751731113002437
https://doi.org/10.1017/S1751731113002437
https://doi.org/10.3382/ps.2009-00055
https://doi.org/10.1111/eva.12924
https://doi.org/10.1111/eva.12924
https://doi.org/10.1046/j.1439-0310.2001.00703.x
https://doi.org/10.1038/s41598-018-31185-z
https://doi.org/10.1038/s41598-018-31185-z
https://doi.org/10.1242/jeb.204.4.777
https://doi.org/10.1146/annurev-animal-022513-114132
https://doi.org/10.1146/annurev-animal-022513-114132
https://doi.org/10.1111/acel.13452
https://doi.org/10.1080/03079457.2018.1508821
https://doi.org/10.1080/03079457.2018.1508821
https://doi.org/10.2527/jas1988.663764x
https://doi.org/10.1098/rstb.2007.2145
https://doi.org/10.1098/rstb.2007.2145
https://doi.org/10.1002/bies.201300108
https://doi.org/10.1007/s00360-005-0013-3

DOUHARD ET AL.

disposable soma theory? Integrative and Comparative Biology, 50(5),
793-807. https://doi.org/10.1093/icb/icq049

Speakman, J. R., & Krdl, E. (2011). Limits to sustained energy intake.
XIll. Recent progress and future perspectives. The Journal of
Experimental Biology, 214(Pt 2), 230-241. https://doi.org/10.1242/
jeb.048603

Speakman, J. R., Krol, E., & Johnson, M. S. (2004). The functional
significance of individual variation in basal metabolic rate.
Physiological and Biochemical Zoology, 77(6), 900-915. https://doi.
org/10.1086/427059

Stevenson, |. R., & Bancroft, D. R. (1995). Fluctuating trade-offs favour
precocial maturity in male Soay sheep. Proceedings of the Royal
Society B, 262(1365), 267-275.

Sundstgl, F., Standal, N., & Vangen, O. (1979). Energy metabolism in
lines of pigs selected for thickness of Backfat and rate of gain.
Acta Agriculturae Scandinavica, 29(4), 337-345. https://doi.
org/10.1080/00015127909435246

Swallow, J. G., Hayes, J. P, Koteja, P., & Garland, T. J. (2009). Selection
experiments and experimental evolution of performance and phys-
iology. In T. Garland, & M. R. Rose (Eds.), Experimental evolution:
Concepts, methods, and applications of selection experiments (pp.
301-351). University of California Press.

Tallentire, C. W., Leinonen, |., & Kyriazakis, I. (2016). Breeding for effi-
ciency in the broiler chicken: A review. Agronomy for Sustainable
Development, 36(4), 66. https://doi.org/10.1007/s13593-016-0398-2

Tallentire, C. W., Leinonen, |., & Kyriazakis, I. (2018). Artificial selection
for improved energy efficiency is reaching its limits in broiler chick-
ens. Scientific Reports, 8(1), 1-10. https://doi.org/10.1038/s4159
8-018-19231-2

Tess, M. W.,, Dickerson, G. E., Nienaber, J. A., & Ferrell, C. L. (1984). The
effects of body composition on fasting heat production in pigs.
Journal of Animal Science, 58(1), 99-110. https://doi.org/10.2527/
jas1984.58199x

Theilgaard, P., Sdnchez, J. P., Pascual, J. J., Berg, P., Friggens, N. C., &
Baselga, M. (2007). Late reproductive senescence in a rabbit line
hyper selected for reproductive longevity, and its association
with body reserves. Genetics, Selection, Evolution, 39(2), 207-223.
https://doi.org/10.1051/gse:2006043

Thompson, J. M., Parks, J. R., & Perry, D. (1985). Food intake, growth and
body composition in Australian merino sheep selected for high and
low weaning weight. 1. Food intake, food efficiency and growth.
Animal Production, 40(1), 55-70.

Tolkamp, B. J., & Ketelaars, J. J. M. H. (1992). Toward a new theory of
feed intake regulation ruminants 2. Costs and benefits of feed con-
sumption: An optimization approach. Livestock Production Science,
30(4), 297-317.

Tovar-Luna, I., Goetsch, A. L., Puchala, R., Sahlu, T., Carstens, G. E.,
Freetly, H. C., & Johnson, Z. B. (2007). Efficiency of energy use for
maintenance and gain by growing crossbred Boer and Spanish Goats
consuming diets differing in forage level. Small Ruminant Research,
67(1), 20-27. https://doi.org/10.1016/j.smallrumres.2005.09.002

Van Der Most, P. J,, De Jong, B., Parmentier, H. K., & Verhulst, S. (2011).
Trade-off between growth and immune function: A meta-analysis
of selection experiments. Functional Ecology, 25(1), 74-80. https://
doi.org/10.1111/j.1365-2435.2010.01800.x

Van Der Waaij, E. H. (2004). A resource allocation model describ-
ing consequences of artificial selection under metabolic
stress. Journal of Animal Science, 82(4), 973-981. https://doi.
org/10.2527/2004.824973x

Van Essen, G. J., Hekkert, M. T. L., Sorop, O., Heinonen, I., Van Der
Velden, J., Merkus, D., & Duncker, D. J. (2018). Cardiovascular
function of modern pigs does not comply with allometric scaling
laws. Scientific Reports, 8(1), 1-10. https://doi.org/10.1038/s4159
8-017-18775-z

van Milgen, J., Bernier, J. F., Lecozler, Y., Dubois, S., & Noblet, J. (1998).
Major determinants of fasting heat production and energetic cost
of activity in growing pigs of different body weight and breed/

T \\ | E Y-

castration combination. British Journal of Nutrition, 79(6), 509-517.
https://doi.org/10.1079/BJN19980089

van Noordwijk, A. J., & de Jong, G. (1986). Acquisition and alloca-
tion of resources: Their influence on variation in life history
tactics. The American Naturalist, 128(1), 137-142. https://doi.
org/10.1086/284547

Vandehaar, M. J. (1998). Efficiency of nutrient use and relationship to
profitability on dairy farms. Journal of Dairy Science, 81(1), 272-282.
https://doi.org/10.3168/jds.50022-0302(98)75576-6

Varkoohi, S., Babak, M. M. S, Pakdel, A., Javaremi, A. N., Zaghari, M., &
Kause, A. (2010). Response to selection for feed conversion ratio
in Japanese quail. Poultry Science, 89(8), 1590-1598. https://doi.
org/10.3382/ps.2010-00744

White, C. R., Marshall, D. J,, Alton, L. A., Arnold, P. A., Beaman, J. E.,
Bywater, C. L., Condon, C., Crispin, T. S., Janetzki, A., Pirtle, E.,
Winwood-Smith, H. S., Angilletta, M. J., Chenoweth, S. F., Franklin,
C.E.,Halsey, L. G., Kearney, M. R., Portugal, S. J., & Ortiz-Barrientos,
D. (2019). The origin and maintenance of metabolic allometry in
animals. Nature Ecology & Evolution, 3(4), 598-603. https://doi.
org/10.1038/s41559-019-0839-9

Willett, W., Rockstrém, J., Loken, B., Springmann, M., Lang, T., Vermeulen,
S., Garnett, T., Tilman, D., DeClerck, F., Wood, A., Jonell, M., Clark, M.,
Gordon, L. J., Fanzo, J., Hawkes, C., Zurayk, R., Rivera, J. A, De Vries,
W., Majele Sibanda, L., ... Murray, C. J. L. (2019). The lancet commis-
sions food in the anthropocene: The EAT - Lancet Commission on
healthy diets from sustainable food systems. The Lancet, 393(10170),
447-492. https://doi.org/10.1016/50140-6736(18)31788-4

Williams, G. C. (1966). Natural selection, the costs of reproduction, and
a refinement of Lacks principle. The American Naturalist, 100(916),
687-690.

Wong-Valle, J., McDaniel, G. R., Kuhlers, D. L., & Bartels, J. E. (1992).
Divergent genetic selection for incidence of tibial dyschondroplasia
in broilers at seven weeks of age. Poultry Science, 72(3), 421-428.
https://doi.org/10.3382/ps.0720421

Young, J. M., Bergsma, R., Knol, E. F., Patience, J. F., & Dekkers, J. C. M.
(2016). Effect of selection for residual feed intake during the grow/
finish phase of production on sow reproductive performance and
lactation efficiency. Journal of Animal Science, 94(10), 4120-4132.
https://doi.org/10.2527/jas2015-0130

Zera, A. J., & Harshman, L. G. (2001). The physiology of life history trade-
offs in animals. Annual Review of Ecology and Systematics, 32(1), 95-
126. https://doi.org/10.1146/annurev.ecolsys.32.081501.114006

Zerjal, T., Hartle, S., Gourichon, D., Guillory, V., Bruneau, N., Lalog, D.,
Pinard-van der Laan, M.-H., Trapp, S., Bed’hom, B., & Quéré, P.
(2021). Assessment of trade-offs between feed efficiency, growth-
related traits, and immune activity in experimental lines of layer
chickens. Genetics Selection Evolution, 53(44), 1-17. https://doi.
org/10.1186/s12711-021-00636-z

Zuidhof, M. J., Schneider, B. L., Carney, V. L., Korver, D. R., & Robinson, F.
E. (2014). Growth, efficiency, and yield of commercial broilers from
1957, 1978, and 2005. Poultry Science, 93(12), 2970-2982. https://
doi.org/10.3382/ps.2014-04291

SUPPORTING INFORMATION
Additional supporting information may be found in the online

version of the article at the publisher’s website.

How to cite this article: Douhard, F., Douhard, M., Gilbert, H.,
Monget, P, Gaillard, J.-M., & Lemaitre, J.-F. (2021). How much
energetic trade-offs limit selection? Insights from livestock and
related laboratory model species. Evolutionary Applications, 14,
2726-2749. https://doi.org/10.1111/eva.13320



https://doi.org/10.1093/icb/icq049
https://doi.org/10.1242/jeb.048603
https://doi.org/10.1242/jeb.048603
https://doi.org/10.1086/427059
https://doi.org/10.1086/427059
https://doi.org/10.1080/00015127909435246
https://doi.org/10.1080/00015127909435246
https://doi.org/10.1007/s13593-016-0398-2
https://doi.org/10.1038/s41598-018-19231-2
https://doi.org/10.1038/s41598-018-19231-2
https://doi.org/10.2527/jas1984.58199x
https://doi.org/10.2527/jas1984.58199x
https://doi.org/10.1051/gse:2006043
https://doi.org/10.1016/j.smallrumres.2005.09.002
https://doi.org/10.1111/j.1365-2435.2010.01800.x
https://doi.org/10.1111/j.1365-2435.2010.01800.x
https://doi.org/10.2527/2004.824973x
https://doi.org/10.2527/2004.824973x
https://doi.org/10.1038/s41598-017-18775-z
https://doi.org/10.1038/s41598-017-18775-z
https://doi.org/10.1079/BJN19980089
https://doi.org/10.1086/284547
https://doi.org/10.1086/284547
https://doi.org/10.3168/jds.S0022-0302(98)75576-6
https://doi.org/10.3382/ps.2010-00744
https://doi.org/10.3382/ps.2010-00744
https://doi.org/10.1038/s41559-019-0839-9
https://doi.org/10.1038/s41559-019-0839-9
https://doi.org/10.1016/S0140-6736(18)31788-4
https://doi.org/10.3382/ps.0720421
https://doi.org/10.2527/jas2015-0130
https://doi.org/10.1146/annurev.ecolsys.32.081501.114006
https://doi.org/10.1186/s12711-021-00636-z
https://doi.org/10.1186/s12711-021-00636-z
https://doi.org/10.3382/ps.2014-04291
https://doi.org/10.3382/ps.2014-04291
https://doi.org/10.1111/eva.13320

