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Résumé

Les espèces itéropares se reproduisent plusieurs fois au cours de leur vie. La plu-
part des grands mammifères connaissent un évènement de reproduction par an, et
en particulier, le chevreuil met bas chaque année en mai. A chaque évènement de
reproduction (soit chaque année), une femelle peut être dans différents états: re-
producteur ou non reproducteur et elle peut élever un nombre variable de jeunes.
La succession des transitions entre ces différents états constitue la trajectoire de
reproduction d’un individu tout au long de sa vie. Chaque trajectoire est donc
individuelle et la valeur de cette trajectoire une fois terminée est appréciée par
sa valeur sélective qui peut être estimée comme le nombre de petits élevés au
cours la vie d’un individu. Différentes trajectoires individuelles peuvent exister
au sein d’une même population et conduire à des valeurs sélectives similaires
ou différentes montrant que différentes stratégies sont possibles pour atteindre
la même valeur sélective mais aussi que certains individus de meilleure qualité
peuvent atteindre une valeur sélective plus élevée que des individus de moins
bonne qualité. L’étude d’une population de chevreuil située dans le Nord-Est de
la France a permis d’étudier les sources et les conséquences de cette hétérogénéité
individuelle sur les trajectoires d’histoire de vie individuelles et sur la dynamique
de cette population. Ce travail de thèse a montré que chez le chevreuil, une tra-
jectoire reproductive individuelle est en partie homogène et que les femelles de
bonne qualité (femelles lourdes et longévives) ont un succès annuel constant et
plus marqué que les femelles de mauvaise qualité. La qualité de ces femelles
est influencée par les conditions à la naissance comme la date de naissance et
les conditions environnementales au cours de leur développement. Ainsi un in-
dividu né tôt pendant la période des mises-bas pourra avoir une valeur sélective
plus importante qu’un individu né quelques jours plus tard. Les trajectoires in-
dividuelles varient également aléatoirement en fonction des conditions environ-
nementales annuelles. Ces dernières décennies, le changement climatique a donné
naissance à un mismatch grandissant entre la période des mise-bas du chevreuil et
la disponibilité en ressources qui a provoqué une diminution du succès reproduc-
teur et de la croissance de la population. Ce travail a permis de discuter comment
l’hétérogénéité individuelle est générée chez une espèce longévive et comment
elle influence les stratégies démographiques et la dynamique de cette population.
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Preface

The preface is addressed to non-scientists and aim to ask the intuitive questions

raised by this work.

Individual differences are obvious when two individuals from different species

are observed. For instance, numerous differences are evident when comparing an

ant and an eagle because all their appearances, life styles, and, reproductive cycles

are differing.

However, to distinguish two individuals from a same species or from a same

population can become harder in some cases. Within a given species, individual

variation among populations can be more or less clear. For instance, if differences

between a Japanese and an Ethiopian man jump out, differences between two blue

tits from populations of South France and South Britain are less evident. I would

not be able to classify each individual in its original population.

Within a population, individuals are subject to similar environmental condi-

tions and thus, they are even more difficult to differentiate. However, if variation

among individuals within a same population is not apparent, it still occurs. Within

a population, the most obvious difference among individuals is sex. Any observer

should probably be able to differentiate a woman from a man, a stag from a hind

or a male from a female peacock. However, what about a male and a female turtle-

dove? Another individual difference easily recognizable is the age or the growth

stage: seed and tree, pupa and fly, chicks and hen. However, a 5 year old dog and

a 6 year old dog could look like twins at first sight! Individuals from a same pop-
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ulation clearly vary but differences are sometimes obvious, sometimes difficult to

detect and sometimes hidden leading measurements and extraction techniques to

be needed to observe them.

If there is no doubt about the existence of individual heterogeneity, should we

care about individual differences no matter how tiny they are? Do these differ-

ences impact the performance of individuals? Can the life of two individuals be

predicted based on the phenotypic differences they exhibit? My PhD thesis fo-

cuses on the variation in individual life trajectories. An individual trajectory can

be described with many different traits. For instance, individual trajectories of

body mass (as for a regime), or, individual trajectories of mating success from

birth to death can be compared. This study primarily deals with individual tra-

jectory of reproductive performance, which can be characterized by several traits

such as reproductive status, reproductive success or parturition date. Based on a

dataset on a population of roe deer monitored since 1975, I studied and quanti-

fied the heterogeneity in individual trajectory and investigated its sources and, its

consequences on population dynamics.
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Chapter 1

Introduction

1.1 Individual differences in life-history strategies

The diversity of life-history strategies (see Figure 1.1 for definitions) observed

in Natura is generated by an infinite number of combinations among life-history

traits. For instance, a female humpback whale reaches maturity at about 5 years

of age, gives birth to one calf every two to three years and dies before 50 years

of age. At the opposite, a butterfly reaches maturity after the chrysalis stage, lay

hundreds of eggs and can die a few days later. The life-history theory predicts

that life-history strategies should maximize the fitness of individuals (number of

descendants in the future generations) (Cole 1954, Stearns 1992, Roff 1992). One

possibility would be to live forever and to give birth to the maximum number

of offspring at each possible reproductive event (Darwinian Demon, Law 1979).

However, individuals are limited by several trade-offs and constraints (van No-

ordwijk and de Jong 1986). If an early age of maturity allows individuals to give

birth faster to more offspring, it may negatively influences late reproduction and

survival (Medawar 1952). The number of offspring is also limited by the number

of young that parents can feed and individuals are constrained by their lineage-

specific effects (Stearns 1992). Indeed, a bird often lays eggs and a mammal is

restrained by its size to give birth to a limited number of viable offspring.

12



Box 1.1. Different measures used as a proxy of fitness

The first measure of fitness has been defined by Fisher (1930) as the Malthusian parame-
ter which describes the relative increase or decrease rate of a population. In its approach,
Fisher (1930) assumed a stable population in a constant environment, with no density de-
pendence. Following Fisher’s work, the population growth rate has often been used as a
measure of the mean individual fitness in population ecology. Other global measures have
been used as proxy of fitness such as the net reproductive rate or measures based on the
lyapunov exponent which have been described to assess the invasibility of some mutant
or strategy (Metz et al. 1992, Benton and Grant 2000, Roff 2008). Empirically, available
data have driven the use of proxies of individual fitness such as lifetime reproductive suc-
cess (LRS, Clutton-Brock 1988). This measure allowed to quantify the impact of natural
selection on individuals (Arnold and Wade 1984a). However, the problem with this mea-
sure is the assumption of a constant generation time and a constant value for all offspring.
However, different offspring can have different probabilities of recruiting. The value of off-
spring born early in life could be larger than the value of offspring born late in life (Benton
and Grant 2000). Similarly an offspring born under good environmental conditions would
perform better than an offspring born under harsh environmental conditions. Consequently
individual measures of fitness inspired from the population growth rate, which include the
generation time have been proposed such as the individual fitness (negatively correlated to
the age at first reproduction whereas LRS was positively correlated with the age at first
reproduction) (McGraw and Caswell 1996) and the relative individual contribution to the
population (Coulson et al. 2006).
population growth rate: rate of increase or decrease of a population
net reproductive rate: mean number of female offspring a mother has during its lifetime
lyapunov exponent: the invasion of a mutant phenotype into an established population estimated as
the growth rate of the invader population
lifetime reproductive success: number of recruits of a given individual during its lifetime
individual fitness: “population growth rate of the individual”

individual contribution to the population:(population growth rate at a given time) - (population

growth rate estimated from the population without a given individual at a given time)

13



Fig. 1.1. Definitions of life-history trait, life-history trajectory, life-history tactic and life-history strategy. The reproductive status, the
litter size and the body mass are three examples of roe deer life-history traits. The successive reproductive statuses (breeder, B or non
breeder, N) give the trajectory of reproductive status for instance. The life-history tactics of the reproduction and growth functions are
presented as examples. The life-history tactic optimizing reproduction for instance is described by the individual trajectories of the
different traits linked to reproduction. Finally, all the life-history trajectories linked to the functions of reproduction, survival and growth
have evolved together and represent a life-history strategy.

14



THE EVOLUTION OF ITEROPARITY

Differences between individual life-history strategies and tactics have mainly been

studied at the species level. One of the obvious dichotomy in individual life-

history tactics is the difference between iteroparous and semelparous species (Cole

1954). Semelparous individuals give birth once in their lifetime, whereas iteroparous

individuals are able to give birth several times in their life. All large herbivores are

iteroparous. The evolution of iteroparity has largely been questioned since semel-

parity seemed to be evolutionary advantageous compared to iteroparity (Cole

1954). Indeed Cole (1954) concluded that “For an annual species, the absolute

gain in intrinsic population growth which could be achieved by changing to the

perennial reproductive habit would be exactly equivalent to adding one individ-

ual to the average litter size”. However, when considering different juvenile and

adult survival, Charnov and Schaffer (1973) showed that iteroparity could have

evolved when adult survival is higher than juvenile survival. Moreover, variabil-

ity in juvenile survival which can be generated both by density-dependence and

by environmental stochasticity would also favor the iteroparous tactic (Murphy

1968, Bulmer 1985).

INDIVIDUAL DIFFERENCES AMONG ITEROPAROUS LIFE-HISTORIES

Large herbivores are iteroparous and can partition their reproductive effort in

successive events with variable time interval. The performance of an individ-

ual trajectory is related to its fitness. Observed differences between individual

life-history traits revealed that individuals of a same population display different

ages of first reproduction and different ages at death for instance. Annual repro-

ductive success can also vary between successive years and among individuals.

These differences among individual life-history trajectories can lead individual to

reach similar fitness if individuals partition their reproductive effort with differ-

ent strategies (trade-off scenario) or to reach different fitness if some individuals
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Fig. 1.2. The trade-off and the quality scenarios. In the trade-off scenario, two individuals
have different reproductive trajectories yielding the same fitness (here, LRS is used as a proxy of
fitness). The first individual allocates in reproduction in early-life whereas the second individual
allocates in reproduction in prime and late life. In the quality scenario, two individuals follow
reproductive trajectories yielding different fitness, the first individual being of higher quality than
the second individual. LRS: Lifetime reproductive success.

consistently performed better than others (quality scenario) (see Fig. 1.2).

The trade-off scenario

Individuals can partition their reproductive effort all along their reproductive tra-

jectory. Strategies adopted to deal with trade-offs can drive to different trajecto-

ries. A given reproductive attempt for instance, can affect both the next reproduc-

tive event and reproduction later in life (Williams 1966, Bell 1980). Moreover, as

individuals aged, the probability of surviving to the next year decreases and this

probability is expected to diminish with past reproductive effort (Kirkwood and

Rose 1991). Three main trade-offs are presented here: senescence (trade-off be-

tween early- and late-life performance), the trade-off between current and future
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reproductions and the trade-off between offspring quantity and quality.

First, the evolution of ageing (both in survival and reproduction) observed in

many different taxa has been interpreted as a diminution of the selective pressures

as individuals age (Medawar 1952, Hamilton 1966). Williams (1957) suggested

in its antagonistic pleiotropy theory that some genes, selected for their favourable

effect on fitness in early life can have negative effect on fitness in late life. More-

over, if genetic, metabolic and physiological mechanisms governing reproduction,

growth and maintenance should fulfill perfectly their functions in early life, in late

life, these functions are expected to be altered by the repeated errors in gene tran-

scription and translation (Kirkwood 1977). This idea of accumulation of error

in the soma leads to the disposable soma theory which suggests that individuals

are limited by the resources currently available in the environment and by the re-

sources individuals can assimilate. Consequently, individuals only have a limited

energy to share among reproduction, growth and maintenance. Protein errors are

expected to accumulate under the influence of costs of reproduction and mainte-

nance and to show their consequences in late life (Kirkwood and Rose 1991). The

disposable soma theory thus predicts that early life reproduction will affect late

life reproduction and survival.

Second, each year an individual can partition its energy between maintenance

and reproduction (Williams 1966). The costs of reproduction can also have di-

rect effect on the next reproductive and survival events (Gadgil and Bossert 1970,

Reznick 1985). In female red deer (Cervus elaphus) for instance, reproductive

success in a given year has a negative impact on fecundity and survival the fol-

lowing year (Clutton-Brock et al. 1983). Increasing the sexual activity of male

fruitflies (Drosophila melanogaster) by placing males with virgin females rather

than inseminated females increased the lifespan of these males (Partridge and Far-

quhar 1981). Reproductive costs are often generated by energy expenditures dur-

ing parental care (Clutton-Brock 1991) or during courting and fighting for access

to mates. As in many mammals, the cost of mating effort for male Richardson
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ground squirrels (Spermophilus richardsonii) is higher than the cost of maternal

care for females (Michener and Locklear 1990). When reproductive costs are ob-

served in mammals, they always impact body condition (Drent and Daan 1980)

that will then influence following reproductive success or/and survival (Testa and

Adams 1998).

Finally, at each reproductive attempt, the number of offspring conceived may

also negatively influence the reproductive success of female in that given year.

The trade-off between quantity and quality of offspring has first been studied in

birds where the theory of clutch size predicts that the number of chicks in a clutch

should be maximized given the number of young parents can recruit (Lack 1947,

Cody 1966). Indeed larger clutch size in the collared flycatcher (Ficedula albicol-

lis) affected the subsequent juvenile survival (Gustafsson and Sutherland 1988).

Similarly in mammals, recruitment can be lower for a female having an enlarged

litter than for a female with a litter of median size. Experimental manipulations of

desert woodrat (Neotoma lepida) litters revealed that offspring from enlarged lit-

ters had a lower growth and thus a lower subsequent survival than offspring from

controlled litters (Cameron 1973).

The quality scenario

While negative correlations are expected between early life and late life perfor-

mance, between successive reproductive performances or between quantity and

quality of offspring, positive covariations can also be observed (van Noordwijk

and de Jong 1986). Indeed, according to the amount of resources available, in-

dividuals with a large amount of resources can invest more in both reproduction

and soma than individuals with a limited access to resources (van Noordwijk and

de Jong 1986). This difference in resource availability can thus result in difference

of performance in both reproduction and survival among individuals. For instance,

negative correlation between early and late reproduction has not been observed in

bighorn ewes (Ovis canadensis). On the contrary, the number of lambs produced
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early in life tended to be positively correlated to the number of lambs weaned late

in life suggesting that some individuals are of better quality than others (Bérubé

et al. 1999). Positive correlations between current reproduction and subsequent

reproduction and survival have also been reported in kittiwake (Rissa tridactyla)

(Cam et al. 1998) and in reindeer (Rangifer tarandus) (Weladji et al. 2008). Some

individuals perform consistently better each year than others revealing hetero-

geneity in individual quality within a population. As a consequence, different

individual life-history trajectories can also reach different fitness.

The concept of quality is linked to the concept of frailty defined by Vaupel

et al. (1979). He suggested that within a population, individuals display a hetero-

geneity in frailty and defined it in terms of force of mortality: If μi(x, y, z) is the

force of mortality of an individual of age x and frailty z at time t, μi(x, y, z) =

z.μi(x, y, 1) where an individual with a frailty of 1 is the standard individual. This

definition assumes that individual frailty is fixed at birth and does not change in

an individual lifetime. The definition of frailty has also recently been summarized

as the unobserved differences in individual survival abilities (Aubry et al. 2011).

This concept has been then expanded with the concept of quality. Indeed, frailty

can be seen as a latent (unobserved/unmeasured) quality in survival (Cam et al.

2002b). Quality includes frailty and, in a wider sense, differences in individual

quality referred to differences in individual performance in growth, reproduction

and survival. Recent reviews on individual quality have highlighted the multiple

definitions and measures of quality that are actually used in the literature (Wil-

son and Nussey 2010, Lailvaux and Kasumovic 2011). Quality has sometimes

been used as a time-independent attribute and measured by unique individual

traits such as age at first reproduction or lifetime reproductive success (Moyes

et al. 2009). Nevertheless, quality has also been used to define a time-dependent

performance linked to individual condition and measured by annual body mass

or annual reproductive success (Blums et al. 2005). Wilson and Nussey (2010)

proposed that quality can be defined as the positive co-variation among traits that
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are related to fitness. According to this definition, quality should characterize a

global value of individual performance and should thus be treated as an individual

time-independent variable, which, as frailty, remains constant over an individual

lifetime.

While predictions on the life-history trajectories from the quality and the trade-

off scenarios are always opposed, these two processes are not mutually exclusive.

Indeed some individuals can be of better quality than others but early life repro-

duction can, at the same time, negatively influences late life reproduction in all

individuals. In a study on North American red squirrels (Tamiasciurus hudson-

icus), early primiparity was positively correlated with lifetime reproductive suc-

cess, suggesting that some individuals of better quality managed to have higher

fitness (Descamps et al. 2006). Nonetheless, reproductive costs of early primipar-

ity were also observed on survival such that early breeders had shorter lifespan

than late breeders (Descamps et al. 2006). Trade-offs can be more easily evi-

denced in poor environmental conditions characterized by high density or low

resource availability and among poor quality individuals, which are more likely to

be affected by reproductive costs than high-quality individuals. For instance, costs

of reproduction appear to vary among individuals and years according to female

body mass and density in Soay sheep (Ovis aries) (Clutton-Brock et al. 1996).

In environments characterized by large amount of resources, individuals able to

acquire a lot of energy can show high performance in growth, reproduction and

survival at the same time (Reznick et al. 2000). However, in environments with

restricted amount of resources, it can be costly to assimilate a large amount of

nutrient and individuals should thus share their energy among different functions.
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1.2 Consequences of individual differences on individual life-

history trajectories and on population dynamics

Individual heterogeneity can be defined as the variance of a given trait in a pop-

ulation and represents the opportunity for selection. Individual heterogeneity is

of crucial importance to consider because it constraints the intensity with which

selection can act (Darwin 1859). Patterns of selection have been described and

analysed in different populations using observed and or captured individuals, ex-

pected to be a representative sample of the population. Moreover, these analyses

of selection made the assumption that populations are homogeneous and that se-

lection acts with the same intensity and mechanisms on all individuals (Arnold

and Wade 1984b).

However, all individuals are different and are thus expected to be influenced

by selection pressures according to their genotypic and phenotypic characteristics.

The assumption of population homogeneity has thus been challenged by the in-

vestigation of the influence of individual differences in few traits, such as sex and

age on life-history trajectories and demography. Differences of reproductive and

survival rates between individuals of different ages have revealed that age was a

key factor structuring demographic patterns in a population (Charlesworth 1980).

Offspring and immature individuals do not reproduce and old individuals have re-

duced probability of surviving and reproducing compared to prime-aged individ-

uals (Gaillard et al. 2000b). Demographic rates have thus mainly been described

with age-dependent patterns. As a consequence, age was for a long time the only

individual structure included in models of population dynamics (Leslie 1945).

Nonetheless, in addition to the strong age-structure existing in large herbivores,

demographic rates varied also with sex (Gaillard et al. 2000b). In polygynous

species for instance, males can mate with dozens of females when females mate

only with one male (Clutton-Brock et al. 1982). Life expectancy is also lower in

males than in females in polygynous and highly dimorphic species (Clutton-Brock
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et al. 1982).

Age and sex are thus key factors structuring particularly well a population

(Caswell 2001, Coulson et al. 2001). If the structure in age changes in a population

then, the dynamics of the population will vary with this structure (Charlesworth

1980). The impact of other individual differences such as reproductive status

has also been studied in the context of reproductive cost. Individual trajectories

have thus been described as the successive reproductive statuses of an individual

(breeder or not breeder). However, the influence of the whole individual hetero-

geneity including other individual differences such as behavioural, morphological

or physiological differences, on reproductive success and demographic rates has

been studied only recently. Moreover, the impact of this individual heterogeneity

on population dynamics remains to be investigated.

INDIVIDUAL HETEROGENEITY

Individual heterogeneity can be quantified by the variation observed among indi-

viduals for a given trait. Individual heterogeneity includes but is not restricted to

heterogeneity in individual quality. If two traits are considered (tooth heigth and

foraging ability for instance), patterns of individual heterogeneity existing regard-

ing these two traits can be similar or different. If they are similar, a positive corre-

lation between individual values of these two traits is expected (individuals with

tall teeth would also display high foraging performance). If patterns of individual

heterogeneity are different, a negative correlation or an absence of correlation are

expected between values representing different traits for a given individual (tooth

heigth and foraging ability are independent). In the context of the quality scenario

for instance, positive correlations are expected between different traits reflecting

the performance in reproduction and survival of an individual.

Many differences between individuals, in addition to differences in age and

sex, account for the observed variation in individual success. The study of mor-

phological traits such as secondary sexually selected traits (Andersson 1994) re-

22



vealed that the size of these traits is positively correlated with the quality of an

individual and its reproductive success (Coltman et al. 2002, Preston et al. 2001).

Coloration in male eastern bluebirds (Sialia sialis) is also linked to reproductive

success (Siefferman and Hill 2003). Moreover, variation in some individual be-

haviour such as communication can impact individual reproductive success. For

instance, in great reed warbler (Acrocephalus arundinaceus), the male repertoire

size was positively correlated to the number of young produced (Catchpole 1986).

Dispersal and habitat selection can also be of main importance at the individual

level because they determine the resources available (Danchin et al. 2001) for in-

dividuals to acquire sufficient energy to grow and reproduce, and at the population

level because dispersal can regulate the dynamics of populations (Hanski 2001).

In behavioural ecology, the recent increasing literature on animal personal-

ities reveals the current importance attributed to individual heterogeneity (Bell

et al. 2009, Dingemanse et al. 2010). Individual personality has been defined

as consistent differences between individuals in their behaviour across time and

contexts (Réale et al. 2007). If individual heterogeneity can be express in terms

of genes, metabolism, morphology, behavioural or life-history traits, personality

represents individual heterogeneity mainly in behavioural traits. High repeatabil-

ity of a given and consistent behaviour during an individual lifetime suggests that

individual traits differ permanently and that individuals can be characterized by

some fixed attributes related to their personality. For example, in bighorn sheep,

docile and bold rams display higher survival and higher reproductive success at

old ages than indocile and shy rams (Réale et al. 2009).

Individual differences are thus likely to affect individual reproductive and sur-

vival patterns. Heterogeneity among individuals creates a structure (like age) in

the population that has the potential to affect population dynamics when this struc-

ture changes, according to variation in environmental conditions for instance. As

a consequence, individual heterogeneity can influence individual life-history tra-

jectories and population dynamics.
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Fig. 1.3. Consequences of heterogeneity in individual mortality patterns on mean observed

mortality pattern at the population level. Observed hazard rates in a population (A.) constituted
by two different subcohorts (B.) (source: Vaupel and Yashin 1985).

DEMOGRAPHIC PATTERNS AND MECHANISMS MASKED BY INDIVIDUAL

HETEROGENEITY

Demographic patterns are always studied at the population level rather than con-

sidering each individual life-history trajectory. A simple explanation is that ex-

haustive individual data are rarely available. The influence of individual hetero-

geneity on the estimation of demographic rates has thus been investigated only

recently with the development of new statistical tools (Nussey et al. 2008).

Patterns of demographic rates at the population level can mask many different

patterns at the individual level. Vaupel and Yashin (1985) explained that observa-

tions of survival rates are made on the surviving individuals and thus only on the

selected members of a population, which differed from the individuals constitut-

ing the original population. Mean pattern observed at the population level can thus

be generated by variable processes at the individual level (see Figure 1.3). As a

consequence, observed dynamic can be erroneous and possible inference made on

the individuals which make up this population can be partially or entirely wrong

(see below).

Selective disappearance of individuals following fertility and viability selec-
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tion processes for instance, can favor the over-representation of individuals with

high reproductive performance in old age classes. This can eventually mask any

long-term costs of heavy allocation to reproduction on late survival (van de Pol

and Verhulst 2006). Moreover, heterogeneity in reproductive success among in-

dividuals can mask within-individual potential reproductive costs if individual of

high quality display high performance in successive reproductive attempt for in-

stance (Hamel et al. 2009a).

Indeed, the recent inclusion of individual heterogeneity in models describing

life-history traits such as body mass and demographic rates revealed that individ-

ual heterogeneity can hide senescence patterns (Nussey et al. 2008) (Figure 1.4).

Including individual heterogeneity in age-dependent demographic rates allowed to

highlight cost of reproduction on future survival in kittiwake (Aubry et al. 2009)

and patterns of senescence in survival in the Silvereyes (Knape et al. 2011). These

studies suggested that individual heterogeneity should be included when estimat-

ing demographic rates in order to estimate them correctly.

CONSEQUENCES OF INDIVIDUAL HETEROGENEITY ON POPULATION

DYNAMICS

The investigation of the influence of individual differences on population dynam-

ics started a long time ago with the studies of Łomnicki (1978). He suggested that

individual differences (not necessarily with a genetic basis) can influence the dy-

namics of populations. He chose to separate them according to their accessibility

to resources and suggested that these specific individual differences should influ-

ence population dynamics. Indeed the population can naturally be regulated by the

emigration of some individuals when the resource available are not sufficient for

all individuals (Łomnicki 1978). Moreover, individuals would react differently to

possible environmental pressures according to the amount of resources available

for each individual. For instance, trees grow at a given place in a soil character-

ized by a specific composition in minerals and under determined light conditions
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Fig. 1.4. Influence of individual heterogeneity on ageing patterns. (A.) Ageing pattern in
body mass in female roe deer at Trois Fontaines, estimated including (open circles) or not (filled
squares) individual heterogeneity (source: Nussey et al. 2008). (B. C.) Ageing pattern in survival
in Silvereyes on Heron Island estimated including (C.) or not (B.) individual heterogeneity (source:
Knape et al. 2011). Individual heterogeneity was including by adding a random effect of individual
identity on the intercept of the models.

(Botkin et al. 1972). These differences among individuals can be translated at

the population level such that interactions among different individuals can result

in variable population dynamics. The size of a population of largemouth basses

appeared to be affected by the initial heterogeneity in individual length. Indeed,

as largemouth bass can eat shorter con-specifics, a population of homogeneous

initial individual lengths would reach higher population size than a heterogeneous

population (DeAngelis et al. 1980). The development of individual-based models

had the aim to construct model based on individual characteristics to analyze their

influence at the population level (Huston et al. 1988, DeAngelis and Mooij 2005).

Despite the large and old interest in individual-based models investigating the

consequences of individual differences on ecological patterns, the conclusion of

Grimm (1999) who assessed that it is difficult to sum up what ecology has learned
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from studies using individual-based model remains true today. Models including

individual heterogeneity are numerous and use different set of individual differ-

ences (which model variable amounts of individual heterogeneity) with different

methods. Moreover, the motivations of the authors including individual differ-

ences can be different and some authors applied individual based-model only to

use a new tool without the aim to look at the consequences of individual differ-

ences on the pattern explored (Grimm 1999).

The influence of individual heterogeneity on population dynamics has mainly

been studied by theoretical works that suggested that the impact of individual

heterogeneity on population dynamics seems to be model and species-dependent

(Bjørnstad and Hansen 1994, Vindenes et al. 2008). Individual heterogeneity can

either increase or decrease demographic variance (Vindenes et al. 2008). It ap-

peared that demographic stochasticity only has a weak influence on population

dynamics, except when strong positive correlations occur among demographic

rates (Pfister and Stevens 2003). Nevertheless, a recent study has suggested that

heterogeneity in survival can increase the population growth rate (Kendall et al.

2011). However influence of individual heterogeneity on population dynamics re-

mained to be investigated by empirical studies. Nevertheless, if individual hetero-

geneity influences demographic rates, we expect that the influence of individual

heterogeneity on population dynamics should be investigated to model more pre-

cisely the pattern of variation of population structure and size and to understand

how individuals interact to contribute to this dynamic.

1.3 Sources of differences in individual life-history trajectories

The origin of a large part of individual differences has been found at the genetic

level (Dobzhansky 1937). Individual genome is composed by a number of genes

that code for specific proteins that fulfill different metabolic functions, which in

turn create the different physiological functions and the phenotype of an organism.
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However, observed individual variation at the phenotypic level can differ from ob-

served variation at the genetic level. Indeed, the interaction between genotype and

environment generates a large variation in individual phenotype (reaction norms,

Stearns 1992) that cannot be explained by genetic variation only. The variability

of environmental conditions in time and space allows a large phenotypic variabil-

ity among individuals to be maintained.

Variability in individual life-history traits and individual life-history trajecto-

ries are observed at the phenotypic level. The output of a trajectory will give the

performance of this trajectory and will reflect partially the quality of an individ-

ual. If a common interpretation of heterogeneity in individual quality is that each

individual displays a given value of quality that is fixed and determined at birth, a

second interpretation inspired from the neutral theory of evolution (Kimura 1968)

suggests that individual quality is a value acquired only by chance (Tuljapurkar

et al. 2009). An individual could follow a successful trajectory because its genes

or its conditions at birth allow him to be efficient in reproduction. An individ-

ual, however, could also follow a successful trajectory simply because he met

favourable environmental conditions at each reproductive attempt. We can thus

present the several sources of variation in individual trajectory in two categories:

fixed heterogeneity determined at birth and dynamic heterogeneity created by ran-

dom events (Figure 1.5).

FIXED HETEROGENEITY

Fixed individual attributes are determined in the first months around the birth of an

individual. All individuals start their life with a given genetic information that will

influence individual physiology, morphology and life history traits both in the first

months of fetus development and during its whole adult life. Nevertheless, genes

are only a part of the inheritance that an individual will receive (Bonduriansky and

Day 2009).

The maternal effects also contribute to the development of an individual (Mousseau
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Fig. 1.5. Sources of heterogeneity in three roe deer individual life-history trajectories of

litter size. Fixed heterogeneity among individuals is fixed at birth and will influence consistently
a given individual trajectory. Dynamic heterogeneity changes each year and will influence all
the trajectories in the same way in a given year. Finally, a given reproductive attempt would
be influenced by the individual state-dependent condition before reproduction and so by what
happened between successive reproductive attempts

and Fox 1998). In large herbivores, the mother chooses the environment where she

will give birth. Birth environment will then affect early offspring development and

survival. Indeed the possibility for an offspring to find shelter and protection from

predators and, the quality of resource available during lactation or when offspring

will start foraging by himself depend on its birth environment. Moreover, the

mother attributes such as age, body mass or ability to accumulate nutrients will all

influence the development of offspring in utero and during lactation. For instance,

in harbour seal (Phoca vitulina), old and heavy mothers have larger offspring than

light and young mothers (Bowen et al. 1994). The behaviour of a mother during

weaning can also influence the behaviour and personality of its offspring. In rhe-

sus monkey (Macaca mulatta) for instance, percentage of infant rejection were

found to be consistent between mothers and daughters (Berman 1990). Finally a
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mother will transfer a part of its immunity to its offspring, which will affect off-

spring condition. For example, influenza-specific antibodies are transmitted from

mother to offspring through breast feeding in mouse (Mus musculus) (Reuman

et al. 1983).

The environmental conditions during pre- and post-natal development gener-

ate cohort effects in many species with long-term effects of birth environmental

conditions on adult performance (Lindström 1999). Indeed environmental con-

ditions around birth conditioned adult life-history traits such as survival, repro-

duction and body mass. In red deer, low spring temperatures at birth decrease

lifetime reproductive success in females (Kruuk et al. 1999). Similarly, oyster-

catchers (Haematopus ostralegus) that were born in high quality habitats reach a

fitness twice higher than individuals born in low quality habitats (van de Pol et al.

2006).

The long term influence of individual birth conditions on adult trajectory has

been called “silver spoon effect“ (Grafen 1988) because some individual are ex-

pected to perform better during all their life if their development occurred in good

conditions. The long-lasting effects of birth conditions on adult traits and on fit-

ness can be due both to direct and indirect effects of birth conditions on life-history

traits. First, indirect effects occur through the effects of birth conditions on year-

ling mass, which in turn will influence adult body mass and reproduction and thus

fitness. Nonetheless, early conditions can also have direct effects on adult traits,

but these direct effects have been less studied (but see Lummaa and Clutton-Brock

2002, Douhard et al. 2013). They can be generated by the set up of permanent

physiological and metabolic functions during development that will impact the

whole adult life. For instance the number of muscle fibers is determined at birth

and their development is highly influenced by the mother alimentation and the re-

sources available during gestation and early lactation in large herbivores (Du et al.

2010).
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DYNAMIC HETEROGENEITY

At each step of a trajectory (each reproductive attempt for instance), individuals

are submitted to variable environmental conditions. Both density-independent and

density-dependent mechanisms affect availability of resources, which in turn in-

fluence individual annual body condition and reproductive success in herbivores

(Clutton-Brock et al. 1987, Albon et al. 1987). Annual climatic conditions such

as temperature and precipitations influence directly vegetation growth and thus

availability of resources. Access to resources is then dependent on the density of

the population and limited by competition among individuals. Among large her-

bivores, resource availability is particularly crucial during late gestation and early

lactation, which are costly for females (Clutton-Brock et al. 1989). Malnutrition

is one of the first cause of offspring early death (Gaillard et al. 2000b). The sec-

ond cause is often predation (Linnell et al. 1995). Thus, the annual fluctuations of

predator density can also reduce offspring survival.

The costs generated by parasite defense fluctuate also according to the pres-

ence of external and/or internal parasites in a given year (Sheldon and Verhulst

1996). Synthesis of defense molecule as antibodies is energetically costly and can

affect negatively the reproductive and maintenance functions. As a consequence,

annual density of parasites can reduce the ability of individuals to successfully

wean offspring and can evolve with host density to regulate population dynamics

(Albon et al. 2002). Moreover, time and energy allocated to fight against insect

harassment (as described among Rangifer species, Hagemoen and Reimers 2002)

as fly, mosquitoes or ticks are not devoted to forage or to parental care.

Finally, death is often a stochastic event which can interrupt a given life-

history trajectory at any time. Random injuries, collision, hunting or extreme

events are all part of dynamic heterogeneity, which can have large impacts on

life-history trajectories.
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INFLUENCE OF INDIVIDUAL CONDITION ON LIFE-HISTORY TRAJECTORIES

Individual condition is the physiological and behavioural state of an individual

(McNamara and Houston 1996) and is influenced by both dynamic and fixed het-

erogeneities. The condition of an individual is time-dependent and can influence

reproductive success and survival each year. Individual body condition is often

approximated by a measure including body size and mass (Jakob et al. 1996) that

should give information about individual fat reserves.

Accumulation of fat reserves depends not only on the quantity of resource

available (dynamic heterogeneity) but also on the ability of individuals to assim-

ilate nutrient and to synthetize fat contents (fixed heterogeneity). Experimental

manipulation of foraging abilities in a marine bird, the thin-billed prion (Pachyp-

tila beicheri) showed that body mass of birds handicapped with cut feathers was

lower than that of control birds at the end of the experiment (Weimerskirch et al.

1995). In an environment with restricted amount of resources, individuals display-

ing high foraging ability will have a better condition than individuals with weak

foraging abilities.

Body condition is also linked to individual state of health which is influenced

also both by dynamic and fixed heterogeneity because parasite infection depend

on parasite density and host resistance.

Finally, individual condition a given year is affected by the previous repro-

ductive effort such that two successive reproductive events are not independent

in species accumulating fat reserves. For instance, all reproductive females in

aspic viper (Vipera aspis) lost mass between vittellogenesis and post-parturition,

whereas non-reproductive females gained mass (Bonnet et al. 2002).

Aspic viper is a capital breeder that accumulates reserves to offset the cost of

reproduction. Species can be ranked on a continuum from income breeders, which

rely on current resources to capital breeders that rely on accumulated reserves to

offset the cost of reproduction (Drent and Daan 1980, Jönsson 1997). Variation

in individual annual condition depends on species resource tactic and can be very
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high in capital breeders but very low in income breeder species (Drent and Daan

1980). As a consequence, annual condition is expected to influence more current

reproduction and survival in capital than in income breeders (Hamel et al. 2009a).

For these latter, no reproductive cost is expected to occur after a successful repro-

duction.

INFLUENCE OF INDIVIDUAL EXPERIENCE ON LIFE-HISTORY TRAJECTORIES

Reproductive success has been observed to increase with age during prime age

(Curio 1983). Among several hypotheses that have been proposed to explain

age-specific reproduction, the accumulation of experience can favor an increase

of individual reproductive success with age (Forslund and Pärt 1995). Evidence

of influence of experience on individual performance has been reported in birds

(Mauck et al. 2012), mammals (Weladji et al. 2006) and reptiles (Schwartz et al.

2007).

CONCLUSION

The relative influence of dynamic and fixed heterogeneity on individual life his-

tory trajectories has recently been subjected to large discussion but remains to

be quantified (Tuljapurkar et al. 2009, Steiner and Tuljapurkar 2012, Cam et al.

2013). Recently, two studies case suggested that life history trajectory can be in-

fluenced only by dynamic heterogeneity in birds (Mute swan, Tuljapurkar et al.

2009 and, kittiwake, Steiner et al. 2010). The successive reproductive attempt of

individuals would follow a purely Markov process, independent of initial condi-

tions and so of birth conditions. However, positive interactions between individual

trajectory of survival and reproduction have also been demonstrated in the same

species (Cam et al. 2002b), driving to opposite conclusions. Indeed Cam et al.

(2002b) argued that some individuals are of better quality all along their life such

that some fixed attributes condition the entire life of these individuals.
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To quantify the relative influence of fixed and dynamic heterogeneities, it is of

primary importance to consider the different scales, from a given reproductive at-

tempt to population dynamics, because the relative influence of fixed and dynamic

heterogeneity can change with the scale. At the smallest scale, each reproductive

event can be influenced by both dynamic and fixed heterogeneity (see above). At

the trajectory level, the relative influence of the two types of heterogeneity will

change. One can expect that individual trajectories will reflect the quality of an

individual and thus be more influenced by fixed heterogeneity than each repro-

ductive event separately. If we consider now several individual trajectories, we

can expect that a low quality individual will be more influenced by fluctuations

of environmental resources than a high quality individual and as a consequence

dynamic heterogeneity can have a larger influence on some particular individual

trajectories. So, finally at the largest scale and given how each individual re-

productive trajectory is influenced by dynamic heterogeneity, what would be the

relative influence of fixed and dynamic heterogeneity on population dynamics?

1.4 To measure and to model individual differences

An external observer cannot notice all possible differences among individuals

studied in a given population. From lab experiments to field studies of wild pop-

ulations, when scientists try to test a hypothesis, they collect an amount of in-

formation on each individual that can influence their hypothesis. The influence of

obvious differences among individuals such as sex or age has consistently been the

first studied. These individual differences, in addition of being easily observable,

are always easily measured and their influences on different life-history traits and

demographic patterns can thus be investigated by modeling them as fixed variables

in a model describing any pattern.

However, in addition to age and sex, some traits such as color of secondary

sexually selected trait or physiological characteristics can also influence the hy-
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pothesis tested, but are not so easily measured. Moreover, many other differences

between individuals are not measured either because they cannot be measured on

the field or because they are not observed (like internal parasitism rate or dispersal

status) by scientists. However, all these unmeasured, unobserved and overlooked

individual differences have the potential to influence the hypothesis studied.

TO MEASURE AND TO MODEL INDIVIDUAL HETEROGENEITY

The influence of unmeasured traits on demographic rates has been investigated

including individual identity as a random effect in generalized linear mixed mod-

els. Originally, mixed models have been used to correct for possible dependence

between repeated measures from a same individual (Bolker et al. 2009). Random

effects of individual identity assume that individual differences in the pattern of

interest are normally distributed. For instance, a random effect of individual iden-

tity is included in a model describing an age-dependent pattern of reproductive

success to take into account individual heterogeneity. This random effect repre-

sents the heterogeneity in individual reproductive success which can be generated

by all possible individual differences except age. This heterogeneity among in-

dividual reproductive success is expected to be normally distributed with many

median individuals and few very good and few very bad individuals.

While some studies used random effects of individuals just to correct for de-

pendence among repeated measures of a given individual, other studies suggested

that individual heterogeneity obtained from mixed models can be interpreted as

a measure of heterogeneity in latent quality (Link et al. 2002, Lewis et al. 2006,

Aubry et al. 2009). A positive correlation between individual random effects in

reproduction and survival in the kittiwake supports this view (Cam et al. 2002b).

However, such a correlation was not found in the Silvereyes (Knape et al. 2011),

showing that a systematic link between individual heterogeneity and individual

quality is not obligatory. Moreover, even if individual heterogeneity can be gen-

erated by fixed or dynamic heterogeneity, it has often been interpreted in terms
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of fixed heterogeneity. For instance, among individual variation accounted for

31.6% of variation in reproductive success in storm petrel and because lifespan

was positively correlated to reproductive success, this among individual variation

was interpreted in terms of fixed heterogeneity (Mauck et al. 2012).

Individual heterogeneity has also been modeled using mixture models where

individuals are gathered in several groups of different performance. Individual

heterogeneity is thus modeled by a multinomial distribution, which suggests that

the population is divided into several groups of different quality (Pledger and

Phillpot 2008).

TO MEASURE AND TO MODEL INDIVIDUAL QUALITY

Individual heterogeneity among life-history trajectories includes all individual dif-

ferences that are consistent in an individual lifetime. Consequently individual

heterogeneity can include individual quality but does not mean individual quality.

Quality represents the co-variation in individual traits that are positively correlated

with fitness. However, individual heterogeneity in reproductive status is not neces-

sarily positively correlated with individual heterogeneity in reproductive success

or with individual heterogeneity in growth, leading the interpretation in terms of

fitness not supported by empirical studies so far.

As fitness is difficult to measure, the quality of an individual is hard to estimate

and is often approximated by several life-history traits such as laying date, lifetime

reproductive success or longevity. Some studies have measured an index of quality

based on the covariation among multiple traits related to fitness. If it works easily

with 2 or 3 traits (Hamel et al. 2009b), a study on red deer showed that 11 traits

related to fitness did not correlate perfectly (Moyes et al. 2009). In this study, the

first axis of a Principal Component Analysis represented long-lived individuals

that display an early age of primiparity, wean many calves with high birth weight

and survival and that were born earlier in the birth season and accounted for 31%

of the total variance between these traits representing quality (Moyes et al. 2009).
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1.5 Aim of the thesis

This PhD thesis focuses on the heterogeneity in life-history trajectories of females

in a population of roe deer, a long-lived and iteroparous species. This French pop-

ulation has been intensively monitored during 38 years allowing the identification

of trajectories of many females from birth to death. This study has been divided

into four parts:

The first part aims to analyze the consistency of female reproductive trajec-

tories by examining female trajectories of parturition dates. Parturition date is

highly correlated with early offspring survival and thus with reproductive success

both in birds and mammals. We thus measured the heterogeneity in individual

trajectories of parturition date by estimating the repeatability of parturition dates

in five different populations of roe deer. Then, we investigated the influence of

female attributes on parturition date trajectories, separating time-dependent at-

tributes such as annual female body mass, previous reproductive success and age

and time-independent female attributes such as longevity, median adult body mass

and cohort. In this way, we tried to understand how a given trajectory varies with

time and is influenced by the condition and/or the quality of females.

Second, we compared the relative influence of dynamic vs. fixed heterogene-

ity on roe deer life-history trajectories of reproduction and on fitness. We analyzed

three individual reproductive trajectories: reproductive status, fertility and repro-

ductive success. We used recent models to simulate individual reproductive tra-

jectories assuming that the reproductive trajectories follow a random process, and

we compared the distribution of individual fitness observed and estimated from

simulated trajectories. This allowed us to investigate if observed individual tra-

jectories of reproduction could be generated by a random process and thus, only

by dynamic heterogeneity. Then we investigated the influence of fixed hetero-

geneity on individual life-history strategy and on individual fitness by analyzing

the long-lasting influence of birth conditions, and particularly of birth date, on
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individual early and late life-history traits and on fitness.

In a third part, we investigated the influence of individual heterogeneity at the

scale of population dynamics. We quantified the influence of measured individ-

ual differences such as age and size vs. the influence of unmeasured individual

differences, often modeled using random effect of individual in mixed models, on

population dynamics. We also compared the influence of individual heterogeneity

to the influence of variation in environmental conditions on population dynamics.

Finally, the effect of environmental variations on individual reproductive suc-

cess and its consequences on population dynamics were analyzed. In particular,

in the recent context of climate change, the advance of vegetation phenology has

challenged the match between breeding time and availability of resources among

herbivores. We thus investigated how climate change has influenced the trajectory

of female parturition dates and how it influenced reproductive success and fitness

of female roe deer.
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Chapter 2

Studied species and population

2.1 The roe deer: a successful species

PRESENTATION AND REPARTITION

The European roe deer (Capreolus capreolus) belongs to the Cervidae family. It

is characterized by a relatively small body size (shoulder height about 70 cm, 20-

50 kg) in comparison with related species such as red deer, fallow deer or reindeer.

This long-lived (up to 14 y.o. and 18 y.o. for males and females, respectively, in

the population of Trois Fontaines, Loison et al. 1999) and iteroparous species

shows low sexual dimorphism with males being about 2 kg heavier than females.

Most of the year, males are easily recognizable by their antlers (25-30 cm).

Roe deer has been described as a successful species because its abundance in-

creased rapidly in Europe in very different habitats (Andersen et al. 1998, Fig. 2.1).

Originally found mainly in lowland forests, roe deer currently occurs in a large va-

riety of habitats, from open grasslands to mountain areas but it often finds refuge

in woodlands. Only high mountains and south Mediterranean regions are not

much inhabited by roe deer. This browser is able to feed on very different plants

from grasses to coniferous but green leaves dominate its diet (Tixier and Dun-

can 1996). However, in spring, since maternal care is particularly high given their

small body size, roe deer females require a large amount of high quality resources.

To cope with the energy demand, females adopt a selective feeding tactic and only

a few preferred plants constitute a large proportion of their diet (e.g., Carpinus,
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Fig. 2.1. Spatial distribution of roe deer. Source: IUCN (http://maps.iucnredlist.org)

the hornbeam in spring in woodlands). At this time, roe deer also feed on young

and highly digestible tree shoots and buds (Tixier and Duncan 1996, Duncan et al.

1998).

REPRODUCTION

Fig. 2.2. Roe deer reproduction. Successive steps of the roe deer reproductive cycle during the
year

Births are highly seasonal and synchronous in most large herbivores (Bron-

son 1989), including roe deer (Gaillard et al. 1993c) where a large proportion of
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births occurs within one month (Gaillard et al. 1993c, Linnell and Andersen 1998,

Raganella-Pelliccioni et al. 2007). Birth season ranges from April to June from

South Spain to North Scandinavia (Table 2.1). Roe deer body mass at birth is

about 1.6 kg in the population of Trois Fontaines (Gaillard et al. 1993b). Fawns

grow rapidly the first year to reach 70% and 93% of adult body mass at eight (onset

of first winter) and twenty months old, respectively (Hewison et al. 2011). Most

roe deer females are fertilized for the first time as yearlings (1 year old) and give

birth at two years of age. Mating takes place in summer (July-August, Fig. 2.1).

Females are monoestrus (Hoffmann et al. 1978) but most of them are fertilized

each year (98% in Chizé, Gaillard et al. 1992). The gestation of roe deer lasts 10

months and is unique among ungulates because it includes an embryonic diapause

(Aitken 1974). Embryonic diapause has evolved many times in different taxa. For

instance, many carnivores such as bear or marten and some rodents display simi-

lar lengthening of gestation (Renfree and Shaw 2000). In roe deer, embryos stop

developing at the blastocyst stage when cell division and metabolism reduce to a

very low rate (Lambert et al. 2001). The embryo starts again its development in

late December-early January when “true gestation” starts and lasts for five months.

Female roe deer give thus birth once each year from two years of age onwards to

one to three fawns.

LIFE CYCLE AND DEMOGRAPHIC RATES

The demographic rates of roe deer are largely influenced by the sex and the age

structure of the population. Despite the weak sexual size dimorphism, roe deer

males display lower survival rates than females (Fig. 2.4). Both survival and re-

productive rates are affected by individual age (Gaillard et al. 1993a, Fig. 2.3).

Roe deer survival follows the typical pattern of survival for mammals (Caughley

1966): a low survival from birth to one year of age, a high and constant survival

during prime-aged stage, and a decreasing senescent survival from 8 years of age

to death. In large herbivores such as roe deer, adult survival remains consistently
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Table 2.1. Roe deer birth timing in Europe. Median parturition date, number of days where 80 % of the birth (80%) or when all births
(100%) occurred are presented when available.

Median BD 80% 100% N years area latitude Ref

Apr-May Malaga-Cadix, Spain 36 (FIDA 2009)
19/May 15 Madrid, Spain 40 (FIDA 2009)

Apr-May 41 1995 Villuercas Mountains, Spain 42 (Mateos-Quesada and Carranza 2000)
May Tuscany, Italy 42 (Linnell et al. 1998)

22/May Rome, Italy 42 (Raganella-Pelliccioni et al. 2007)
12/May 77 2008-2010 Aurignac, France 43 (Plard et al. 2013)
15/May 43 Bulgaria 43 (Danilkin and Hewison 1996)
29/May 25 117 1997-2003 Alpes, Italy 44 (Raganella-Pelliccioni et al. 2007)
13/Jun 21 Tyro, Italy 46 (Linnell et al. 1998)
16/May 33 Hungaria 47 (Danilkin and Hewison 1996)
27/May 1972 1971-1995 Switzerland 47 (Müri 1999)
04/Jun May-jun 455 1965 Switzerland 47 (Sägesser and Kurt 1966)
15/May 28 1985-2011 Trois Fontaines, France 48 (Gaillard et al. 1993c)
23/May Bavaria, germany 49 (Ellenberg 1978)
11/May 19 1968-1972 Cheddington, England 51 (Linnell et al. 1998)
22/May 18 1961-1989 except 1968-1972 Cheddington, England 51 (Linnell et al. 1998)
24/May 44 Germany 51 (Danilkin and Hewison 1996)
02/Jun 4345 1900-1950 Germany 51 (Rieck 1955)
02/Jun 37 Poland 52 (Kałuziński 1982)
29/May 30 227 1958-1970 Kalo, Denmark 56 (Strandgaard 1972)
10/Jun 25 191 1961-1970 Borris, Denmark 56 (Strandgaard 1972)
04/Jun 81 2001-2006 Bogesund, Sweden 59 (Plard et al. 2013)
05/Jun Ekenas, Sweden 59 (Linnell et al. 1998)
11/Jun 43 15 1957, 1964-1967 Oster-Malma, Sweden 59 (Espmark 1979)
02/Jun 77 231 1986-1999 Ekena, Sweden 59 (Jarnemo et al. 2004)
27/May Grimso, south-central Sweden 59 (Nordström et al. 2009)
05/Jun 24 35 1995-1997 Hedmark, Norway 61 (Linnell and Andersen 1998)
22/May 26 42 296 1991-1994 Storfosna, Norway 64 (Linnell and Andersen 1998)
22/May 28 44 1992-1993 Joa, Norway 65 (Aanes and Andersen 1996)
28/May 29 Russia (Danilkin and Hewison 1996)
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Fig. 2.3. Roe deer life cycle FSS: fawn summer survival, FWS: fawn winter survival, YS: Year-
ling survival, PAS: prime-aged survival, SS: senescent survival, PAF: prime-aged fertility, SF:
senescent fertility.

Fig. 2.4. Sex-specific age dependence in roe deer survival from a quadratic relationship between
the logit of survival and age, fitted using CMR analyses in the population of Trois Fontaines.
source: Gaillard et al. (1998b)
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Fig. 2.5. Variation in annual fawn summer survival in the population of Trois Fontaines,

France. Point size is proportional to the standard error of annual fawn summer survival

high over years but fawn survival displays large among-year variation (Gaillard

et al. 2000b, Fig 2.5). Fawn survival can be split into summer and winter survival

(Gaillard et al. 1997). The highest mortality occurs during the first month of life,

i.e. summer survival. The availability of quality resource is a key component of

fawn summer survival. Predation is another cause of mortality in early-life (Lin-

nell et al. 1995). Roe deer fawns are preyed upon by large carnivores like wolves,

bear, foxes or lynx. Once the onset of winter reached, most of variation in fawn

winter survival depends on winter severity and density dependent effects (Gaillard

et al. 2000b).

Reproductive patterns of roe deer females are also age-dependent. Yearling

females do not reproduce and since female fertility is consistently high among

prime-aged females, variation in reproductive success is mostly generated by vari-

ation in twinning rate (Fig 2.5) and fawn survival. To offset the cost of reproduc-

tion, roe deer females rely on current resources and are thus classify as income

breeders (Andersen et al. 2000). As a consequence, roe deer display little varia-
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tion in annual body mass (Pettorelli et al. 2002). Adult body mass is thus a good

proxy of female roe deer quality and is related to female reproductive trajectory

(Hamel et al. 2009b).

2.2 Study site

Most of the analyses of this study focused on the population located at Trois

Fontaines (48◦43’N, 2◦61’W), in north-eastern France. This population inhabits

an enclosed area of 1,360ha and is managed by the Office National de la Chasse

et de la Faune sauvage. In the study site, the climate is continental. Winters are

relatively cold with an average daily temperature of 4.9◦C (from 1.0◦C to 7.3◦C)

and summers relatively warm and dry (mean daily temperature :19.6◦C [18.0◦C

- 22.4◦C] sum of precipitation: 142 mm [62 mm - 255 mm]. The forest is dom-

inated by oak (Quercus sp.) and beech (Fagus sylvatica). Hornbeam (Carpinus

betulus) comprises 70% of the coppice. Ivy (Hedera helix) and bramble (Rubus

sp.) dominate the understory.

This roe deer population has been intensively monitored since 1976 using

a Capture-Mark-Recapture (CMR) protocol. Captured animals are individually

marked using collars (either numbered, VHF or GPS) and ear-tags. All individ-

uals used in this analysis are of known age because they were first captured as

newborns or as 8 months of age during their first winter capture. Population size

was controlled to be around 250 individuals older than 1 year of age over the study

period. However, between 2001 and 2006, an experimental manipulation of den-

sity was conducted and the population reached 450 individuals. The population of

Trois Fontaines is highly productive, mostly because of the rich habitats and soils,

which promote high forest productivity (Pettorelli et al. 2006).
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Fig. 2.6. Age-specific variation in two components of reproductive output in the population

of Chizé: birth rate and twinning rate. Birth date and twinning rate were determined using an
ultrasonic scanner during gestation. Dots represent average reproductive measure per year of age,
with standard errors (grey bars). Black lines represent the predictions from a threshold model: 1
slope for birth rate and two slopes for twinning rate. source: Gaillard et al. in prep
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Fig. 2.7. Data collection. Top Left and Right: Monitoring of females with VHF collared to
observe the maternal group and to assess annual female reproductive success. Middle top: Fawn
find in its bed site during fawn searches. Bottom: Manipulation of a female roe deer after its
capture.

2.3 Data collection

ANNUAL CAPTURES

Each year, between 8 and 12 days of capture are organized from mid-December

to mid-March by the Office de la Chasse et de la Faune Sauvage. At each capture,

2.5km of drive nets are used to border a forest plot. Between 100 and 250 people

(ONCFS, volunteers) drive roe deer to nets. About one half of the population is

captured every year. All captured individuals (120-300 by year) are then sexed

and weighed to the nearest 100g. Morphological (hind foot length, antler length)

and physiological (blood, parasitism, pellet samples) measurements are also per-

formed. Individuals of eight months of age are aged using tooth eruption (Flerov

1952). Each year, some individuals of unknown age are removed from the pop-

ulation and exported alive. Other individuals are marked and released in the plot

where they were captured.
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FAWN SEARCHES

From mid-April to mid-June, a systematic search for fawns was conducted every

year from 1985 by the Office National de la Chasse et de la Faune Sauvage (De-

lorme et al. 1988). During their first days of life, fawns remain inactive most of

the day, preventing any detection by predators. Mothers leave their fawns hid-

den while foraging (“hider” tactic). During searches, fawns are thus often found

resting in their bed site. Between 21 and 63 newborn fawns were found each

year through either intensive searches performed by a line of people or by di-

rected searches targeted towards the fawns of radio-collared females. Fawns were

handled by experienced people, ear-tagged and weighed. Fawns were sexed and

aged using umbilicus characteristics and behavior at marking (Jullien et al. 1992).

Error when estimating age at capture is less than 2 days (Gaillard et al. 1993c).

Birth date was therefore back-calculated based on the fawn’s estimated age at the

date it was found. Mother identity for a given fawn was established through direct

observation of lactation behavior or by identification of escaping females in the

vicinity of the fawn. Roe deer fawns display a “hider” tactic, only coming into

close contact with the mother for suckling. However, the mother stays in close

proximity to its fawns, remaining spatially isolated from other females.

REPRODUCTIVE SUCCESS

Each year, female reproductive success is assessed by intensive observations of

the maternal group including a mother and its fawn(s) between October and De-

cember. Reproductive success is estimated in autumn because most fawns that do

not survive until weaning die during their first summer. Moreover, the maternal

group gathers from August to the following March.
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Part I

Heterogeneity in individual

life-history trajectories: the example

of female trajectories of parturition

date
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Part overview

Female life-history trajectories in reproduction can be illustrated by many differ-

ent life-history traits but all are linked to female reproductive success. In this part

for instance, we focused on trajectories of parturition dates. Parturition date is

an important life-history trait to consider because the date of birth will influence

the early survival of neonates. One obvious reason is that offspring born early in

the birth season will benefit from a longer period to grow before the harsh season

(winter in temperate areas) than offspring born late in the season. A female that

give birth early in the season will thus reach a higher annual reproductive success

than a female that give birth late in the birth season.

Trajectories of reproduction and of parturition dates can be influenced by both

environmental conditions and female attributes. If annual environmental condi-

tions were the main drivers of observed variation in these reproductive trajecto-

ries, heterogeneity within a given trajectory would be higher than heterogeneity

among individual trajectories. However, if a population is constituted by hetero-

geneous individuals, heterogeneity among female trajectories should be higher

than heterogeneity within individual trajectories. In this second case, high qual-

ity females would successfully wean the maximum possible number of offspring

(2 fawns in our population of roe deer) at most reproductive attempts, whereas

low quality females would successfully wean one offspring at some reproductive

attempts. One possibility to examine individual heterogeneity in a population is

thus to measure the consistency of reproductive performance within a given indi-

vidual trajectory. First, we thus measured the repeatability of successive parturi-

tion dates for a given female to measure how consistent were female trajectories

in parturition date. This analysis was done on 5 different populations of roe deer

widespread across France, Norway and Sweden.

In a second time, focusing on the roe deer population of Trois Fontaines, we

looked for the female attributes that influence its successive parturition dates. Both
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time-dependent and time-independent female attributes were included in this anal-

ysis to understand whether female parturition date was more influenced by female

annual condition or by female quality.
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Chapter 3

Parturition date for a given female is highly

repeatable within five roe deer populations

F. Plard, J.-M. Gaillard, C. Bonenfant, A.J.M. Hewison, D. Delorme, B.

Cargnelutti, P. Kjellander, E.B. Nilsen and T. Coulson

Births are highly synchronised among females in many mammal populations in temperate
areas. Although laying date for a given female is also repeatable within populations of
birds, limited evidence suggests low repeatability of parturition date for individual females
in mammals, and between-population variability in repeatability has never been assessed.
We quantified the repeatability of parturition date for individual females in five populations
of roe deer, which we found to vary between 0.54 and 0.93. Each year, some females
gave birth consistently earlier in the year, while others gave birth consistently later. In
addition, all females followed the same lifetime trajectory for parturition date, giving birth
progressively earlier as they aged. Giving birth early should allow mothers to increase
offspring survival, although few females managed to do so. The marked repeatability of
parturition date in roe deer females is the highest ever reported for a mammal, suggesting
low phenotypic plasticity in this trait.

Biology letters 9 (2013) 20120841
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3.1 Introduction

Most large herbivores in the holarctic zone are characterized by highly seasonal

and synchronous birth periods (Bronson 1989). Optimal synchronised timing of

parturition should match the vegetation flush (Rutberg 1987) and should minimize

offspring predation (Ims 1990). Birth dates strongly influence reproductive suc-

cess in vertebrates (Price et al. 1988), as they can markedly affect early growth and

survival of newborns as reported in different species (Clutton-Brock et al. 1982,

Sydeman and Eddy 1995). Variation in environmental conditions such as those

linked to global change influences the timing of reproduction by affecting plant

phenology (Both et al. 2004). Parturition date often occurs earlier in older and

heavier females than in younger and lighter females (Feder et al. 2008). In many

bird species, some females are consistently early layers, whereas others are con-

sistently late (Korpimäki 1990), suggesting an influence of maternal attributes on

parturition date (Sydeman and Eddy 1995), independent of environmental condi-

tions. Estimated repeatability of laying date varies among bird species (Korpimäki

1990). However, estimation of both within and among population repeatability of

parturition date has been overlooked in mammals (but see Nussey et al. (2006)).

Using data sets from five populations of roe deer Capreolus capreolus expe-

riencing different climate, density, and predation pressure, we quantified the re-

peatability of parturition date for individual females. In addition, we took advan-

tage of the detailed monitoring in one population to assess individual trajectories

of parturition date in relation to female age. Because parturition date, like laying

date, is known to be heritable (Price et al. 1988), we expected (1) a given female

to give birth at approximately the same date each year over its lifetime, leading

it to (2) follow a consistent age-related trajectory of parturition dates during its

lifetime.
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3.2 Material and Methods

DATA COLLECTION

Parturition dates were collected in five different areas: Bogesund (2,600ha, 59◦40’N,

Sweden) with a continental climate, relatively harsh snowy winters and mild and

dry summers (Kjellander et al. 2006); and Grimsö (13,000ha, 59◦23’N, Sweden)

with more severe winters and longer snow cover (Swenson and Angelstam 1993),

are both coniferous forests; Storfosna (1,050 ha, 63◦40’N, Norway) is a mosaic

landscape, with mild winters and cool summers (Linnell and Andersen 1998); Au-

rignac (7,500ha, 43◦13’N, France) is a mixed landscape of open fields and small

woodland patches and an oceanic climate (Hewison et al. 2007); Trois Fontaines

(1,360ha, 48◦43’N, France) is an oak-beech forest with a continental climate, and

relatively cold winters (Gaillard et al. 1993c). Roe deer females were individually

marked with collars (VHF, Very High Frequency, GPS or numbered) and parturi-

tion dates were estimated either by daily observation of visually large females, or

by back-calculating from fawn age at capture. Fawns were aged using umbilicus

characteristics and behaviour at marking, or using the relationship between an in-

dividual’s growth rate and mean birth weight (Jullien et al. 1992, Gaillard et al.

1993c, Linnell and Andersen 1998).

STATISTICAL ANALYSES

We fitted a linear mixed model to measure repeatability, with mother identity as

a random intercept and year as a discrete fixed factor to control for sampling

variation among females and inter annual variation in environmental conditions

(Nakagawa and Schielzeth 2010). We excluded offspring sex from our analyses

because this factor has no influence on parturition date (Linnell and Andersen

1998, Gaillard et al. 1993c). We calculated repeatability as the ratio of the vari-

ance associated with the random effect (i.e., mother identity) over the total vari-

ance in parturition date (Nakagawa and Schielzeth 2010). Confidence intervals
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for repeatability were estimated using permutation tests. For each population, we

replicated our analyses, using all available females or only using females with

at least two parturitions to assess the robustness of our results to the occurrence

of single measurements in a mixed modelling framework. To assess individual

trajectories of parturition date over female lifespan, we fitted a mixed model ex-

plaining variation in parturition date in relation to age, with female identity as a

random factor on the intercept. We measured a female’s deviation from the aver-

age population trajectory over the course of its lifetime by adding a random effect

of female identity on the slope (age) using a likelihood-ratio test (LRT). This latter

analysis was performed only in Trois Fontaines, the only site where the exact age

of females was known.

3.3 Results

Parturition dates were normally distributed (all Kolmogorov-Smirnov tests, p >

0.195), yielding similar mean and median dates of parturition (Table 3.1, Fig. 3.1).

Median parturition date was earliest at Aurignac (12th May) and Trois Fontaines

(16th May) and latest at Bogesund (4th June). The coefficient of variation in partu-

rition date was low in all populations (0.057− 0.082). Around 80% (from 79% at

Aurignac to 92% at Trois Fontaines) of parturition dates occurred within a period

of one month. The negative relationship between synchrony and repeatability was

marginally non-significant (Spearman ρ = −0.9, p = 0.083), but latitude was not

related to either of these variables (see supplementary material, Table 3.3).
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Table 3.1. Repeatability (R) measured in five populations of roe deer. Median parturition
date (Med PD), mean parturition date (Mean PD) and the coefficient of variation (standard de-
viation/mean, CV) are given in Julian date for each population. The number of females in each
population (Nm) and the mean number of parturition dates per female (Nb) are also provided. For
each population, two models are presented: one using all available females (AM) and the other
using only females with at least two recorded parturitions (RM).

Population R IC 2.5% 97.5% Med PD Mean PD CV Nm Nb

Trois Fontaines

AM 0.538 0.383 0.655 136 135.50 0.064 145 1.93

RM 0.479 0.302 0.623 136 135.16 0.060 65 3.08

Aurignac

AM 0.708 0.500 0.845 132 133.53 0.082 87 1.39

RM 0.684 0.385 0.844 133 134.58 0.077 19 2.78

Bogesund

AM 0.563 0.164 0.788 155.5 154.60 0.057 43 1.53

RM 0.607 0.191 0.817 155 154.40 0.060 20 2.15

Grimsö

AM 0.930 0.726 0.991 150 149.40 0.060 26 1.38

RM 0.935 0.649 0.993 146.5 148.17 0.058 8 2.25

Storfosna

AM 0.585 0.277 0.770 143 143.45 0.066 46 1.73

RM 0.506 0.148 0.728 143.5 143.87 0.063 22 2.55

Individual females tended to give birth each year at approximately the same

date (Table 3.1). The repeatability of parturition date was consistently high within

all populations - Aurignac:0.708[0.500 − 0.845], Grimsö: 0.930[0.726 − 0.991],

Storfosna: 0.585[0.277 − 0.770], Bogesund: 0.563[0.164 − 0.788], and Trois

Fontaines: 0.538[0.383− 0.655]. When removing females with only one recorded

parturition date, we found qualitatively similar results (Table 3.1).

At Trois Fontaines, females gave birth earlier as they aged (β = −0.62, SE =

0.22, t = −3.04, p = 0.003). Adding an interaction between age and the random

effect of female identity did not improve the fit (LRT, X2 = 3.258, p = 0.196),

indicating that, on average, females followed a similar trajectory of parturition

date as they aged.
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Fig. 3.1. Distribution of parturition dates (Julian date) in the roe deer populations of Au-

rignac (2007-2012), Trois Fontaines (1985-2010), Bogesund (2001-2006), Grimsö (2000-2009)

and Storfosna (1991-1994) from the lowest to the highest latitude. The median parturition date
is represented by a black vertical line.
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3.4 Discussion

We have provided compelling evidence that, within five populations, the date

at which a given roe deer female gives birth is highly repeatable over its life-

time: some females consistently gave birth early in the birthing season, while

others consistently gave birth late. Moreover, a detailed analysis in one popula-

tion showed that all females follow similar age-related trajectories in parturition

date, giving birth earlier as they age.

In accordance with previous studies on ungulates in temperate areas (Bronson

1989), parturition dates were synchronous in all populations. However, high birth

synchrony at the population level does not preclude marked inter-individual vari-

ation in parturition date. Indeed, we found that among-female variation in parturi-

tion date was higher than within-female variation. The within-individual repeata-

bility of parturition date ranged from 0.54 to 0.93 among populations. In birds,

repeatability of laying date ranges between 0.10 and 0.61 (Wiggins 1991, Potti

1999), while the only available value for a mammal was 0.10 (in red deer, derived

from Nussey et al. (2006)), suggesting that repeatability in roe deer is particularly

high. This high repeatability suggests a low level of phenotypic plasticity for this

trait and therefore little potential for a rapid response to drastic changes. Further-

more, even though the high among-female variation in parturition dates suggests

the possibility for roe deer to respond to a selective pressure, weak among year

variation indicates that the birth period of roe deer has not yet been modified in

response to climate change, contrary to the situation in other mammals such as

red deer (Moyes et al. 2011b).

Variation in parturition date was related to inter-individual heterogeneity in all

populations. Yearly variation in annual mean parturition dates was low. We found

that the among-population variation in repeatability was substantial (from 0.54 to

0.93), but no environmental variable could account for it (e.g., timing of vegetation

flush or latitude, see supplementary material, Table 3.2 and 3.3). The high value
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for repeatability at Grimsö and Aurignac could be due to low sample size (Grimsö)

or the low number of parturitions recorded per female (at Grimsö and Aurignac).

At Aurignac, the low value (compared to other populations) of synchrony of births

could be linked to the high degree of spatial habitat heterogeneity, influencing

female quality. The high variation of roe deer density in Storfosna likely did not

influence repeatability which was of a similar level to that at Bogesund where the

density remained constant over the study period (Kjellander et al. 2006).

Our results on roe deer females indicate that repeatability for parturition date

in mammals can be as high as, or even higher, than that for laying date in birds

(Lessells and Boag 1987, Korpimäki 1990). Because giving birth early is reward-

ing in terms of fitness (Lewis et al. 2006, Feder et al. 2008), females that give

birth consistently late must be suffering constraints which prevent them from giv-

ing birth early, even in good years. Low among-year variation in parturition date

suggests that roe deer may be unable to track current change in plant phenology

using environmental cues (Visser and Both 2005). The unique existence of de-

layed implantation in roe deer among large herbivores might be involved. Implan-

tation occurs between late December and early January, when day length begins

to increase, and is likely to be photoperiod dependent (Sempéré et al. 1993). Roe

deer parturition date is likely related to implantation date rather than to the date of

mating, which could explain the high degree of birth synchrony we observed.

3.5 Supplementary material
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Table 3.2. Environmental variables characterizing five populations of roe deer. The latitude (Lat) and repeatability (R) of parturition
date are presented. Synchrony of parturition date was measured as the percentage of females that gave birth within one month. The
proportion of variance explained by yearly variation (Year Var.) was measured by fitting a linear mixed model on parturition date with year
as a random effect on the intercept and by calculating the ratio of the variance explained by year to the total variance. Daily temperature
and precipitation were obtained from meteorological stations located at Saint-Dizier (Trois Fontaines), Orland (Storfosna), Toulouse
(Aurignac) and from the Swedish Meteorological and Hydrological Institute (Bogesund and Grimsö). The following environmental
variables are presented: Mean annual (An. T) and spring (Sp. T) temperature and mean cumulative precipitation over the year (An. Prec.)
and during spring (Sp. Prec.) over the study periods. The timing of vegetation flush was measured as the mean of the sum of degree days
over 7◦C from January until the median parturition date of each population over the study periods (DD7).

Population Lat R Synchrony Year Var. An. T Sp. T An. Prec. Sp. Prec. DD7

Trois Fontaines 48 0.54 91.8 3.33 11.29 7.15 826.18 289.87 302.42

Aurignac 43 0.71 78.5 1.58 14.32 9.97 574.76 223.76 489.98

Bogesund 59 0.56 87.9 10.59 7.48 2.59 582.30 175.57 140.77

Grimsö 59 0.93 86.1 2.29 6.24 2.07 752.29 237.48 137.30

Storfosna 63 0.58 86.3 < 0.01 6.01 3.00 1026.95 349.05 52.13
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Table 3.3. Correlation between synchrony in parturition date, yearly variation in parturition

date, mean annual temperature and spring temperature, cumulative mean annual and cu-

mulative mean spring precipitation, degree days above 7◦C (DD7) and repeatability of par-

turition date within the five populations of roe deer at Trois Fontaines, Aurignac, Grimsö,

Bogesund and Storfosna. We measured the correlation using the rho of Spearman and the asso-
ciated p-value (see Table 3.2 for definitions of the variables).

Repeatability rho p-value

latitude 0.1 0.93

synchrony −0.9 0.08

year variations −0.5 0.45

annual mean temperature −0.2 0.78

spring mean temperature −0.3 0.68

annual precipitations −0.3 0.68

spring precipitations −0.1 0.95

DD7 −0.2 0.78
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Chapter 4

Long-lived and heavier females give birth earlier in

roe deer

F. Plard, J.-M. Gaillard, T. Coulson, A.J.M. Hewison, D. Delorme, C. Warnant, E.B. Nilsen

and C. Bonenfant

In seasonal environments, parturition of most vertebrates generally occurs within a short time-window
each year. This synchrony is generally interpreted as being adaptive, as early born young survive better
over the critical season than late born young. Among large herbivores, the factors involved in driving
among- and within-individual variation in parturition date are poorly understood. We explored this ques-
tion by analyzing the relative importance of attributes linked to female quality (longevity, median adult
body mass and cohort), time-dependent attributes linked to female condition (reproductive success the
previous year, relative annual body mass and offspring cohort (year)), and age in shaping observed vari-
ation in parturition date of roe deer. A measure of quality combining the effects of female longevity and
median adult body mass accounted for 11% of the observed among-individual variation in parturition
date. Females of 2 year old give birth 5 days later than older females. Our study demonstrates that high
quality (heavy and long-lived) females give birth earlier than low quality females. Temporally variable
attributes linked to female condition, such as reproductive success in the previous year and relative an-
nual body mass, had no detectable influence on parturition date. We conclude that parturition date, a
crucial determinant of reproductive success, is shaped by attributes linked to female quality rather than
by time-dependent attributes linked to female condition in income breeders (individuals that rely on cur-
rent resource intake rather than on accumulated body reserves to offset the increased energy requirements
due to reproduction) such as roe deer.

Ecography in press
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4.1 Introduction

Births are characterized by a seasonal and synchronous period in most large her-

bivores in temperate areas (Bronson 1989). Two main evolutionary hypotheses

have been proposed to explain the adaptive value of synchronous births. First, a

high density of newborns at a given time might lead to rapid satiation of predators

(swamping) while decreasing the probability of a given newborn being preyed-

upon (Ims 1990). Second, seasonal variation in forage availability and/or quality

prevents females from meeting the energetic costs of late gestation and early lacta-

tion (Clutton-Brock et al. 1989) outside of a short time window when the vegeta-

tion flush occurs. To be optimal, parturition timing should thus match this vegeta-

tion flush (Rutberg 1987). Early born neonates should benefit from a longer period

of growth prior to the onset of the harsh season compared to late born neonates

(Feder et al. 2008) but, very early newborns should suffer from a higher risk of

mortality caused by harsh early spring conditions and/or mismatching with the

vegetation flush (Wilson et al. 2005). Therefore strong selective pressure against

late births should occur in seasonal environments.

The timing of parturition is an important driver of among-individual variation

in female reproductive success in vertebrates (Coulson et al. 2003, Price et al.

1988). Birth date is negatively associated with offspring survival during early life

(Clutton-Brock et al. 1982, Sydeman and Eddy 1995), and with offspring mass at

the onset of winter (Feder et al. 2008). Offspring mass is, in turn, positively as-

sociated with future survival and reproduction (Magrath 1991, Albon et al. 1987).

Our understanding of the factors underlying among-female variation in parturition

date within a given population remains poor. No empirical study has yet assessed

whether the observed variation in parturition date of mammalian females is best

explained by the overall quality of the female or by its current condition. Recent

discussions have highlighted the multiple definitions of individual quality. Wilson

and Nussey (2010) proposed defining quality as a co-variation among traits which
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is positively correlated with fitness. However, quality often includes a mixture of

time-dependent and time-invariant traits (Wilson and Nussey 2010, Lailvaux and

Kasumovic 2011). Here, we restrict the term quality to the co-variation among

time-invariant female attributes that are positively linked to individual fitness and

which show no or limited within-female variation (e.g. year of birth (cohort),

median adult mass and longevity). In contrast, the term condition (sensu McNa-

mara and Houston 1996) corresponds to attributes that can vary markedly over

time. This includes annual body mass and annual reproductive status. Previous

work has mainly focused on the link between birth date and female condition

(Table 4.1), providing clear evidence for strong effects of annual body condi-

tion, previous annual reproductive success and age on parturition date. In general,

heavier and/or older females give birth earlier than lighter and/or younger females

(e.g., Feder et al. 2008). Environmental conditions also influence parturition date

(Forchhammer et al. 2001) through female-specific responses. Indeed, poor envi-

ronmental conditions may negatively impact female condition, thereby delaying

the reproductive cycle and leading to a decrease in reproductive success. Nonethe-

less, parturition date has been reported to be partly heritable in some species (in

the red squirrel, Tamiasciurus hudsonicus (Réale et al. 2003a) and in the bighorn

sheep, Ovis canadensis (Feder et al. 2008)) and is highly repeatable in roe deer,

Capreolus capreolus (Plard et al. 2013), so that the parturition dates of a given

roe deer female are quite similar from year to year. However, to date, there is

little information available on the influence of female quality on parturition dates

in vertebrates (but see Nussey et al. 2006, Stopher et al. 2008).

The relative influence of female condition and of female quality on parturition

date should differ among species in relation to their tactic of resource allocation to

reproduction. These tactics vary along a continuum from capital breeders, which

rely on accumulated body reserves to offset the increased energy requirements

of reproduction, to income breeders, which depend on current resource intake
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Table 4.1. Summary of variables influencing parturition date in different species of large herbivores from published individual-

based studies. Estimates and statistical tests are reported as given in the original papers. Y (Yes) in the column W.P. (wild population)
indicates a free-ranging population.

Species W.P. N Variable acting on parturition date estimate test Other non significant variables tested
Rangifer tarandus Y 55 maternal body mass (autumn) R2 = 0.082 P = 0.034 maternal body mass (winter)

Adams and Dale (1998) 302 maternal age χ2 = 28.21 P = 0.005 summer and winter conditions
295 previous lactation status χ2 = 4.69 P = 0.030

12 snowfall (late winter) r = 0.699 P = 0.012 snowfall (gestation)

Rangifer tarandus N 180 maternal body mass (September) year
Holand et al. (2004) maternal social rank 0.15 t = 2.05 P = 0.046

treatment (age/sex structure) F = 3.63 P = 0.020

young sex 3.11 t = 2.68 P = 0.010

Cervus elaphus N 63 maternal body fat (autumn) −0.93 R2 = 0.14 P = 0.003

Cook et al. (2004) previous parturition date P = 0.004

16 breeding date 0.606 R2 = 0.21 P = 0.074

Cervus elaphus Y 2120 maternal age −3.468 F = 20.00 P < 0.001 age at last reproduction
Nussey et al. (2006) maternal age2 0.208 F = 26.92 P < 0.001

reproductive status F = 23.86 P < 0.001

age at first reproduction 2.469 F = 12.50 P < 0.001

Cervus elaphus Y 674 maternal age, rainfall (autumn) dominance
Stopher et al. (2008) previous reproductive status density

maternal quality
year, offspring birth mass

Odocoileus virginianus, Y 138 maternal body mass (April) −0.009 χ2 = 5.53 P = 0.019 rainfall(gestation), young sex
Odocoileus hemionus maternal age −0.028 χ2 = 11.91 P = 0.001

Haskell et al. (2008) rainfall (autumn) −0.006 χ2 = 10.76 P = 0.001

species 0.698 χ2 = 289.05 P < 0.001

location −0.124 χ2 = 13.71 P < 0.001

Oreamnos americanus Y maternal age, previous breeding experience,
Côté and Festa-Bianchet (2001) maternal social rank, density

Ovis canadensis Y 185 maternal body mass (autumn) −2.103 IC -4.461 0.335 maternal age, rainfall (rut), temperature (rut),
Feder et al. (2008) previous reproductive status 0.359 IC -0.045 0.747 feacal crude protein (summer), young sex

Ovis canadensis Y 91 population size 0.006 P = 0.013 maternal body mass (September)
Rioux-Paquette et al. (2011) young sex (female) 0.210 P = 0.055 maternal age, previous reproductive status,

inbreeding 0.171 P = 0.124 snowfall (winter), temperature (winter),
lamb sex (female)*inbreeding −0.292 P = 0.039 faecal crude protein (summer)

Ovis aries Y 543 maternal birth body mass 0.782 P = 0.070 maternal age
Forchhammer et al. (2001) NAOt−1 −0.347 P = 0.002 litter size

Nt−1 −0.007 P = 0.010
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(Drent and Daan 1980, Jönsson 1997). Hence, support for the general rule that

parturition date should vary among years according to the physiological state of a

female (McNamara and Houston 1996) likely varies among species in relation to

resource allocation tactics. In a capital breeder, female body condition at a given

reproductive attempt depends on both environmental conditions (i.e., climate and

population density) and on her previous reproductive status. For example, female

body mass in the autumn before parturition partly determines parturition date in

bighorn sheep (Feder et al. 2008). Therefore, capital breeding females could be

expected to adjust their reproductive cycle in relation to their condition in the

previous autumn. In an income breeder, body condition should depend on cur-

rently available resources only. As energy acquisition is crucial for giving birth

early, in a species like roe deer in which females display highly sedentary habits

(Strandgaard 1972) and spend their entire life within small and spatially stable

home ranges (less than 30 ha in the studied area (Saı̈d et al. 2009)), only females

with abundant high quality food in their home range or with high assimilation ca-

pabilities (Nilsen et al. 2004) are expected to give birth early. Parturition dates

of individual females should thus be consistent over years and depend on female

quality rather than on female condition in income breeders.

Based on a dataset of roe deer females with known life-histories in the Trois

Fontaines population, we quantified the relative influence of female attributes

linked to female quality, including a synthetic variable combining the effects of

longevity and median adult body mass (Clutton-Brock 1988, Gaillard et al. 2000a)

and year of birth (cohort, Albon et al. 1987), versus attributes linked to female

condition, including previous reproductive success, residual annual body mass

and year on parturition date. We also tested the effect of age (a variable known to

influence parturition date in caribou (Adams and Dale 1998) and red deer (Nussey

et al. 2006)) for explaining the observed individual variation in parturition date.

Roe deer females are income breeders (Andersen et al. 2000) and have been re-

cently shown to give birth at approximately the same time throughout their life-
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time (Plard et al. 2013). We thus expected female quality to influence parturition

date more than female condition, with earlier parturition in high quality females,

characterized by a long life and a high median body mass.

4.2 Material and Methods

STUDY POPULATION

Data used were sampled by the Office National de la Chasse et de la Faune

Sauvage from a roe deer population located at Trois Fontaines (48◦43’N, 2◦61’W),

an enclosed 1,360ha forest in north-eastern France. The climate is continental,

with relatively cold winters (minimum daily average temperature in January of

2◦C) and warm summers (maximum daily average temperature in July of 18.5◦C).

The forest is dominated by oak (Quercus sp.) and beech (Fagus sylvatica). Horn-

beam (Carpinus betulus) comprises 70% of the coppice. Ivy (Hedera helix) and

bramble (Rubus sp.) dominate the understory. This roe deer population has been

intensively monitored since 1976 using a Capture-Mark-Recapture (CMR) pro-

tocol. Captured animals are individually marked using collars (either numbered,

VHF or GPS) and ear tags. The population of Trois Fontaines is highly pro-

ductive, mostly because of the rich habitats and soils which promote high forest

productivity (Pettorelli et al. 2006).

Roe deer mating takes place in July and August. After copulation, embryos

stop their development and embryonic implantation is delayed by a five month

diapause. Embryonic development then restarts in late December-early January.

Births are highly seasonal, synchronous (Fig. 4.1) and occur from mid-April to

mid-June (Gaillard et al. 1993c). Females are monoestrous and give birth to one

to three fawns, once per year from 2 years of age onwards.
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DATA COLLECTION

From the beginning of the birth season (late April), a systematic search for fawns

was conducted every year from 1985 to 2010 by the Office National de la Chasse

et de la Faune Sauvage. Between 21 and 63 fawns were found each year through

either intensive searches performed by a line of people or by directed searches

targeted towards the fawns of radio-collared females. Fawns were handled by ex-

perienced people, ear-tagged and weighed. The sex was recorded for most fawns

(98.9%). Fawn age was estimated using umbilicus characteristics and behavior at

marking (Jullien et al. 1992). Error when estimating capture age has been shown

to be less than 2 days (Gaillard et al. 1993c). Birth date was therefore back-

calculated based on the fawn’s estimated age at the date it was found. The identity

of the mother for a given fawn was established through direct observation of lac-

tation behavior or by identification of escaping females in the vicinity of the fawn.

Roe deer fawns display a “hider” tactic, only coming into close contact with the

mother for feeding. However, the mother stays in close proximity to her fawns,

while isolating themselves spatially from other females.

Winter captures of roe deer older than 8 months of age took place each year

between January and March. At each recapture, animals were weighed. Adult

body mass is described by the median of all available measures for a given female

from 4 to 10 years of age, corresponding to the age at which a female had attained

its maximum body mass (Hewison et al. 2011). For 11 females, the only mea-

surements of body mass were recorded at one, two or three years of age. In these

cases, we estimated adult body mass from the observed relationship between age

and body mass (female adult body mass = body mass at 1 y.o. + 4.947; body mass

at 2 y.o. + 0.884; body mass at 3 y.o. + 0.701, all R2 > 0.12 (Nussey et al. 2011)).

The age of all reproducing females analyzed here was known exactly because they

were first captured either as newborns or at 8 months of age during winter cap-

tures (identified using the tooth eruption sequence (Flerov 1952)). The intensive

field observations (with an annual detection probability of 0.84 (Gaillard et al.
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2000a)) and the recovery of substantial numbers of dead roe deer allowed us to

estimate individual longevity accurately (9.7 +/- 2.7 years on average, with a max-

imum longevity of 18 years at Trois Fontaines (Loison et al. 1999)). Reproductive

success was estimated by direct observation of females between September and

December to determine the number of weaned fawns.

From 1985 to 2010, we recorded the birth dates of 1062 fawns (784 litters).

The mothers of 173 of these litters were identified. This corresponds to 93 moth-

ers with an average of 1.86 (range from 1 to 7) parturitions per female during

its lifetime. Longevity was known for all females, but the female’s previous re-

productive status was only available for 118 of these litters (72 females), while

female annual body mass was available for 76 litters (47 females).

STATISTICAL ANALYSIS

To test our prediction that female quality should override female condition in de-

termining parturition date, we investigated the relative influence of females at-

tributes linked to female quality (longevity, median adult body mass, and maternal

cohort) and of female condition (previous annual reproductive status, residual an-

nual body mass, and current year) on parturition date. The current year describes

the current environmental conditions that potentially influence annual body con-

dition and so annual parturition date. We also included possible effects of female

age because increasing age, especially in relation to accumulated experience, has

been shown to have marked effects on female parturition date in large mammals

(Adams and Dale 1998, Haskell et al. 2008). Body mass can be considered as

a time-dependent female attribute linked to current female condition. Its median

value during adulthood can, however, be considered as a time-invariant attribute

linked to female quality in an income breeder such as roe deer (Hamel et al. 2009b)

because within-individual variation in adult mass over time is much smaller than

among-individual variation (24% and 76% of body mass variance, respectively).

Consequently, we used two different metrics of body mass to describe its link with
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female quality and with female condition. First, the difference between body mass

in a given year and its median value between 4 and 10 years of age was used to

measure female condition in that year. Second, female quality was measured by

a synthetic variable combining the effects of both longevity and adult body mass.

We performed a Principal Component Analysis (PCA, equivalent to an orthogonal

regression) on longevity and adult body mass (Hamel et al. 2009b). We used the

individual’s score on the first principal component axis to describe female qual-

ity. Current year and the female’s year of birth (maternal cohort) were included

in our models as discrete factors. Previous annual reproductive status was entered

as a 2-level factor taking 1 for successful (i.e. at least one fawn alive at the on-

set of winter the previous year) and 0 for unsuccessful (i.e., no fawn alive at the

onset of winter the previous year) weaning. The influence of age on parturition

date was analyzed using different age structures: a full-age-dependent model, a

three-level factor for primiparous females (2 years old), prime-aged females (3-8

years old) and senescent females (>8 years old), and a two-level factor separat-

ing primiparous (2 years old) from multiparous (> 2 years old) females. Age at

first reproduction is generally two years for female roe deer (Hewison and Gail-

lard 2001) and the proportion of breeding females at this age is high and does not

differ from the proportion of breeding females at older ages at Trois Fontaines

(Gaillard et al. 1998a).

Model selection was performed on the data set containing 173 parturition dates

using all the explanatory variables, with the exception of previous annual repro-

ductive status and residual annual body mass, using the Akaike Information Cri-

terion (AIC) (Burnham and Anderson 2002). AIC weights (wi) were calculated

to measure the likelihood of a candidate model being the best among the set of

fitted models. As the distribution of parturition dates was normally distributed

(Kolmogorov-Smirnov test D = 0.035, p = 0.283), we fitted linear mixed mod-

els. We performed model selection based on the maximum likelihood fit, but

presented parameter estimates from the selected model using the restricted maxi-
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Fig. 4.1. Frequency distribution of the 784 parturition dates (Julian dates) in the roe deer

population of Trois Fontaines, France, from 1985 to 2010. The median parturition date (16th

May) is represented by a black vertical line and the interval including 80% of births is shaded in
grey. The parturition dates are normally distributed from day 107 (17th April) to day 161 (10th

June).

mum likelihood estimates, as recommended by Bolker et al. (2009) and calculated

R2 for fixed effects (Edwards et al. 2008) as a measure of effect size. The influ-

ence of previous annual reproductive status and of residual annual body mass on

parturition date were analyzed separately by adding each of these variables to the

best selected model using restricted data sets (n = 118 for previous reproductive

status and n = 76 for residual annual body mass) and performing likelihood ratio

tests.

The factor year was not retained in the model selection (see below). However,

as it was a 26 level factor, it could have been excluded from the best model due to

the high number of parameters. Consequently, we estimated the relative variance

explained by among-female variation (time-invariant variation) and among-year

variation (time-dependent variation) by fitting a linear mixed model linking partu-
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Fig. 4.2. Principal Component Analysis of female longevity and body mass in the roe deer

population of Trois Fontaines, France. The figure provides the projection of both the variables
(longevity and body mass, arrows) and of the individuals (points) on the axes of the first two
principal components.

rition date to a constant fixed intercept with two random effects on the intercept:

female identity and year of parturition. The proportion of variance explained by

female identity can include three sources of variation: variations induced by iden-

tified factors (cohort, longevity,...), by unidentified factors and random variations.

Female attributes linked to female quality will thus explain only a part of this

variance explained by female identity.

4.3 Results

Mean and median Julian dates of parturition were similar (136.25 +/- 8.62 and 136

respectively), corresponding to the 16th of May (Fig. 4.1). Ninety-two percent of

all parturitions occurred in May and eighty percent between the 5th of May and

the 27th of May. The average birth date did not differ between male and female
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fawns (t-test= −1.06, p = 0.29). We therefore pooled birth dates for male and

female fawns in the subsequent analyses.

The first axis of the PCA between longevity and median adult body mass cap-

tured 60% of the total inertia. As expected, this first axis (PC1) sorted females

along a continuum of phenotypic quality, opposing heavy and long-lived females

to light and short-lived ones (Fig. 4.2).

Table 4.2. Effects of a measure of female quality based on a combination of longevity and

median adult body mass (individual’s score on the first principal component axis, PC1), year

of birth (Cohort), age (primiparous, i.e. 2 y.o. vs. adult, > 2 y.o. females) (Age), and current

year (Year) on parturition date (PD) of roe deer females in the population of Trois Fontaines,

France. For each model, female identity was included as a random effect on the intercept. k indi-
cates the number of estimated parameters, LL is the maximum log-Likelihood, ∆AIC indicates the
difference in the Akaike Information Criterion between two competing models, and wi indicates
Akaike weights.

Model k LL ∆AIC wi

1 PD ∼ PC1 + Age 5 −614.063 0.000 0.596

2 PD ∼ PC1 ∗ Age 6 −613.729 1.333 0.306

3 PD ∼ PC1 4 −617.009 3.893 0.085

4 PD ∼ Age 4 −619.431 8.737 0.008

5 PD ∼ PC1+ Age + Year 30 −594.090 10.055 0.004

6 PD ∼ PC1 + Year 29 −596.656 13.187 0.001

7 PD ∼ Constant 3 −622.710 13.295 0.001

8 PD ∼ PC1+ Age + Cohort 27 −600.272 16.419 < 0.001

9 PD ∼ Age + Year 29 −599.359 18.592 < 0.001

10 PD ∼ Age + Cohort 26 −603.842 21.558 < 0.001

11 PD ∼ PC1 + Cohort 26 −604.438 22.751 < 0.001

12 PD ∼ Year 28 −602.735 23.345 < 0.001

13 PD ∼ Cohort 25 −608.132 28.138 < 0.001

14 PD ∼ PC1 + Age + Year + Cohort 52 −582.591 31.057 < 0.001

15 PD ∼ PC1 + Year + Cohort 51 −586.475 36.825 < 0.001

16 PD ∼ Age + Year + Cohort 51 −587.491 38.856 < 0.001

17 PD ∼ Year + Cohort 50 −591.040 43.954 < 0.001
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The model that best described the observed among-individual variation in par-

turition date included the additive effects of the synthetic variable combining the

effect of longevity and adult body mass (PC1) and age, and the random effect of

female identity (Table 4.2). Of all candidate models, this model had the strongest

statistical support (wi = 0.596) and accounted for 18.5% of the observed variation

in parturition date. Including previous annual reproductive success or residual an-

nual body mass in the best model, but on restricted data sets, did not improve

the fit (LRT = 0.277, p = 0.598 for previous annual reproductive success and

LRT = 0.638, p = 0.424 for residual annual body mass, see Table 4.3).

Female quality, described by a synthetic variable combining body mass and

longevity accounted for 11.5% of the observed variation in parturition date (Ta-

ble 4.3, model A.). In support of our prediction, heavier females that lived longer

gave birth earlier than lighter and short-lived females (Table 4.3). Thus, females

that lived for 14 years and weighed 28 kg gave birth, on average, 12 days earlier

than females that died at 4.5 years and weighed 21 kg (Fig. 4.3). Of the attributes

linked to female quality we considered, only the mother’s cohort was not related

to parturition date.

In agreement with our predictions for an income breeding species, none of

the attributes linked to female condition that we considered were retained in the

best model (restricted data sets). In these restricted data sets, previous annual

reproductive success explained 0.6% of the observed variation in parturition date

vs. 15.2% for the measure of quality (Table 4.3, model B.). Similar results were

obtained for residual annual body mass which explained 2.2% of the observed

variation in parturition date vs. 18.5% for the measure of quality (Table 4.3, model

C.). Year included as a random effect accounted for 5%, whereas female identity

for 44% of the total variation in parturition date.

Age-specific differences in parturition date explained 7% of the total vari-

ance in parturition date and were best described by a two-level age effect (i.e.,

primiparous vs. multiparous, Table 4.3, model A.). The best model remained un-
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Table 4.3. Parameter estimates and associated standard error (SE) from three models ex-

plaining observed variation in parturition date of roe deer females in the population of Trois

Fontaines, France. A. The best model selected in Table 4.2 included a measure of female quality
based on a combination of longevity and median adult body mass (PC1) and age (as a two-level
factor: primiparous vs multiparous) (Age) (173 parturition dates of 93 females). B. The best model
selected in A. was then applied to a restricted data-set (118 parturition dates of 72 females) with
reproductive success the previous year (PRS) included as an additional explanatory variable. C.

The model selected in A. was then applied to another restricted data-set (76 parturition dates of
47 females) with female residual annual body mass (ABM) included as an additional explanatory
variable. Estimates and standard errors are presented for each variable that was first both centered
(relative to its mean) and standardized (divided by its standard deviation). A p-value indicates
the statistical significance of the difference of each value from 0 and an R2 value indicates the
proportion of the total variance that is explained by each selected variable.

Variable estimate SE p-value R2

A. Intercept 135.784 0.800 < 0.001

PC1 −2.574 0.776 0.001 0.115

Age −1.478 0.599 0.016 0.071

B. Intercept 136.424 0.944 < 0.001

PC1 −3.243 0.941 0.001 0.152

Age −1.861 0.976 0.063 0.083

PRS 0.514 0.996 0.608 0.006

C. Intercept 135.448 1.144 < 0.001

PC1 −3.494 1.134 0.004 0.185

Age −1.481 1.310 0.268 0.025

ABM −1.004 1.300 0.447 0.022

changed when using any of the age-dependent model structures (Supplementary

material Table 4.4). As expected from previous studies on large herbivores, prim-

iparous females (i.e., 2 year-olds) gave birth on average 5 (+/- 2) days later than

prime-aged (i.e., older than 2 years of age) females (Fig. 4.4, Table 4.3).

4.4 Discussion

Our study demonstrates that parturition date in roe deer is highly dependent on

attributes that are linked to female quality with high quality females giving birth
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Fig. 4.3. Partial effects of our measure of female quality (expressed as the individual scores

on the first principal components axis of the orthogonal regression between median adult

body mass and longevity for a given female) on parturition date (corrected for age) in the

roe deer population of Trois Fontaines, France. The predicted relationships (black lines) with a
95% confidence interval (dashed lines) were estimated from the selected model (see Table 4.3 for
estimates).

earlier than low quality females. Indeed, we found that 62% of the variance in

parturition date explained by the best model was accounted for by our measure

of female quality, generated from a linear combination of longevity and median

adult body mass. To our knowledge, no study has yet reported an association

between longevity and parturition date for any mammal, although Nussey et al.

(2006) found indirect evidence for a similar pattern using age at last reproduction

in red deer. We also demonstrated that age influences parturition date in roe deer,

with 2 year old females giving birth on average 5 days later than older females

(see also e.g., Adams and Dale (1998) on caribou, Rangifer tarandus). In con-

trast, we showed that parturition date of roe deer females was rather insensitive to

the current condition of the female, as expected for an income breeder (Jönsson
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Fig. 4.4. Influence of female age on parturition date in the roe deer population of Trois

Fontaines, France.

1997). Accordingly, reproductive success the previous year and residual annual

body mass did not influence parturition date of roe deer females.

In species closer to the capital breeder end of the income breeder-capital breeder

continuum, five of the six studies that have analyzed the influence of female body

mass in a given year on parturition date (Table 4.1) found that female body mass

in a given year strongly affects parturition date in the following spring, with heavy

females in a given year giving birth earlier in that same year than lighter females

(Table 4.1). Moreover, previous reproductive investment is known to influence

subsequent reproductive success in species of large herbivore which are close to

the capital breeding end of the continuum (Festa-Bianchet et al. 1998), and sim-

ilarly influences the date of subsequent parturition in those species (Table 4.1,

Adams and Dale 1998, Stopher et al. 2008). These empirical observations support

the state-dependent model proposed by McNamara and Houston (1996), which is

expected to work well in capital breeders. In capital breeding species, female con-
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dition varies substantially among years in relation to the energy balance between

accumulation (body reserves) and expenditure (reproduction and thermoregula-

tion). We therefore expect this temporal variation in condition to influence partu-

rition date in species that rely on accumulated body reserves to fill the cost of the

reproduction, while, in income breeders, like roe deer, adult female body mass is

rather constant over time for a given individual (Andersen et al. 2000) and depends

predominantly on early life conditions (Pettorelli et al. 2002). Female attributes

describing variation in condition explained less than 3% of the observed variation

in parturition date in our roe deer population, while maternal body mass explained

8% (caribou, Adams and Dale 1998) and 14% (red deer, Cook et al. 2004) of the

observed variation in parturition date in two species that are closer to the capi-

tal breeder end of the continuum compared to roe deer (Table 4.1). In income

breeding species, the adult body mass can be reliably interpreted as a measure

of female quality. Consequently, we suggest that parturition date is shaped by at-

tributes linked to female quality in income breeders, whereas condition-dependent

factors should be more influential in capital breeders (although female quality is

also likely to shape parturition date to some degree in capital breeders, see Sto-

pher et al. (2008), Table 4.1, and female condition could influence parturition date

to some degree, even in species close to the income breeder end of the income-

capital continuum, when resource availability is very low). We encourage further

studies to test this prediction.

While recent reviews have highlighted that there is no universal definition of

individual quality (Wilson and Nussey 2010), it is generally viewed as the co-

variation among life-history traits that best explains among-individual variance in

fitness (Hamel et al. 2009b). Under this definition, time-invariant attributes ap-

pear to be better surrogates of fitness than time-dependent traits, as the latter have

a higher within-individual variance than among-individual variance. Even though

certain components of female quality are likely to vary over an individual’s life-

time, the relative quality of different females should remain constant throughout
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their lifetime. For instance, high quality individuals should resist better against

sickness or harsh environmental conditions than poor quality individuals. As a

consequence, time-invariant individual attributes such as longevity should be pre-

ferred over time-dependent attributes when attempting to assess individual quality,

whereas time-dependent individual attributes rather describe individual condition

or state (McNamara and Houston 1996).

While body mass is often seen as reflecting the condition of a female, it has

previously been considered as a reliable indicator of individual quality in large

herbivores (Hamel et al. 2009b). For instance, the positive correlation we ob-

served in the Trois Fontaines population between longevity and adult body mass

when including very heavy and long-lived females (Gaillard et al. 2000a) sug-

gests that heavy, long-lived females are the highest quality individuals. Indeed,

we found that roe deer females that were both long-lived and heavy gave birth

much earlier than light, short-lived females, suggesting that females of high qual-

ity increase their probability of successfully weaning a fawn by giving birth early

and so increasing the fawn’s probability of survival. To give birth earlier than poor

quality females, high quality females can either mate earlier, end their diapause

earlier, or shorten the length of their effective gestation period. The third pos-

sibility is unlikely because in the closely related red deer and reindeer, females

that give birth early in the birthing period actually have a longer rather than a

shorter gestation length (Mysterud et al. 2009). Rather, females give birth ear-

lier by mating earlier (Scott et al. 2008, Mysterud et al. 2009, Rowell and Shipka

2009) so that conception date is more influential than gestation length in deter-

mining parturition date (Clements et al. 2011). Low quality females may delay

the onset of their subsequent reproductive cycle due to the high expenditure in-

curred prior to weaning their previous offspring (Hogg et al. 1992, Langvatn et al.

2004). We suggest that in a species such as roe deer, with high allocation to repro-

duction relative to its small body size, (Mauget et al. 1999) high quality females

also exhibit earlier oestrus. Indeed, as a consequence of the unusual feature of a 5
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month embryonic diapause, the process of weaning the young of the year and the

following oestrous are almost simultaneous events in roe deer which presumably

imposes severe physiological constraints on females. The alternative possibility

is that high quality females end their diapause earlier than low quality females.

Since the knowledge on the roe deer’s reproductive cycle remains somewhat su-

perficial, we are currently unable to discriminate between these two possibilities.

Nonetheless, this latter alternative appears less likely as the duration of diapause

appears to be regulated by an endogenous mechanism controlled by the embryo

itself rather than its mother (Lambert 2005). Consequently, we hypothesize that

fawns of high quality mothers that are born earlier were also conceived earlier.

Among bird species, hatching and laying dates are often used explicitly as a

proxy of female quality (Cobley et al. 1998, Blackmer et al. 2005). While ev-

idence of a link between birth timing and fitness is uncommon (but see Saino

et al. (2012)), it has been much less studied than the link between birth timing

and juvenile survival or annual reproductive success (Sydeman and Eddy 1995,

Lewis et al. 2006). Sheldon et al. (2003) have shown that laying date is negatively

related to relative lifetime reproductive success in the collared flycatcher. How-

ever, despite its crucial influence on juvenile survival (Côté and Festa-Bianchet

2001, Feder et al. 2008), parturition date in mammals has rarely been used as a

surrogate of female quality. Nonetheless, Coulson et al. (2003) revealed that fit-

ness is indirectly affected by parturition date via different pathways. Although

further analysis directly linking fitness and parturition date are still lacking (but

see Réale et al. 2003a), our results suggest that the timing of birth is an indi-

vidual trait such that high quality females give birth earlier and so increase their

reproductive success. This trait is thus a component of the multi-dimensionality

of individual quality. Moreover this pattern seems shared by many vertebrates,

despite their very different physiological birth mechanisms (oviparity, viviparity

...). Nonetheless, while females that give birth earliest in the birthing period may

be considered as of the highest quality in our population, in other, harsher, con-
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texts, very early born young may suffer from low survival due to predation or to a

mismatch between resource availability and birth (Wilson et al. 2005).

In conclusion, we have shown that this high among female variation in partu-

rition date was mostly shaped by female quality. In the context of climate change,

the start of the spring vegetation flush is occurring increasingly earlier (Sherry

et al. 2007) and studies have shown the importance of matching birth with spring

phenology (Visser et al. 2004, Moyes et al. 2011b). Furthermore, a recent study

has highlighted the fact that the demographic performance of roe deer is poorer

when spring occurs earlier in the year (Gaillard et al. 2013). As a result, we might

predict that, by giving birth early in the season, high quality female should there-

fore perform even better relative to low quality females in recent years with early

springs.

4.5 Supplementary material
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Table 4.4. Analysis of the influence of age on parturition date (PD) of roe deer females in the population of Trois Fontaines,

France. The six best models including an effect of age explaining variation in parturition date (Table 2) are presented. These models
include a measure of female quality based on a combination of longevity and median adult body mass (PC1), female cohort (Cohort),
current year (Year) and female age (Age) with three alternative patterns of age-dependence. Age is included either as a two-level factor
(primiparous vs. multiparous), as a three-level factor (primiparous vs. prime-aged vs. senescent), or as a full-age dependent (11 levels,
2-12 y.o.) variable. K indicates the number of estimated parameters, LL is the maximum log-Likelihood, ∆AIC indicates the difference
in the Akaike’s Information Criterion between two competing models.

Age Model 2 levels 3 levels Full-age

Model K LL ∆AIC wi LL ∆AIC LL ∆AIC

1 PD ∼ PC1 + Age 5 −614.063 0.000 0.596 −614.958 1.701 −606.132 0.000

2 PD ∼ PC1 * Age 6 −613.729 1.333 0.306 −613.108 0.000 −598.667 5.070

4 PD ∼ Age 4 −619.431 8.737 0.008 −619.330 8.445 −611.508 8.751

5 PD ∼ PC1 + Age + Year 30 −594.090 10.055 0.004 −595.160 12.104 −587.575 12.885

8 PD ∼ PC1 + Age + Cohort 27 −600.272 16.419 0.000 −602.477 20.738 −592.885 17.506

9 PD ∼ Age + Year 29 −599.359 18.592 0.000 −599.064 17.912 −592.333 20.401
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Conclusions

Female individual trajectories in parturition dates are thus consistent in roe deer

with long-lived and heavy females giving birth earlier than short lived and light

females. Female of high quality in roe deer should thus be characterized by an

early parturition date, a high body mass, a long-life and probably a high annual

reproductive success. The five populations of roe deer studied in this part are

constituted by heterogeneous individuals and some individuals would thus con-

tributed more to the population dynamics than others. Moreover, this individual

heterogeneity is likely to represent heterogeneity in individual quality.

Indeed, this individual heterogeneity has also been reported for trajectories of

female body mass. Indeed, in roe deer, variation within individual trajectories of

body mass is weak in comparison to variation between individual trajectories of

body mass. Moreover, as longevity is positively correlated with mean parturition

date at the individual level, females that show high performance in reproduction

should also enjoy long life. As a consequence, individual trajectories in reproduc-

tion, survival and growth appeared to be consistent for a given roe deer female

suggesting that the deer population could be modeled by groups of individuals of

different quality whatever the life-history trait considered. Groups would proba-

bly be of heterogeneous composition and a continuum from low to high quality

individuals could also be a good description of the process.

Individual trajectories of reproductive success in female roe deer are consistent

because being an income breeder, individual condition does not affect much in-

dividual trajectories of reproductive success. Consequently, the pattern observed

in roe deer cannot be easily generalized to all species. It should work well for

income breeders but not for capital breeders which are expected to be more in-

fluenced by annual body condition than roe deer. As a consequence, the resource

allocation tactic used by a species provides first information that allows predicting

the relative influence of annual individual body condition and of individual quality
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on individual life-history trajectories.

Although we show that our population of roe deer is constituted by individuals

of different qualities with consistent trajectories, we still do not know whether

this consistency is caused by some individual attributes determined at birth, or

is simply generated by stochasticity. An individual can be rewarding by a high

fitness at the end of a consistent successful trajectory just because he was lucky

enough to be successful at the start of its trajectory and went on in its way during

its all lifetime.
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Part II

Fixed or dynamic individual

heterogeneity in life-history

trajectories?
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Part overview

In this part, we tried to investigate whether the individual heterogeneity in life-

history trajectories is due to fixed or dynamic heterogeneity.

We first simulated life-history trajectories generated only by dynamic hetero-

geneity. Based on a model developed recently by Tuljapurkar et al. (2009), we

assumed that individual trajectories followed a first-order Markov process. This

implies that the transitions between successive states in a trajectory only depend

on the current state and not on what happened before. We then compared the

distribution of individual performances resulting from these simulated trajectories

to the observed distribution of individual performances in the population. This

allowed us to understand if dynamic heterogeneity could generate alone the ob-

served heterogeneity in individual performance in roe deer. This analysis was

done on three different reproductive trajectories: reproductive status, fecundity

and reproductive success, using data from two different populations of roe deer

(Trois Fontaines and Chizé in France).

In a second time, to investigate the effect of fixed heterogeneity on individual

life-history trajectories, we analysed the long-lasting effect of birth conditions and

particularly of birth date on individual life-history trajectories and on individual

fitness. We analysed the effect of birth date on both early and adult life-history

traits. Moreover, to quantify the impact of birth date on individual fitness, we

compared the fitness of individuals born early to fitness of individuals born late in

the birth season.
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Chapter 5

Modeling reproductive trajectories of roe deer

females: fixed or dynamic heterogeneity?

F. Plard, C. Bonenfant, D. Delorme and J.-M. Gaillard

The relative role of dynamic and fixed heterogeneity in shaping the individual heterogeneity observed in most
life-history traits remains difficult to quantify. In a recent work, Tuljapurkar et al. (2009) suggested modeling
individual heterogeneity in lifetime reproductive success by a null model building reproductive trajectories from
a first-order Markov chain. According to this model, among-individual differences in reproductive trajectories
would be generated by the stochastic transitions among reproductive states (such as breeder and non-breeder)
due to dynamic heterogeneity. In this work, we analyzed the individual variation in three reproductive metrics
(reproductive status, fecundity, and reproductive success) in two populations of roe deer intensively monitored
using the Tuljapurkar et al. (2009)’s dynamic model. Moreover, we challenged the Tuljapurkar model previ-
ously used as a biological null model to test whether the observed distribution of reproductive success over the
lifetime was generated by a stochastic process by modifying two steps of the previous model to build a full
stochastic model. We showed that a distribution generated by the full dynamic model proposed by Tuljapurkar
et al. (2009) can be consistently interpreted as only generated from a stochastic biological process provided
that the probabilities of transition among reproductive states used are independent of the current reproductive
state and the positive co-variation that usually occurs between survival and reproduction among individuals is
removed. Only the reproductive status of roe deer females could be restricted to a stochastic process described
by the full stochastic model, probably because most females (> 90%) were breeders in a given year. The
fecundity of roe deer females could not be adequately described by the full dynamic and full stochastic model
and the observed distribution of female reproductive success differed from the one generated by a full dynamic
model in which each individual reproductive trajectory was independent of the individual lifespan (second step
of the full dynamic model changed). While there was clear evidence that dynamic heterogeneity occurred and
accounted for a large part of the observed among-individual variation in reproductive trajectories of roe deer
females, a stochastic process did not provide a suitable model for all reproductive metrics. Consequently, mod-
els including additional fixed and dynamic traits need to be built in order to separate the relative role of fixed
and dynamic heterogeneities in generating reproductive trajectories.

Theoretical Population Biology 82 (2012) 317–328
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5.1 Introduction

Individual heterogeneity is pervasive in most organisms, and it corresponds to the

variation observed in a trait among individuals within a given population. These

differences need to be accounted for to assess within-individual changes in age-

dependent life-history traits reliably (Vaupel and Yashin 1985). Diversity in ma-

ternal and environmental factors generates differences in individual reproductive

abilities (Cam and Monnat 2000, Beauplet et al. 2006, Knape et al. 2011) and

modifies the shape of age dependence in survival. The positive co-variation be-

tween survival and reproduction induced by phenotypic and environmental vari-

ations can often mask actuarial senescence (Service 2000, Nussey et al. 2008).

Individual heterogeneity can thus play a main role in shaping population dynam-

ics (Bjørnstad and Hansen 1994, Cam et al. 2002b, Vindenes et al. 2008, Kendall

et al. 2011).

The different sources of heterogeneity are often poorly investigated, and their

relative roles in structuring the observed variation in life-history traits remain un-

known. A recent study by Tuljapurkar et al. (2009) provided a way to disentangle

the dynamic and fixed heterogeneity. Dynamic heterogeneity involves within-

individual differences in life-history traits that are generated by a random process

that produces transitions between states depending on the current state along the

trajectory of a given trait. Dynamic heterogeneity is generated by environmen-

tal changes involving fluctuations of climate, of resource availability, or of the

prevalence of parasites that occur through time in a given population. At a given

time, all individuals in the population should face similar environmental condi-

tions. The way each individual responds to changes of environmental conditions

leads to another kind of heterogeneity, which corresponds to the state-dependent

condition model proposed by McNamara and Houston (1996). Even if the original

definition of dynamic heterogeneity by Tuljapurkar et al. (2009) was not explicit

about that, how an animal is affected by its environment in a given year is likely to
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be driven by fixed traits (see, e.g., Descamps et al. 2011) rather than by a stochas-

tic process. On the other hand, fixed heterogeneity is fixed at birth by processes

such as genetic, maternal, and cohort effects (Tuljapurkar et al. 2009).

The relative influence of fixed and dynamic heterogeneity in producing ob-

served individual heterogeneity remains poorly known because separating their

different roles is difficult. Until recently, individual heterogeneity has mainly been

interpreted in terms of fixed heterogeneity, leading to a continuum of individual

quality (Bérubé et al. 1999, Hamel et al. 2009b, Moyes et al. 2011a). Individual

quality can be viewed as a co-variation among different fixed life-history traits,

which is positively associated with Darwinian fitness of individuals (Wilson and

Nussey 2010, Lailvaux and Kasumovic 2011, Bergeron et al. 2011). The concept

of quality is rooted in the measure of frailty defined by Vaupel et al. (1979) as the

relative propensity for a given individual to survive better or worse than the aver-

age individual in the population, which, in its original definition, remains constant

from birth onwards. Such a fixed heterogeneity can be linked to variation in traits

that markedly influence yearly reproductive performance of individuals such as

birth mass, age at first reproduction, or longevity (Beauplet et al. 2006, Hamel

et al. 2009b, Aubry et al. 2011).

While the influence of fixed heterogeneity in shaping individual trajectories

has been reported from empirical analyses for several populations of vertebrates

(see the previous paragraph), recent studies of dynamic heterogeneity have shown

that random processes strongly contribute to generate individual heterogeneity

(Steiner et al. 2010, Orzack et al. 2011) in populations. For instance the observed

individual heterogeneity in lifetime reproductive success resulted mostly from a

random process in the swan (Tuljapurkar et al. 2009) and the kittiwake (Steiner

et al. 2010, Steiner and Tuljapurkar 2012). In these studies, dynamic heterogene-

ity has been modeled using a Markov chain, i.e. a random model describing the

transitions among states (Tuljapurkar et al. 2009). In a first-order Markov chain

process, the distribution probability of the next state depends on the current state
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Box 4.1 Definitions
Stochastic process (used as a biological term): A given state of reproductive
trajectory of an individual following a stochastic process is independent of the
previous states, of the future states, of individual lifespan and of individual
birth environment.
Random process (used as a mathematical term): Mathematical process op-
posed to deterministic process. Even when the initial conditions are known,
the result of the process can take many different possibilities.
Dynamic heterogeneity: Individual heterogeneity due to stochastic change
in environmental conditions.
Fixed heterogeneity: Individual heterogeneity shaped by fixed trait(s) at
birth.
Full dynamic model: The model described by Tuljapurkar et al. (2009).
Full stochastic model (model described in this study): Based on the full
dynamic model with two modifications:
1) transition probabilities are estimated from a stochastic dataset and so are
independent of the current state.
2) trajectory weights are estimated as following: Ww =

∏n−1
t=1 T (st, st+1)

where n is the maximum age in the population and T is the transition proba-
bilities between two successive reproductive states knowing that the individ-
ual has survived.

only. To model the distribution of reproductive success generated by dynamic het-

erogeneity only, Tuljapurkar et al. (2009) built reproductive trajectories of length

n using a first-order Markov chain. We will refer to this model as the full dynamic

model. This full dynamic model has been interpreted as a null model to be com-

pared with empirical data and to test whether an observed distribution of lifetime

reproductive success is fully generated by dynamic heterogeneity, i.e., by stochas-

tic transitions among states (Steiner et al. 2010, Orzack et al. 2011, see Box.1 for

definitions of the terms used).

An important specificity of the full dynamic model is that the transition matrix

used to generate the theoretical distribution of lifetime reproductive success is es-

timated from empirical data obtained from long-term monitoring of individuals.

This crucial step makes the assumption that the transition between two consecu-
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tive states in the real world is also stochastic. Previous empirical works, however,

showed that annual reproductive success correlates positively with phenotypic at-

tributes of females such as body mass (Hamel et al. 2009b). If a stochastic process

was at work in the transition between successive states, one could not predict the

reproductive success of individuals. In fact, each transition in the time series of

states observed in an individual reproductive trajectory is governed by the inter-

play between the strength of reproductive costs and the value of phenotypic at-

tributes of the individual, all of which include some stochastic variations but can-

not be reduced to events only influenced by environmental stochasticity. Because

the data on which the estimation of transition probabilities for the full dynamic

model may include a non-stochastic part, the interpretation of the first-order cor-

relation between successive states as representing a stochastic process only in the

full dynamic model can be questioned on biological grounds.

We aimed here to assess whether the model proposed by Tuljapurkar et al.

(2009) could be considered as an appropriate biological null model to test the null

hypothesis that an observed distribution of lifetime reproductive success is gener-

ated solely by a stochastic process. First, taking advantage of a detailed long-term

monitoring of roe deer (Capreolus capreolus) in two French populations, we used

three reproductive metrics – reproductive status (breeder versus non-breeder);

fecundity (the number of newborns produced); reproductive success (the number

of weaned offspring) – to determine whether the observed individual heterogene-

ity occurring in reproductive performance is generated by dynamic heterogeneity

only. Our case study on roe deer reproduction demonstrates that, while some met-

rics of reproduction can be satisfactorily described by the full dynamic model,

other metrics cannot. Consequently, reproductive metrics including different life-

history traits are governed by different processes. Second, to test if the full dy-

namic model is an appropriate null model representing a truly stochastic model,

we changed two steps of Tuljapurkar et al. (2009)’s model sequentially: (1) we es-

timated transition probabilities among states independently of the current state and
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compared the results with the full dynamic model; (2) we removed the correlation

between survival and reproductive transitions and investigated its role in shaping

the individual heterogeneity. Third, we quantified the influence of age and time

in shaping the dynamic heterogeneity. We show that the distribution generated

from the full dynamic model of Tuljapurkar et al. (2009) cannot be interpreted as

a distribution generated only by dynamic heterogeneity.

5.2 Background

REPRODUCTIVE TRAJECTORIES AND DYNAMIC HETEROGENEITY

The life of a given individual can be described as a succession of states from birth

to death. This succession of transitions between states is called a trajectory. When

reproductive states are considered, the trajectory becomes a reproductive trajec-

tory. Each individual can be characterized by its own reproductive trajectory.

For instance, when the reproductive performance is measured by reproductive

success, a reproductive trajectory corresponds to a succession of numbers repre-

senting the numbers of young weaned by a given individual at each reproductive

event. Whether a trajectory is pre-programmed at birth or occurs randomly is a

question that studies analyzing fixed and dynamic heterogeneity try to answer. To

understand whether reproductive events over an individual lifetime can be mod-

eled as random trajectories generated by a stochastic process, the full dynamic

model built on reproductive trajectories of length n using a first-order Markov

chain (Tuljapurkar et al. 2009). In this model, each simulated trajectory w has a

weight, Ww which corresponds to the probability of this trajectory occurring; it is

a product of the transition probabilities (ψ) between successive states st and st+1,

Ww =
∏n−1

t=1 ψ(st, st+1)
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MULTISTATE CAPTURE-RECAPTURE MODELS

Estimates of transition probabilities among states, ψ(st, st+1), can be obtained

from the transition matrix of multistate capture-recapture models. These mod-

els require long-term and intensive monitoring of a large number of individuals

(Lebreton et al. 2009). Basically, the probability of controlling a given animal in

the state st+1 at occasion t + 1 knowing that it was in the state st at the previous

time step t is the product of the transition probability ψ(st, st+1) (used in the full

dynamic model) and the probability of recapturing this individual. A transition

probability can be further decomposed into the probability of transition from state

st to state st+1 knowing that this animal has survived T (st, st+1) (used in the full

stochastic model), and the probability of survival between occasion t and t + 1,

Φ(t). The matrices of transition between states, of survival, and of recapture are

estimated from a first-order Markov chain, but they can vary with other factors

such as environmental conditions or age. In this case, several matrices of transi-

tion are estimated according to the number of levels of this structuring factor. As

a consequence, to find the optimal model describing the observed data, a model

selection is required to retain the model that attains the best compromise between

accuracy (i.e., a low deviance) and precision (i.e., a low number of parameters)

(Lebreton et al. 1992).

5.3 Populations and variables

TWO ROE DEER POPULATIONS

Data were collected on two different populations of roe deer from France. The

two populations lived in the enclosed forests of Chizé (2,614 ha, 46◦05’N 0◦25’W,

Western France) and Trois Fontaines (1,360 ha, 48◦43’N 2◦61’E, North Eastern

France). These two populations faced contrasting environmental conditions and

had markedly different demographic characteristics (see Gaillard et al. 1993b,
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Nilsen et al. 2009 for detailed information). Trois Fontaines has a continental

climate with rather cold winters and Chizé has an oceanic climate with Mediter-

ranean influence, with mild winters and frequent summer droughts. These two

populations have been intensively monitored by the Office National de la Chasse

et de la Faune Sauvage for more than 30 years. Animals are individually marked

by ear-tags and numbered collars and some females have been equipped with VHF

(Very High Frequency) or GPS (Global Positioning System) collars. Each year,

between 8 and 12 days of capture are organized between December and March

in both study sites. Roe deer are captured by drive-netting. Each drive involves

150± 30 people and 2.5 km of nets, resulting in the capture of 120-300 roe deer a

year in each site. Captured animals are sexed and weighed. The female reproduc-

tive status (pregnant or not) and the number of embryos carried are determined

by ultrasonography at Chizé. At Trois Fontaines, marked adult females (i.e., > 2

years of age) are monitored in fall (autumn) to assess the number of fawns they

weaned in a given year. Because early summer survival is the most critical stage

in roe deer (Gaillard et al. 2000b), most fawns alive in late fall will reach adult-

hood. The number of fawns alive in fall was therefore used as a measure of annual

reproductive success of a female at Trois Fontaines.

THREE REPRODUCTIVE METRICS

Roe deer females give birth to one to three (most often two) fawns each year in

May, generally from 2 years of age onwards, and can live up to 18 years. Most roe

deer females in the study sites died between 8 and 12 years old. Three reproduc-

tive metrics were analyzed in this study: the reproductive status (on 268 females

at Chizé between 1988 and 2010), fecundity (on 260 females at Chizé between

1988 and 2010) and reproductive success (on 253 females at Trois Fontaines be-

tween 1976 and 2005). Reproductive status included two states (breeder and non-

breeder) and was assessed by ultrasonography during winter captures in January-

February. Fecundity corresponded to the number of fetuses recorded using ultra-

94



sonography and included three states (0, 1, and 2 embryos). Reproductive suc-

cess was measured by the number of fawns a given female successfully weaned

(i.e., observed at heel in fall) and included three states (0, 1, and 2 fawns). We

estimated the survival and transition matrices between states for the three repro-

ductive metrics. Preliminary analyses were conducted to select the best capture

recapture model (see Supplementary Material, Table 5.3) for each of the three re-

productive metrics. We used the R (R Development Core Team 2011) package

Rmark (Laake and Rexstad 2008) to construct models for program Mark (White

and Burnham 1999). The best models describing transition probabilities for roe

deer females were similar for reproductive status and fecundity and they included

the effects of age (i.e., prime-aged versus senescent females) and time (i.e., years

with high versus low population density) on survival probability, an effect of age

(i.e., prime-aged versus senescent females) on transition probability, and a con-

stant recapture probability. Reproductive success was best modeled by including

the effect of age (i.e., prime-aged versus senescent females) on survival proba-

bility, a constant transition probability, and a full time dependence in recapture

probabilities.

5.4 Modeling dynamic heterogeneity and stochastic process

We first replicated Tuljapurkar et al. (2009)’s approach and modeled our three

reproductive metrics using the full dynamic model (4.1). We then modified this

model with a two-step process (4.2 and 4.3). Finally, we looked at the influence

of age and time in shaping the dynamic heterogeneity (4.4).

THE FULL DYNAMIC MODEL

To assess the amount of heterogeneity from the observed transition matrix, Tul-

japurkar et al. (2009) used the entropy (Tuljapurkar 1982). We also used this

metric to measure how fast individual heterogeneity increases along trajectories.
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However, the formula provided by Tuljapurkar et al. (2009) cannot be applied to

the age-dependent matrices obtained for reproductive status and fecundity. Conse-

quently, in addition to estimate the entropy H (Tuljapurkar et al. 2009) of each ma-

trix (2 for prime-aged and senescent females for reproductive status and fecundity

and 1 for all ages for reproductive success), we computed a scaled sequence en-

tropy, Hs (one for each age) for each reproductive metric as follows (Tuljapurkar,

personal communication). At each age A > 1 (female roe deer produce off-

spring from 2 years of age onwards), there are numberofstatesnumberofoccasions

possible trajectories to follow for a female (N = 2A−1 for reproductive status

and N = 3A−1 for fecundity and reproductive success). Each trajectory w is

weighted by its probability of occurring Ww =
∏A−1

t=1 T (st, st+1). We simulated

107 individuals and attributed a trajectory to each individual. Let p(i) be the frac-

tion of individuals with trajectory i. Then, the sequence entropy is defined as

h = −
∑

i p(i) ∗ log(p(i)) and the scaled sequence entropy is Hs = h/(logN).

Another relevant metric defined by Tuljapurkar et al. (2009) is the persistence,

which provides information on how long an individual stays successful or unsuc-

cessful. As for entropy, the formula of persistence given by Tuljapurkar et al.

(2009) cannot be estimated for age-dependent matrices. So, we estimated a se-

quence persistence as the conditional probability for a given individual to be in

the final state s at age A, knowing that it was in the same state s at 2 years old,

the starting age of the female reproductive trajectories (calculated for A between

3 years old and 20 years old) (Tuljapurkar, personal communication).

We then compared at the population level, the observed distribution of cu-

mulated number of successes (i.e., cumulated number of breeding events for re-

productive status, cumulated number of embryos for fecundity, and cumulated

number of fawns weaned for reproductive success) to the distribution generated

from a first-order Markov model using the observed transition and survival matri-

ces (full dynamic model). The observed matrices refer to the matrices estimated

by the multistate capture-mark-recapture models using the dataset of the study
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population (observed dataset). To generate the expected distribution of successes

generated from the full dynamic model, we simulated 3000 different trajectories

and attributed a trajectory to each individual according to the trajectory weight.

Trajectory weights were calculated for an individual i according to the observed

age of last recapture of this individual (Aimax) and to the survivorship of the tra-

jectory (Tuljapurkar et al. 2009). For each individual i, a trajectory w would have

a corresponding weight Ww,i =
∏Aimax−1

t=1 (T (st, st+1)Φ(t)), where T and Φ are

the observed transition and survival probabilities, respectively. 105 individuals

were simulated (the number of individuals must be large enough, so that each

trajectory can be attributed, once weighted by its probability of occurring, to the

right portion of individuals). Once a trajectory among the 3000 was attributed

to individual i, we simulated the observed recapture probability along the trajec-

tory and cumulated the number of successful reproductive states only over the

occasions where the animal was recaptured. The generated distribution was av-

eraged among 50 simulated populations of 105 individuals. Two statistical tests

were performed to test the difference between the observed and generated distri-

butions: the Kolmogorov-Smirnov test, which is very conservative and was used

by Tuljapurkar et al. (2009) and an adjusted χ2 test, which is less conservative.

STOCHASTIC TRANSITION MATRIX

To relax the potential relationship between successive states, we used transition

and survival matrices estimated from simulated datasets instead of the observed

transition and survival matrices, estimated from observations of individuals. The

observed dataset consists of individual capture histories in which each line rep-

resents an individual and each column a year. Each element of the dataset was

either a 0 when the individual was not captured or a positive number between 1

and 3 corresponding to the individual state when captured. We first ordered the

observed dataset of capture histories by age to have lines representing individ-

uals and columns representing ages to keep the age structure of the population
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while breaking the time structure. Then each column was randomized to separate

the successive transitions of observed individual trajectories. By doing this, we

allowed successful trajectories to mix with unsuccessful trajectories to generate

random trajectories from observed states. We repeated this procedure to obtain

1000 randomized datasets. Finally, we obtained the average simulated transition

and survival matrices with their confidence intervals.

The simulated transition matrix intuitively provides information about the pro-

portion of individuals in each state in the population according to the different age

classes. The simulated probabilities of transition depend on the next state but no

longer on the current state as two consecutive states were rearranged randomly.

Conversely, in the observed matrix transition, as defined by a first-order Markov

process, the transition probability from one state to the next state depends on the

current state. We compared the estimations of transition probabilities obtained

from this simulated transition matrix with those obtained from the observed tran-

sition matrix using their confidence intervals. The comparison tests the propensity

for an individual to stay in the same state (remains successful or remains unsuc-

cessful) between time t and t + 1 between the study and the average simulated

population. If the observed and simulated transitions are different, then using

the observed transition probabilities as in 4.1 to simulate trajectories would make

these trajectories not fully stochastic. We also calculated and compared the ob-

served and simulated persistence. Then, a distribution of the cumulated number of

successes was generated from the simulated transition and survival matrices and

compared to the distribution generated from the observed transition and survival

matrices (full dynamic model), and to the observed distribution of the cumulated

number of successes. This procedure was repeated for each reproductive metric.

SEPARATING SURVIVAL FROM REPRODUCTIVE TRANSITIONS

The second step consisted in separating survival from reproduction when calcu-

lating the probability weight of each trajectory. In Tuljapurkar et al. (2009)’s
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model, reproductive transition and survival were coupled in the way trajecto-

ries were weighted. A trajectory w is attributed to a given individual i accord-

ing to the probability weight Ww,i of the trajectory that was the survivorship of

this trajectory calculated at the age of last observation Aimax of the individual

i: Ww,i =
∏Aimax−1

t=1 (T (st, st+1)Φ(t)) (see above). In other words, an individual

with a short lifespan will have a different probability of following a given trajec-

tory than an individual with a long life. In a null model in which reproductive

trajectories are generated only by stochasticity, successful trajectories should be

attributed randomly among long-lived and short-lived individuals. Consequently,

we generated a distribution of cumulated number of successes by attributing a tra-

jectory to each individual with a probability weight calculated independently of

the individual: Ww =
∏n−1

t=1 T (st, st+1) where n is the maximum age in the popu-

lation. Survival probability was removed in calculating the trajectory probability

weights as well as the selection of a particular trajectory according to the age of

last recapture of the individual.

Finally, the distribution generated by separating survival from reproduction

was compared to the distribution generated from the full dynamic model, and to

the observed distribution. When the first two distributions differed, we looked at

the co-variation between mean annual success and lifespan. We used the number

of capture events as a proxy of lifespan, the animals being captured every second

year on average.

INFLUENCE OF AGE AND TIME

Finally, we look at the influence of age and time in shaping the dynamic het-

erogeneity. Our model selection (see Supplementary Material, Table 5.3) drove

us to estimate age-dependent transition and age-dependent and time-dependent

survival matrices for both reproductive status and fecundity to describe the transi-

tions among states. Reproductive success was best modeled by an age-dependent

survival matrix and an age-independent and time-independent transition matrix
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(see Supplementary Material, Table 5.3 for detailed information about model se-

lection). We tested the importance of age and time structure by modeling re-

productive trajectories from two models: an age-independent model and a time-

independent model. Heterogeneity generated by age and time being part of dy-

namic heterogeneity, the analysis of the influence of age and time should lead to

a better understanding of the different sources of dynamic heterogeneity.

5.5 Results

THE FULL DYNAMIC MODEL

Following Tuljapurkar et al. (2009), we estimated the entropy, scaled sequence en-

tropy and sequence persistence for each reproductive metric. We then showed that

reproductive status and reproductive success can be modeled with a full dynamic

model whereas the distribution of the number of embryos (fecundity) generated

from the full dynamic model was different from the corresponding observed dis-

tribution.

Reproductive status The age-dependent (i.e., prime-aged versus senescent

females) transition matrices were estimated using a multistate capture-recapture

model with a first-order Markov chain (Table 5.1). The probability of remain-

ing a breeder two consecutive years was very high among prime-aged females

(B → B = 0.95) but decreased to 0.5 for senescent females. The probability

of remaining non-breeder (NB) two consecutive years was 0.30 and 0.74 among

prime-aged and senescent females, respectively. The entropy H was estimated

at 0.34 and 0.89 for the two corresponding matrices. The entropy among prime-

aged females was especially low in comparison to the values previously reported

in vertebrate species (> 0.5 for all species, Tuljapurkar et al. 2009). Low entropy

means that the transitions between reproductive statuses produced little hetero-

geneity in the population among prime-aged females. Here, we also calculated

a scaled sequence entropy (Fig. 5.1A), which decreased from 2 to 11 years of
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Table 5.1. Comparison of the transition probabilities estimated from observed and simu-

lated datasets. The observed transition matrix was obtained from the capture-recapture analysis
of individual trajectories using a first-order Markov chain. The simulated transition matrix was
estimated from 1000 simulated datasets generated by a randomization of the age columns of the
observed dataset. Transition matrices of the three following reproductive metrics are presented:
reproductive status with two states (breeder (B) and non-breeder (NB)), fecundity with three states
(0 embryo (0E), 1 embryo (1E), and 2 embryos (2E)) and reproductive success with three states
(no fawn weaned (0F), 1 fawn weaned (1F) and 2 fawns weaned (2F)). The transition matrices
of fecundity and reproductive status were age dependent (prime-aged versus senescent females).
One transition probability is reported per line to facilitate the comparison between observed and
simulated transition probabilities. Redundant values are reporting between brackets. Statistically
significant differences between transition probabilities are reported in bold.

Transition probabilities From observed dataset From simulated datasets
full dynamic model estimate CI 5% CI 95%

Prime-aged Reproductive status

(NB → NB) 0.30 0.07

NB → B 0.70 0.93 0.77 1

(B → B) 0.95 0.93

B → NB 0.05 0.07 0.06 0.08

Senescent
(NB → NB) 0.74 0.85

NB → B 0.26 0.15 0.07 0.24

(B → B) 0.50 0.55
B → NB 0.50 0.45 0.39 0.52
Prime-aged Fecundity

(0E → 0E) 0.31 0.07
0E → 1E 0.13 0.21 0.05 0.40
0E → 2E 0.56 0.72 0.50 0.91
(1E → 1E) 0.33 0.23

1E → 0E 0.07 0.08 0.02 0.12
1E → 2E 0.60 0.70 0.60 0.79

(2E → 2E) 0.75 0.71

2E → 0E 0.05 0.07 0.05 0.097

2E → 1E 0.20 0.22 0.187 0.248
Senescent
(0E → 0E) 0.73 0.82
0E → 1E 0.11 0.08 0 0.16
0E → 2E 0.16 0.10 0 0.17
(1E → 1E) 0.2 0.18
1E → 0E 0.63 0.72 0.40 1
1E → 2E 0.17 0.09 0 0.36
(2E → 2E) 0.17 0.30
2E → 0E 0.45 0.31 0.19 0.47
2E → 1E 0.38 0.39 0.24 0.51

Reproductive success

(0F → 0F ) 0.37 0.26

0F → 1F 0.33 0.31 0.21 0.41
0F → 2F 0.30 0.43 0.33 0.54

(1F → 1F ) 0.35 0.29
1F → 0F 0.25 0.25 0.18 0.33
1F → 2F 0.40 0.45 0.37 0.54
(2F → 2F ) 0.53 0.45

2F → 0F 0.21 0.26 0.21 0.32

2F → 1F 0.26 0.29 0.23 0.35
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age and increased among senescent females, meaning that there was very low

heterogeneity in the population at the end of the prime-aged stage. The distribu-

tion of cumulated number of breeding events during the study period generated

from the full dynamic process using 50 simulated populations was not statisti-

cally different from the observed distribution (Fig. 5.2A, Kolmogorov-Smirnov

test: K = 0.0374, P > 0.9, adjusted χ2 test : χ2 = 6.204, P = 0.714).

Fecundity The transition matrices of fecundity included three states: no em-

bryo (0E), one embryo (1E) and two embryos (2E), and were age dependent

(Table 5.1). The state 0E was similar to the state NB in the reproductive status

matrix, and so the transition probabilities were similar. All the transitions go-

ing towards the state 2E were high in prime-aged females (from 0.56 to 0.75)

and low in senescent females (from 0.16 to 0.17), indicating that senescent fe-

males tended to have zero or one embryo most of the time. Among prime-aged

females, the transition probability from 2E to 2E was higher (0.75) than the tran-

sitions from 2E to either 1E (0.20) or 0E (0.05). Consequently some females

tended to remain in the most successful state (2E) throughout their prime-aged

stage. The entropy was estimated at 0.68 and 0.76 for the prime-aged and senes-

cent transition matrices, respectively. The scaled sequence entropy varied weakly

among ages (between 0.9 and 0.7, Fig. 5.1B). Consequently, a rapid heterogeneity

would occur along different trajectories. For fecundity, the population distribu-

tion of the cumulated number of embryos generated by the full dynamic model

was different from the observed distribution (Fig. 5.2B). Indeed, while the conser-

vative Kolmogorov-Smirnov test did not lead to rejection of the null hypothesis

(K = 0.07, P = 0.559), the adjusted χ2 test did (χ2 = 58.24, P < 0.001). The

distribution generated from the full dynamic model included too many females

with even number of embryos during the study period compared to odd number of

embryos implying that, randomly, too many females were in state 2E compared

to state 1E. Dynamic heterogeneity alone was therefore not appropriate to model

the individual variation observed in fecundity of roe deer females at Chizé.
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Fig. 5.1. Scaled sequence entropy (Hs) of three reproductive metrics of roe deer females from

two populations intensively monitored in France. Scaled sequence entropies were calculated
by age from the transition matrix of (A) reproductive status, (B) fecundity and (C) reproductive

success and are presented by a black line. The entropy (H) of each transition matrix was also
calculated following Tuljapurkar et al. (2009) and is reported by a dotted line for the senescent
female matrix and by a dashed line for the prime-aged female matrix of reproductive status and
fecundity. The entropy of the reproductive success transition matrix is reported by a dashed line.
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Fig. 5.2. Distributions of cumulated number of successes of three reproductive metrics of

roe deer females from two populations monitored in France. Two of the three distributions
presented were generated by a first-order Markov model using a transition matrix calculated from
the observed dataset (full dynamic model, black bars) and from random datasets (hatched bars).
The last distribution corresponds to the observed distribution (white bars). The three panels present
the three reproductive metrics: (A) reproductive status of female roe deer at Chizé, (B) fecundity

of female roe deer at Chizé and (C) reproductive success of female roe deer at Trois Fontaines.
Standard errors are reported for each generated distribution. Only the generated distributions of
cumulated number of embryos (fecundity) differ from the observed distribution (for both χ2 tests:
P< 0.001). The three distributions of cumulated breeding events (reproductive status) are similar
as well as the three distributions of cumulated number of fawns weaned (reproductive success)
(for all χ2 tests, P > 0.48).
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Reproductive success The transition matrix of reproductive success included

three states: 0 fawn (0F), 1 fawn (1F), and 2 fawns (2F) weaned (Table 5.1).

Whatever its age, a female that failed to wean a fawn a given year had about the

same probability to raise 0, 1 or 2 fawns the following year. However, a female

that weaned at least one fawn in a given year weaned at least one fawn the year

after with a probability of 0.75, and more than half of the females that weaned two

fawns a given year also weaned two fawns the following year, indicating that the

females that were successful in a given year tended to stay successful. The entropy

and scaled sequence entropy of this matrix were very high (0.96), suggesting a

strongly increasing heterogeneity along trajectories (Fig. 5.1C). The distribution

of reproductive success generated from a full dynamic model was not different

from the observed distribution (Fig. 5.2C, K = 0.090, P = 0.465, χ2 = 21.51,

P = 0.486).

STOCHASTIC TRANSITION MATRIX

The transition matrices obtained from simulated datasets were statistically dif-

ferent from the transition matrix obtained from the observed dataset (Table 5.1).

Consequently, the trajectories generated from the observed transition included in-

formation on the propensity for a female to remain in the same state. For instance,

in the transition matrix of reproductive status of prime-aged females, the transition

from state NB to state NB was higher when estimated from the observed dataset

than when estimated from the simulated datasets (Table 5.1, permutation test:

P = 0.022). From a stochastic process (i.e., from the simulated datasets), 93%

of the non-breeders in a given year will become breeders in the following year.

However, from the observed data, as much as one third of the non-breeders stayed

non-breeders in the following year, revealing that some individuals remain unsuc-

cessful more often than expected. The same situation was reported for fecundity

(Table 5.1). The probability to stay in 1E among prime-aged females estimated

from the observed trajectories was higher than the same transition estimated from

105



simulated datasets (permutation test: P = 0.042), showing that females have a

higher probability to stay in the same state than expected from a stochastic pro-

cess. The transition matrices of senescent females were not statistically different

when estimated from the observed and simulated datasets, probably due to the low

number of senescent females. Concerning the reproductive success of females at

Trois Fontaines, the probability of staying in state 0F from one year to the next

(0.37) was also higher than expected from a stochastic process (0.26, permutation

test: P = 0.019). However, the transitions between successful states (1F and 2F)

were similar when estimated from the observed and the simulated datasets (Ta-

ble 5.1), showing that the transitions between states 1F and 2F corresponded to a

stochastic process.

The measure of persistence indicated the propensity for roe deer females to re-

main successful or unsuccessful. We estimated a sequence persistence as the con-

ditional probability of a given individual to be in a state a given year knowing that

this individual was in the same state at 2 years of age. Among the three reproduc-

tive metrics, the main difference between sequence persistence from the observed

transition matrix and the one estimated from simulated datasets was the longer

time it took for the observed persistence to converge (Fig. 5.3). This means that,

within a short period, the conditional probability for a female to stay in the same

state was higher when estimated from the observed dataset than when estimated

from the simulated datasets. Moreover, the probability of ending as a breeder

(according to persistence of reproductive status and fecundity) among senescent

females was a bit higher when estimated from the observed dataset than when

estimated from the simulated datasets (Fig. 5.3). The distributions of cumulated

number of successes of the reproductive metrics did not differ whether they were

generated from the simulated or the observed (full dynamic model) transition ma-

trices (Fig. 5.2, for all χ2 tests, P > 0.90).
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Fig. 5.3. Assimilated persistence of three reproductive metrics for roe deer females moni-

tored in two populations in France. Age-dependent persistence was calculated for a given age
A as the probability for a given individual to be in a given state at age A knowing that it was in
this same state at 2 years old (i.e., first breeding). Estimated persistence from the transition matrix
calculated from the observed dataset and from simulated ones are reported on the left and on the
right, respectively, for reproductive status (A, B), fecundity (C, D) and reproductive success (E, F).
Persistence was estimated for each state, presented as two (for reproductive status) or three (for
fecundity and reproductive success) different lines.
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SEPARATING SURVIVAL FROM REPRODUCTIVE TRANSITIONS

The distributions of cumulated number of weaned fawns generated by reproduc-

tive trajectories (i.e., a measure of lifetime reproductive success) weighted by re-

productive transitions only (i.e., independent of survival) were statistically differ-

ent from the observed distribution (Fig. 5.4C, χ2 = 41.32, P = 0.017). Survival

was positively correlated to mean annual reproductive success when generated by

the full dynamic model (Pearson correlation: ρ = 0.084, t = 7.95, P < 0.001).

This correlation became negative when removing survival from the estimation of

probability weights (Pearson correlation: ρ = −0.045, t = −4.20, P < 0.001),

probably because when using a random distribution of yearly reproductive suc-

cess among females (with a probability of 0.25 to wean no fawn in a given year),

long-lived females were more likely to wean no fawn at least once in their life-

time because of their high number of reproductive events compared to short-lived

females. Too many females that were captured once or twice weaned two fawns

when survival and reproductive transitions were separated, whereas when survival

and reproductive transitions were coupled, these females raised 0 or 1 fawn. Con-

sequently short-lived females tended to wean fewer fawns at a given time than

expected from the simulated dataset. The distribution of cumulated number of

embryos (fecundity) when separating survival and reproduction was different from

the observed distribution (Fig. 5.4B, χ2 = 77.39, P < 0.001), as was the distribu-

tion generated from the full dynamic model (see above). In contrast, the distribu-

tion of the cumulated number of breeding events (reproductive status) generated

by separating survival and reproductive transitions was similar to the observed

distribution (Fig. 5.4A, χ2 = 7.23, P = 0.580).

INFLUENCE OF AGE AND TIME

We estimated age-independent transition and survival matrices (with no time de-

pendence) for the reproductive success. We estimated both a time-independent
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Fig. 5.4. Comparison of distributions of cumulated number of successes for roe deer females

monitored in two populations in France. Distributions were generated by separating or coupling
survival and reproductive transitions. In each panel, three distributions are presented: the observed
distribution (white bars) and the two distributions generated by coupling (full dynamic model,
black bars) or separating (hatched bars) survival and reproductive transitions when estimating
trajectory probability weights. The three panels represent the three reproductive metrics: (A)
reproductive status of roe deer females at Chizé, (B) fecundity of roe deer females at Chizé and
(C) reproductive success of roe deer females at Trois Fontaines.
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Table 5.2. Comparison of distribution of cumulated number of successes generated from the

age-independent model (Age-IND) and the time-independent model (Time-IND) for three re-

productive metrics (reproductive status, fecundity and reproductive success) to the distribution

generated from the best selected model (full dynamic model) and to the observed distribu-

tion. Transition matrices were estimated from three different models (best model, Age-IND, and
Time-IND). Then the distributions were generated using a full dynamic process (using a first-order
Markov chain) following Tuljapurkar et al. (2009). Two statistical tests were performed: a very
conservative one, the Kolmogorov-Smirnov test (K-S values (KS) and P-values are shown) and a
less conservative one: an adjusted χ2-test (χ2 values and P-values are presented).

distribution generated from the full-dynamic model observed distribution

KS P-value χ2 P-value KS P-value χ2 P-value

Reproductive status

Age-IND 0.022 > 0.99 2.08 > 0.99 0.019 > 0.99 4.15 0.941

Time-IND 0.007 > 0.99 0.70 > 0.99 0.041 0.977 9.71 0.383

Fecundity

Age-IND 0.046 0.944 7.01 > 0.99 0.116 0.062 80.99 < 0.001

Time-IND 0.039 > 0.99 10.65 0.867 0.069 0.559 101.59 < 0.001

Reproductive success

Age-IND 0.051 0.976 1.16 > 0.99 0.096 0.388 17.16 0.504

and an age-dependent survival and transition matrices, and an age-independent

survival (with a time effect) and transition (no time effect) matrix for the repro-

ductive status and the fecundity. For each of these two metrics, the distributions

of the cumulated number of successes generated from age-independent and time-

independent models of survival and transition were not different from the distribu-

tion generated from our age-dependent and time-dependent model (Table 5.2). For

reproductive success, the distribution generated from the age-independent model

was not different from the distribution generated from our age-dependent model

(Table 5.2). The distribution of fecundity generated from age-independent and

time-independent models was statistically different from the observed distribution

(Table 5.2, for both adjusted χ2 tests, P < 0.001).
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5.6 Discussion

Although all reproductive and survival trajectories of life-history traits analyzed

to date were successfully modeled by using the full dynamic model (Tuljapurkar

et al. 2009, Steiner et al. 2010), we show here that the full dynamic model did not

provide an appropriate description of reproductive trajectories based on fecundity

measures for roe deer at Chizé. Moreover, our results suggest that the full dynamic

model requires two modifications to test the following biological null hypothesis

appropriately: “a given lifetime reproductive metric distribution is generated only

by dynamic heterogeneity”.

The full dynamic model uses a first-order Markov chain to simulate trajecto-

ries of length n. The first-order Markov chain is a random process, by definition.

However, the transition probabilities chosen to parameterize this Markov chain are

not random in this particular model. Our first modification showed that the simu-

lated transition matrix differed from the observed transition matrix used in the full

dynamic model. Indeed, a female that was successful in a given year will have

a lower probability to be successful again in the following year when estimated

from a stochastic model than when estimated from observed data. Likewise, an

unsuccessful female will have a lower probability to be unsuccessful again in the

following year when estimated from a simulated transition matrix than when es-

timated from the observed transition matrix. Moreover, the persistence in a given

state is higher when calculated from the observed data than from the simulated

datasets. A possible way to interpret that a female tends to stay in the same repro-

ductive state more than expected from a stochastic process would be to link the

annual reproductive state to a fixed trait and so to a fixed heterogeneity (a given

individual would have a high probability of reproducing all through its life). How-

ever, we cannot exclude that this result could be linked to dynamic heterogeneity

(it would be easier for a female living in a high-quality habitat to be successful at

each reproductive attempt than for a female living in a low-quality habitat). Con-
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sequently, the first step to change in the full dynamic model to obtain a null model

generated only from stochasticity involves estimating transition probabilities from

simulated datasets instead of the observed dataset.

The second step that should be changed in the full dynamic heterogeneity

model of Tuljapurkar et al. (2009) is how the trajectory weights are calculated

and then attributed to a given individual. We did not generate a model in which

each trajectory has the same weight simply because it is not biologically mean-

ingful. Indeed, in a population of roe deer where 95% of the females are breeders,

we cannot simulate individuals with a trajectory constituted by only non-breeder

states. However, attributing a trajectory to a given individual, based on survival,

reproductive transitions and age of last observation, as in the full dynamic model,

generates a coupling between survival and reproduction. When we separated sur-

vival from reproductive transitions, the simulated distribution of reproductive suc-

cess differed from the observed one. The study by Steiner et al. (2010) showed

that a correlation between survival and reproduction can occur from a null model

when using the full dynamic model of Tuljapurkar et al. (2009). Here, we went

one step beyond to show that this correlation can be removed by estimating the

weights from reproductive transitions only, using the full stochastic model. Even

if a positive correlation could be generated by a random process in many cases

(Steiner et al. 2010, Orzack et al. 2011), the link between age at last reproduction

and reproductive trajectory probability weight is the principal cause of the positive

correlation we observed in this study.

The full dynamic model tests the null hypothesis that the “distribution of

lifetime reproductive success is generated by a stochastic process”. To test this

null hypothesis, the observed and simulated distributions are compared. Despite

marked differences between the simulated and observed transition matrices, the

generated distributions of reproductive metrics using a first-order Markov chain

(full dynamic model) from the simulated and observed transition matrices did

not differ. In other words, we obtained the same distribution from two different
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Markov chains. From this, we can make at least two conclusions. First, the sim-

ilarity of these distributions indicates that the population at a given time was ho-

mogeneous, but does not inform on the processes that contributed to reaching this

stationary population “state”. Different processes can lead to the same distribu-

tion. Consequently, the comparison of distributions only indicates that a dynamic

heterogeneity process can reliably represent observed reproductive trajectories,

but information on the individual level is lacking. Moreover, considering the re-

productive status metric, 95% of the adult female roe deer were breeders each

year at Chizé. Then the distribution of non-breeders will generate only limited

variability, hardly detectable in a distribution. The low heterogeneity estimated

from entropy (Tuljapurkar et al. 2009) that is generated by the successive tran-

sitions between reproductive statuses also supports the hypothesis that statistical

comparisons of distributions do not allow detecting a weak deviation between the

observed and generated distributions of reproductive successes.

Second, a first-order Markov chain creates a stochastic structured variance

among individuals. This means that an observed structured variance among indi-

viduals in trait trajectories can be accounted for by a stochastic process only, as

suggested by Tuljapurkar et al. (2009) and Steiner et al. (2010). Some individ-

uals can follow a trajectory through stochastic events but the structure variance

could also be created by some unknown fixed variable. The individual variance

produced by a first-order Markov chain could be analyzed with a random effect of

the individual on the intercept in another study, as is commonly done when study-

ing individual heterogeneity. This random individual effect would be strong, but

it must then be interpreted only by what it is: a random variable reflecting a struc-

tured variance among individuals. However, random effects have commonly been

interpreted as a signature of individual quality (Cam et al. 2002b) or fixed het-

erogeneity in other words, while a measurable trait (such as lifetime reproductive

success or longevity) is needed to quantify this heterogeneity among individuals

before attributing this individual heterogeneity to an individual quality. The defi-
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nition of quality in the literature is subject to confusion and authors often do not

make the difference between the qualitative and the quantitative meaning of qual-

ity (Cam et al. 2004). The qualitative meaning of quality refers to the differences

in individual performances and implies that some individual have better perfor-

mance than others while the quantitative meaning of quality refers to individual

differences that were quantified but were not correlated to any performance trait.

Basically in this last meaning, quality refers to some individual variation caused

by an unknown process. To avoid this confusion, we recommend using the word

quality only when referring to the qualitative definition.

Our results showed that a positive correlation occurs between reproductive

success and lifespan in roe deer when using the full dynamic model. Such corre-

lation was caused directly by a link between age at last reproduction and repro-

ductive trajectory. Moreover, we demonstrated that this positive correlation was

not generated by a stochastic process, even if this positive correlation was weak

(ρ = 0.084), and remained statistically significant because of the large numbers of

simulated individuals. Nonetheless, this model suggests that long-lived females

usually considered as good-quality individuals (Hamel et al. 2009a, Wilson and

Nussey 2010, Bergeron et al. 2011) weaned more fawns in a given year than short-

lived females.

The observed distribution of the cumulated number of embryos produced per

female during the study period statistically differed from the distribution gener-

ated from a full dynamic model using a first-order Markov chain. The distribution

generated by the full dynamic model overestimated the number of females that

have two embryos. We were led to reject our null hypothesis and these results

suggest that dynamic heterogeneity is not sufficient to account for the individ-

ual heterogeneity observed in the fecundity trajectories of roe deer females. Two

reasons may explain the rejection of the null hypothesis. Either the process is not

Markovian, or different individual trajectories should come from different Markov

chains. In this second hypothesis, two different Markov chains could be generated
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from two different groups of individuals, for example. A way to test this hypoth-

esis would be to add fixed individual traits such as body mass or dynamic traits

such as resource quality or abundance to the model and test whether such a model

would provide a better fit. If this was the case, one could show the relative part

of the dynamic and fixed heterogeneity in shaping the structured variance among

individuals. Even if our results did not allow us to reach such a final conclusion,

the literature previously published on individual variation in life-history traits of

large mammals suggest that fixed heterogeneity has a main role in shaping this

structured variance among individual.

Trajectories of the reproductive status of females (breeder versus non-breeder)

perfectly matched expectations from a full dynamic model. As the non-breeder

state of the reproductive status corresponds to the 0 embryo state of the fecundity,

the contribution of fixed heterogeneity should influence litter size. Two hypothe-

ses could account for a fixed heterogeneity in litter size. First, females could have

two embryos for two or three consecutive years and then reduce to one embryo

the following year. This pattern of reproductive states would involve reproduc-

tive costs occurring on a two or three year period. Such a pattern would be very

difficult to identify (e.g., cannot be modeled using a first-order Markov chain),

but could occur in food-limited populations like Chizé (Nilsen et al. 2009). How-

ever, this hypothesis is not expected based on the tactic of resource allocation to

reproduction displayed by female roe deer. Roe deer females are income breed-

ers (Andersen et al. 2000) that do not rely on body reserves for raising offspring,

and use currently available resources (Jönsson 1997). The absence of any repro-

ductive cost in terms of reproduction in female roe deer recently reported (Hamel

et al. 2009a) also causes the hypothesis of reproductive costs to be unlikely. Al-

ternatively, fixed heterogeneity in fecundity could be induced by the between-

individual differences in phenotypic quality. Litter size in polytocous large mam-

mals (Gaillard et al. 2000b) and in roe deer in particular (Andersen et al. 2000)

is tightly associated with body mass. Heavy females are more likely to produce
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twins than light females, which usually produce singletons. As the adult body

mass varies little from year to year in adult roe deer (Andersen et al. 2000), heavy

females should have two embryos most years, whereas light females should have

most of the time only one embryo.

If both fixed and dynamic heterogeneities are necessary to model reproduc-

tion, their relative roles are difficult to quantify (Orzack et al. 2011, Caruso et al.

2012). Adding the effect of age and time to estimate the transition matrix with a

dynamical process does not appear to change the generated distribution markedly.

As a result, differences existing between age- (respectively, time-) dependent and

independent transition matrices cannot be distinguished at the population level

and so time and age seem to be negligible factors when considering the popula-

tion distribution of reproductive success over lifetime events, whereas they ap-

pear to be the structuring factors shaping variation among individual transitions

between reproductive states. Then dynamic heterogeneity would be mainly gen-

erated by a stochastic process between reproductive states rather than by environ-

mental changes or a change in age structure in roe deer. However, these results

could be different in populations with more complex age structures (Nussey et al.

2008, McCleery et al. 2008, Aubry et al. 2011) or those affected by environmental

changes more strongly (Grøtan et al. 2008).

5.7 Conclusion

The dynamic model of heterogeneity proposed by Tuljapurkar et al. (2009) can

be viewed as a null model generated only by stochasticity when using simulated

datasets and removing the correlation between survival and reproduction. More-

over, it is very difficult to disentangle fixed and dynamic heterogeneity when low

variability occurs in a life-history trait. We demonstrated that the fecundity of

female roe deer is not only shaped by dynamic heterogeneity and that the yearly

reproductive success could be correlated with survival. We can thus conclude that
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dynamic heterogeneity alone cannot model all the reproductive trajectories of ver-

tebrates as reported until now (Tuljapurkar et al. 2009, Steiner et al. 2010, Orzack

et al. 2011).

However, as shown by Tuljapurkar et al. (2009), Steiner et al. (2010), and

Orzack et al. (2011), we suggest that among-individual structured variance in a

given trait can be modeled as a stochastic process. Individual differences could

not be interpreted as an individual quality before the process that generates these

differences has been identified. Further analyses remain to be done to quantify

the relative role of fixed and dynamic heterogeneity. A step forward would be

to add fixed and dynamic covariates (Caruso et al. 2012, Orzack et al. 2011) to

assess whether they improve the models and explain the remaining variance. An-

other possibility would be to employ an integral projection model to estimate the

Markov chains for individuals born to different body sizes (Coulson et al. 2010).

We have to be careful how to interpret the comparison of generated and observed

distributions because a similar distribution may be generated by different pro-

cesses. This distribution comparison is a test with a high type II error rate ac-

cording to the null hypothesis tested. Moreover, it is not sufficient to compare the

different trajectories present in a population. At the individual level, the trajecto-

ries observed have to be compared to simulated trajectories.

5.8 Supplementary material
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Table 5.3. Selection of the best capture mark recapture model to estimate transition, survival

and recapture probabilities. A model selection was performed for each of the three reproductive
metrics of roe deer: Reproductive status, fecundity (from the population of Chizé) and reproductive

success (from the population of Trois Fontaines), from the full time, state and age (3 level factor:
primiparous, prime-aged and senescent females) model. However, as transition probabilities could
not be modeled with a full-time model because of the large number of parameters, we started with
a state, age and time-period model for Chizé and a state and age model for Trois Fontaines in
transition probabilities. We tested for an effect of two periods of time (period of high vs. low
density) instead of a full time-dependence at Chizé. Moreover we tested for an effect of two level
age factor (prime-aged vs. senescent females) instead of a three level age factor. Model selection
was performed using corrected Akaike information criterion (AICc) and parsimony principle was
respected for two competing model when the difference of AICc was less than to 2. k stands for
the number of estimable parameters, Dev for the deviance and ∆AICc for the difference of AICc
between two competing models. Models in bold are the models selected for each reproductive
metric.

Reproductive status

Survival Transition Recapture k Dev ∆AICc
state.time.age3 time-period.age3 state.time 188 1999.41 322.770
state.time.age3 age3 state.time 182 2009.19 310.864
state.time.age3 age2 state.time 180 2017.40 311.959
state.time.age3 1 state.time 178 2086.75 374.233

state.time-period.age3 age2 state.time 60 2099.57 45.371
state.time-period.age2 age2 state.time 56 2102.27 38.603

time-period.age2 age2 state.time 52 2106.29 33.268
age2 age2 state.time 50 2145.18 67.526

time-period age2 state.time 50 2156.93 79.270
1 age2 state.time 49 2187.62 107.657

time-period.age2 age2 time 30 2125.54 2.999
time-period.age2 age2 1 9 2166.97 0

Fecundity

state.time.age3 time-period.age3 state.time 300 2302.84 769.180
state.time.age3 age3 state.time 282 2319.40 677.174
state.time.age3 age2 state.time 276 2334.28 657.986
state.time.age3 1 state.time 270 2408.56 699.165

state.time-period.age3 age2 state.time 96 2452.50 75.683
state.time-period.age2 age2 state.time 90 2454.72 61.830

time-period.age2 age2 state.time 82 2458.20 44.376
age2 age2 state.time 80 2493.91 74.930

time-period age2 state.time 80 2510.67 91.695
1 age2 state.time 79 2541.88 120.344

time-period.age2 age2 time 38 2519.76 0.000
time-period.age2 age2 1 17 2565.94 0.524

Reproductive success

state.time.age3 age3 state.time 366 2006.89 1653.024
state.time.age3 age2 state.time 360 2015.74 1576.478
state.time.age3 1 state.time 354 2022.49 1502.343

state.age3 1 state.time 102 2129.35 41.844
state.age2 1 state.time 99 2137.76 41.462

age2 1 state.time 95 2147.63 39.785
1 1 state.time 94 2184.08 73.384

age2 1 time 37 2256.20 0

age2 1 1 9 2385.46 68.400
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Chapter 6

Born to get lucky: the influence of birth date on

fitness in a long-lived mammal

F. Plard, J.-M. Gaillard, T. Coulson, A.J.M. Hewison, M. Douhard, D. Delorme, C. Warnant

and C. Bonenfant

The timing of birth has marked impacts on early life and early development of newborns in many
species. Early-born offspring often survive and grow better than late-born offspring during this early
stage. Despite the long-lasting effects of early conditions on individual life history traits, the influence
of birth date on fitness has rarely been investigated for long-lived species. In this study, we analyzed
both the short- and long-term effects of birth date on individual life-history traits and explored its
consequent impact on fitness in a population of roe deer. We considered both the direct effects of
birth date as well as the indirect effects mediated through the effects of body mass, which is tightly
linked to birth timing, on demographic parameters. We found that in addition to short-term effects on
the early life stage, birth date generates silver spoon effects on adult life-history traits. Birth date had
long-lasting effects on adult body mass such that early-born individuals were on average 3 kg heavier
as adults than late-born individuals, although adult survival was similar between these categories.
Based on the relationships between birth date, body mass and demographic parameters, we built an
IPM describing the simultaneous distributions of birth date and body mass in this population. We
found that early-born individuals gain a 15.6% advantage in fitness over late-born individuals. These
long-lasting effects of birth date on fitness were mediated through the influence of birth date on
yearling and adult body mass. By determining development of newborns during the early stages,
birth date has a critical influence on each step of an individual’s subsequent life-history trajectory.
We conclude that these long-lasting effects of birth date also operate in long-lived species, but their
intensity should vary as a function of the generation time and the life-history tactic of the species.
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6.1 Introduction

The timing of reproduction is critical in most species because it determines re-

productive success of individuals (Price et al. 1988) and thus influences annual

population growth. The timing of reproduction has been particularly well studied

in the context of climate change (Dickey et al. 2008, Moyes et al. 2011b) because

a mismatch between birth timing and peak resource availability decreases annual

recruitment (Post and Forchhammer 2008). In temperate areas, births are gener-

ally characterized by a high degree of seasonality and synchrony each year (Bron-

son 1989). Two evolutionary hypotheses may account for the high synchrony of

births in animal populations. First, birth timing may be under significant selection

pressure to match with peak food resource availability so as to allow parents to

cope with the high energy expenditure of raising offspring. For instance, in large

herbivorous mammals late gestation and early lactation are energetically demand-

ing (Sadleir 1969, Clutton-Brock et al. 1989), so females should match parturition

with the peak of the vegetation flush to maximize reproductive success (Rutberg

1987, English et al. 2012). Second, if neonates born at the peak of the birth sea-

son have a lower probability of being preyed upon than neonates born before and

after this peak, birth synchrony may have evolved as a predator-swamping tactic

(Estes 1976, Ims 1990). Despite this generally high degree of synchrony, within

population variation in individual birth date has the potential to greatly influence

early survival and body growth and is thus expected to generate long term effects

on fitness (Lindström 1999, Cam and Aubry 2011). In this paper, we investigated

the long-term effects of individual birth date on adult life-history traits and fitness.

Yearly variation in weather conditions influences both the quality and the

quantity of available resources during the period around birth. As a result of

phenotypic plasticity, in some species, females have been shown to fine-tune the

timing of birth from year to year to match peak resource availability (Arlettaz et al.

2001, Franken and Hik 2004, Ogutu et al. 2009, Love et al. 2010). In temperate
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and northern areas, early-born young benefit from a longer growth period and at-

tain a higher body mass before the onset of the harsh season than neonates born

after the peak of vegetation production (moose Alces alces, Solberg et al. 2007,

bighorn sheep, Ovis canadensis Feder et al. 2008). For example, in bighorn sheep,

for each day of delayed birth, male and female lambs were respectively 210g and

196g lighter in mid-September (Feder et al. 2008). For a given individual, being

born early in the season also has positive effects on early survival in many species

(red deer, Cervus elaphus, Guinness et al. 1978, western gulls, Larus occidentalis,

Spear and Nur 1994, mosquitofishes, Gambusia affinis, Reznick et al. 2006). For

instance, the probability of surviving until the end of the first winter for red deer

calves born very early was more than double that of calves born very late in the

season (Guinness et al. 1978). Although, in some cases, young born very early

in the season may encounter harsh environmental conditions (Wilson et al. 2005)

or suffer from higher predation (Estes 1976) than young born during the peak of

births, as a general rule, late-born young have a lower early survival than indi-

viduals born early or during the birth peak in most large herbivores and passerine

birds.

To date, most studies have focused on the short-term consequences of vari-

ation in individual birth date on the early stages of life and evidence for long-

term effects of birth date on adult life history stages and on fitness are still lack-

ing for long-lived species (Green and Rothstein 1993, Lindström 1999, Cam and

Aubry 2011). A link between reproductive timing and fitness components has

been demonstrated for short-lived species (hatching date in lizard (Sinervo and

Doughty 1996), birth date in fish (Schultz 1993, Reznick et al. 2006) hatching

date and fledging date in birds (Visser and Verboven 1999, Sheldon et al. 2003,

Saino et al. 2012) and birth date in small mammals (Réale et al. 2003a, Rödel et al.

2009)). At the individual level, poor early conditions may permanently constrain

body growth and generate positive covariation among adult life history traits (the

”‘silver spoon effect”’, Grafen 1988). For instance, environmental conditions at
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birth influence both early survival and growth (Gaillard et al. 2003b, Beauplet

et al. 2005), but also adult life history traits such as body mass (roe deer, Capreo-

lus capreolus, Pettorelli et al. 2002), and lifetime reproductive success (red deer,

Kruuk et al. 1999, oystercatchers, Haematopus ostralegus, van de Pol et al. 2006).

In humans, Lummaa (2003) found a link between the month of birth, reflecting

birth conditions, and the number of grand-children a woman had in her lifespan.

Because it affects the early body development of young which, in turn, is asso-

ciated with adult traits, the date of birth has the potential to generate long-term

consequences on adult phenotypic traits but this question has seldom been inves-

tigated in the wild so far.

As a consequence of the long-term effects of early life conditions on life his-

tories, females born early should have high early survival and, when adult, could

themselves give birth early in the season. Indeed birth date and laying date have

been found to partly be heritable (Réale et al. 2003a, Sheldon et al. 2003). The

young of these early-born females should therefore also have a high early sur-

vival so that, as a consequence, early-born females should achieve higher fitness

than late-born females. Moreover, in species for which adult body mass is closely

correlated with juvenile body mass, females born early in the birth season should

also be heavier and so produce larger litters, on average, each year, than late-born

females. While such relationships are often assumed in studies using laying (or

birth) date as a proxy of female quality (Sydeman and Eddy 1995, Catry et al.

1999, Blums et al. 2005), very few studies have explicitly investigated the rela-

tionship between reproductive timing and fitness in long-lived species.

In this study, we investigated both the short-term and the long-term effects of

birth date on individual life-history traits and on fitness in an intensively moni-

tored population of a long-lived mammal, the roe deer. We tested the following

hypotheses: (i) early-born fawns should survive better and show higher early body

growth than late-born fawns. (ii) Birth date should generate a “silver spoon” ef-

fect whereby early-born individuals should reach a higher adult body mass, should
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gain higher annual reproductive success and should live longer than late-born in-

dividuals. Finally, using the observed relationships between birth date, body mass

and demographic parameters, we built an integral projection model (Easterling

et al. 2000) to analyse the distribution of two continuous traits (body mass and

birth date). This allowed us to investigate both the direct influence of birth date

on fitness through its effect on annual reproductive success and survival as well

as the indirect influence of birth date on fitness through its effect on body mass.

(iii) We expected early-born individuals to achieve higher fitness than late-born

individuals.

6.2 Materials and Methods

STUDY POPULATION

The roe deer population located at Trois Fontaines (48◦43’N, 2◦61’W) inhabits

an enclosed 1,360ha forest in north-eastern France. The climate is continental,

with relatively cold winters and warm summers. This roe deer population has

been intensively monitored since 1976 using a Capture-Mark-Recapture (CMR)

sampling design. Captured animals are individually marked using collars (num-

bered or with VHF or GPS devices) and ear tags. The roe deer population at Trois

Fontaines is highly productive, mostly because of the rich habitats and soils which

promote high forest productivity (Pettorelli et al. 2006). Roe deer mate between

mid-July and mid-August. After copulation, embryos cease their development so

that their implantation is delayed by a five month diapause. Embryo development

starts again in late December-early January (Aitken 1974). Births in roe deer are

highly seasonal, synchronous and occur from mid-April to mid-June, with 80%

of births taking place between the 5th and 27th of May at Trois Fontaines (Gaillard

et al. 1993c). Birth dates are normally distributed, with a median birth date of

May 16th. Females are monoestrous and give birth to one or two fawns, once per

year, from 2 years of age onwards.
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DATE OF BIRTH

From the beginning of the birth season (mid-April), a systematic search for fawns

was conducted every year from 1985 to 2012 by the Office National de la Chasse

et de la Faune Sauvage (Delorme et al. 1988). Between 21 and 63 newborn fawns

were found each year through either intensive searches performed by a line of peo-

ple, or by directed searches targeted towards the fawns of radio-collared females.

Fawns were handled by experienced people, ear-tagged and weighed. Fawns were

sexed and aged using umbilicus characteristics and behavior at marking (Jullien

et al. 1992). Error when estimating capture age is less than 2 days (Gaillard et al.

1993c). Birth date was therefore back-calculated based on the fawn’s estimated

age at the date it was found. Roe deer fawns display a “hider” tactic (Lent 1974),

only coming into close contact with the mother for suckling. However, the mother

stays in close proximity to its fawns, remaining spatially isolated from other fe-

males. The identity of the fawn’s mother was established through direct observa-

tion of lactation behavior or by identification of escaping females in the vicinity

of the fawn.

LIFE HISTORY TRAITS

Winter captures of roe deer took place each year between January and March. At

each capture, animals were weighed to the nearest 100g. Yearling and adult body

masses corresponded respectively to the body mass of a given female at 8 months

old (i.e. at first winter capture) and to its median mass as an adult between 4

and 10 years old (Pettorelli et al. 2002). The annual reproductive success of each

female was assessed by the capture of its marked fawns at 8 months old. The age

of all reproducing females analyzed here was known exactly because they were

first captured either as newborns or at 8 months of age during their first winter

captures (identified using the tooth eruption sequence, Flerov (1952)).
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STATISTICAL ANALYSIS

To investigate the short and long-term influences of birth date on life-history traits

and fitness, we considered both the direct effect of birth date on demographic

parameters (survival, reproduction) and the indirect effect of birth date on de-

mographic parameters mediated through its effect on body mass (see Fig. 6.6).

Thus, we tested for both an effect of individual birth date and of body mass (as

a yearling or as an adult) on adult stage life-history traits (adult body mass and

survival). For early life stage traits, we investigated the short-term influence of

individual birth date on early and yearling survival, and yearling body mass. In

addition, we considered the relationship between maternal body mass and early

life history traits of her offspring to control for possible maternal effects. As birth

date may be under stabilizing selection, we tested for both linear and quadratic

effects of birth date on yearling and adult body masses. As we did not expected

a quadratic effect of birth date on yearling and adult survival, we tested for linear

effect of birth date on yearling and adult survival. While the pattern of birth date

has not been previously investigated in this population, we have shown elsewhere

that early survival is linked to birth date through a threshold effect (see part IV).

As we expected a simple directional influence of body mass on life-history traits,

we only tested for linear effects of body mass.

Birth date and early-life stage traits: The influence of birth date and ma-

ternal body mass on individual early survival (proportion of fawns of each litter

that survived up to 8 months of age) was investigated using a generalized linear

mixed model with a logit link and a binomial distribution (N=256). Because there

is no difference between the sexes in individual early survival in roe deer (Gail-

lard et al. 1997), we pooled fawns of both sexes in this analysis. We modeled a

threshold (and not a linear, part IV) effect of birth date (constant until the 12th

of May, then decreasing from this birth date onwards) and a linear effect of ma-

ternal body mass on individual early survival. The influence of birth date and

maternal body mass on yearling body mass was modeled using a linear mixed
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model (N=112). As males are heavier than females at 8 months of age in roe deer

(Gaillard et al. 1996), we also included an effect of sex. In models describing indi-

vidual early survival and yearling body mass, we included cohort as random effect

on the intercept to control for among-year variation in environmental conditions

and maternal identity as a random effect to control for the fact that among-female

heterogeneity in reproductive performance is partly unrelated to body mass and

birth date. The influence of an individual’s birth date and yearling body mass

on its yearling survival (i.e. from 8 to 20 months old) was investigated using a

generalized linear mixed model, including cohort as a random effect (N=113).

Birth date and adult stage traits: To investigate if individual birth date has

a direct effect on individual adult body mass over and above its indirect effect on

adult body mass mediated through its effect on individual yearling body mass,

we performed a path analysis (N=67, Shipley 2009). In all models, we included

an influence of individual birth date on yearling body mass and tested for direct

effects of both individual birth date and yearling body mass on individual adult

body mass using a linear model, including only females. The influence of an in-

dividual’s birth date and adult body mass on its adult survival was tested using a

capture-mark-recapture (CMR) framework. Models were fitted using capture his-

tories of 110 females in the software ESURGE (Choquet et al. 2009). Based on

previous studies in this population (e.g., Choquet et al. 2011), recapture probabil-

ity was modeled for 3 discrete time periods (1986-1999, 2000, 2001-2012). As no

effects of individual birth date or body mass on individual adult survival were de-

tected (see results), we used all monitored individuals to estimate an overall adult

survival probability in the population using a CMR framework (N=418).

For each life-history trait except adult body mass, the best model was selected

using the Akaike information criterion (AIC, Burnham and Anderson 2002). We

selected the model with the lowest AIC and highest AIC weight (wi, calculated

as a measure of the likelihood that a given candidate model is the best among the

set of fitted models). For modeling adult body mass, we used a path analysis in a
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Bayesian framework (Gelman and Hill 2007) with OpenBUGS and tested for both

the influence of yearling body mass and for the direct effect of individual birth date

on adult body mass using the Deviance Information criterion (DIC, Spiegelhalter

et al. 2002). We conducted 20000 simulations and used the first 5000 as burn-in.

Birth date and fitness. To investigate the influence of birth date on fitness,

we used an integral projection model (IPM) to analyse the dynamics of the dis-

tributions of two continuous traits over time (Easterling et al. 2000, Ellner and

Rees 2006, Coulson 2012): body mass (bm) and birth date (bd), for female roe

deer in the population of Trois Fontaines. The contemporaneous distributions

of body mass and birth date (n(a + 1, t + 1, bm, bd)) at year t + 1 according

to their age a + 1 depend on their distributions at year t and on five functions:

the inheritance function for birth date (Ibd(a, t, bm, bd′|bd)) links the offspring’s

birth date to the birth date and body mass of the mother. The recruitment func-

tion (R(a, t, bm, bd′)) describes the number of offspring a mother successfully

raised as a function of their birth date and the mother’s body mass. The inher-

itance function for body mass (Ibm(a, t, bm′|bm, bd′)) links an offspring’s body

mass at 8 months of age (yearling body mass) to its birth date and maternal body

mass. The growth function (G(a, t, bm′|bm, bd)) describes the individual-level

relationship between body mass as a yearling and body mass as an adult, given

that individual’s birth date, while the survival function (S(a, t, bm, bd)) describes

the probability that an individual survives in relation to its birth date and body

mass. Then:
n(1, t+ 1, bm′, bd′) =
∑

a

∫ ∫

Ibm(a, t, bm′|bm, bd′)R(a, t, bm, bd′)Ibd(a, t, bm, bd′|bd)n(a, t, bm, bd) dbm dbd

n(a+ 1, t+ 1, bm′, bd) =
∫ ∫

G(a, t, bm′|bm, bd)S(a, t, bm, bd)n(a, t, bm, bd) dbm dbd, a ≥ 1

The continuous IPM can be approximated as a high dimensional discrete ma-

trix (Easterling et al. 2000). To minimize the size of the matrix, we used a two

age-class structure: yearling (1 year old) and adult females (Nilsen et al. 2009).

We built an IPM based on the parameters (intercepts and slopes) recorded from
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the selected models of early and late life-history traits (Table 6.2, Fig. 6.6). As

the inheritance function of birth date was not investigated in the analysis, the link

between offspring birth date and maternal birth date and body mass was modeled

using a linear mixed model (N=89), including year and maternal identity as ran-

dom effects on the intercept. Sex was not included as there is no difference in

average birth date between males and females roe deer (Gaillard et al. 1993c).

As almost all roe deer females give birth to two fawns in the studied population

(Gaillard et al. 1998a), we considered litter size at birth as a fixed parameter and

modeled the recruitment function based solely on estimates of early survival from

birth to the onset of winter (at 8 months of age). As the sex ratio at birth of roe deer

is close to 0.5 (Hewison et al. 1999), litter size at birth was set to one female (we

only considered females in the IPM). We modeled both the inheritance functions

and the growth function using a normal probability density. The mean of each of

these functions provides the link between the offspring trait and the maternal trait

(including the effect of the individual’s birth date for the inheritance function of

body mass) for the inheritance functions and between an individual’s adult body

mass and its yearling body mass and its birth date for the growth function. The

variances of these functions were estimated from the squared residuals of the mean

relationships and were kept constant. As adult body mass of an individual female

varies little among years in roe deer (Andersen et al. 2000, Plard et al. 2014), we

assumed that an individual’s body mass was constant from 2 years old to death

and equal to its median adult body mass (between 4 and 10 years old), so limiting

the size of the matrix to two age classes. While this assumption may lead to a

slight over-estimate of body mass for 2 and 3 year old individuals and for females

older than 10 years old, this is unlikely to overly influence our analyses as roe

females reach 93% of their adult body mass at 2 years of age, while body mass

decreases on average by 1kg (senescent females weigh 96% of their adult body

mass) in the senescent class (Hewison et al. 2011). We generated 60 birth date

class intervals of 1 day between the 15th of April and the 14th of June and 60 body
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mass classes of 0.5kg between 5 and 35 kg. The stable distributions of body mass

and birth date were estimated from this IPM.

We quantified the influence of birth date on fitness by estimating the growth

rate (N1

N0
, where N , the size of the group was standardized to 1 at t = 0) of 60

groups of adult females, which differed in terms of their birth date. The distribu-

tion of adult body mass within each group was determined in relation to the stable

distribution of adult body mass for a given birth date. Second, to investigate the

relative influence of birth date on fitness mediated by each function, we estimated

successively the growth rate of the same 60 groups of adult females when exclud-

ing the influence of birth date for one of each of the five functions. Finally, we

simulated 60 groups of 1000 yearling females, which differed in terms of their

birth date that we monitored until the death of all individuals in the group. For

each group, we recorded mean adult body mass, annual reproductive success, and

both mean female offspring body mass and life expectancy at 8 months of age as

predicted by the IPM. All statistical analyses were performed with the R software

from codes (available on request from FP) based on Easterling et al. (2000) and

Coulson (2012).

6.3 Results

BIRTH DATE AND EARLY-LIFE STAGE TRAITS

Individual early survival was best described by a model that included additive ef-

fects of individual birth date and maternal body mass (Table 6.1A, wi = 0.67, Ta-

ble 6.3A). Fawns born before the 12th May had a probability of 0.52 [0.42;0.61],

on average, of surviving to 8 months old. Early survival probability decreased

from this date onwards such that fawns born late in the season (May, 31st, Fig. 6.1A)

had a probability of only 0.32 [0.20;0.48], on average of surviving to the same age.

Maternal body mass influenced early survival positively such that fawns born to

mothers weighing 20kg had on average a 0.25 [0.14;0.40] probability of surviving,
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Table 6.1. Model selection for the early life stage and adult stage life-history traits. A. Early

survival. Influence of maternal body mass (BMM ) and individual birth date (BD, with a thresh-
old effect from May 12th) on individual early survival (to 8 months of age). B. Yearling body

mass. Influence of individual birth date (BD, linear and quadratic effects) and of maternal body
mass (BMM , linear effect) on individual yearling body mass. An effect of sex was included in the
models. C. Yearling survival. Influence of individual birth date (BD, linear effect) and yearling
body mass (BMY , linear effect) on individual yearling survival. D. Adult body mass. Influence
of individual birth date (BD, linear and quadratic effects) and yearling body mass (BMY , linear
effect) on individual adult body mass. An indirect effect of birth date on adult body mass through
its effect on yearling body mass was also included in all models using a path analysis. E. Adult

survival. Influence of individual birth date (BD, linear effect) and adult body mass (BMAd, linear
effect) on individual adult survival (Ad). k indicates the number of estimated parameters, LL is the
maximum log likelihood, Dev is the deviance of the model, ∆AIC indicates the difference in the
AIC between two competing models, and wi corresponds to Akaike weights. Pd is the estimated
number of parameters, D̂ is the deviance of the model and ∆DIC indicates the difference in the
DIC between two competing models. The selected models are indicated in bold. 1 represents the
constant model (i.e. intercept only).

Early-life stage traits
A. early survival k LL ∆AIC wi

BMM + BD 5 -181.347 0 0.673

BD 4 −185.941 7.187 0.018

BMM 4 −183.140 1.585 0.304

1 3 −188.334 9.975 0.005

B. yearling body mass k LL ∆AIC wi

sex+BMM +BD +BD2 8 −253.102 1.999 0.252

sex+BD +BD2 7 −257.037 7.869 0.013

sex + BMM + BD 7 -257.068 0 0.685

sex+BD 6 −257.038 5.870 0.036

sex+BMM 6 −258.077 7.948 0.013

sex 5 −262.589 14.972 0.000

C. yearling survival k LL ∆AIC wi

BMY +BD 4 −20.757 0.488 0.345

BMY 3 -21.513 0 0.441

BD 3 −22.875 2.724 0.113

1 2 −23.980 2.934 0.102

Adult stage traits
D. adult body mass Pd D̂ ∆DIC
BMY +BD +BD2 7 538.500 0.300

BMY + BD 7 537.400 0

BMY 6 540.900 1.400

BD 6 580.300 40.600

1 5 585.300 43.500

E. adult survival k Dev ∆AIC wi

BMAd +BD 7 1462.309 3.733 0.080

BMAd 6 1462.531 2.055 0.185

BD 6 1462.323 1.746 0.216

1 5 1462.576 0 0.518
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while those born to mothers weighing 28kg had, on average, a 0.71 [0.54;0.83]

probability of surviving (for fawns born at the peak of the birth season). This

model accounted for 6% (of which, 1% was due to the effect of birth date) of the

observed variation in early survival (note that the proportion of variation explained

for a binomial response variable is always lower than that for a gaussian variable).

Individual yearling body mass was best described by a model that included

additive effects of maternal body mass and individual birth date (Table 6.1B, wi =

0.69, Table 6.3B) and which explained 19% (of which, 6% was due to the effect

of birth date) of the observed variation in yearling body mass. Early-born fawns

(1st May) were 2.5 kg [0.4;4.7 kg] heavier, on average, at 8 months of age than

late-born fawns (31st May) (Fig. 6.1B). Moreover, for a given birth date, heavy

mothers (28 kg) produced offspring that were, on average, 3.4 kg [0.5;6.4 kg]

heavier at 8 months of age than light (20 kg) mothers.

The best model describing individual yearling survival from 1 to 2 years of

age included an effect of individual yearling body mass (Table 6.1C, wi = 0.44).

Heavier yearlings had a higher probability of surviving to 2 years of age than

lighter yearling (0.89 vs. 0.99 for yearlings of 12 kg and 20 kg, respectively,

Fig. 6.4)

BIRTH DATE AND ADULT STAGE TRAITS

The best model describing individual adult body mass included additive effect of

birth date together with the indirect effect of birth date on adult body mass medi-

ated through yearling body mass (Table 6.1D). The retained model accounted for

50% of the observed variation in adult body mass, of which 6% was explained by

the direct effect of individual birth date (Table 6.3D). An individual’s birth date

influenced its adult body mass directly (independently of body mass at 8 months

of age) such that early-born individuals (1st May) reached a higher body mass

than late-born individuals (31st May) (24.0 kg vs. 22.5 kg, Fig. 6.2A). However,

individual birth date influenced adult body mass mainly through its effect on year-
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Fig. 6.1. Influence of individual birth date on individual early survival (A.) and yearling

body mass (B.) for female roe deer at Trois Fontaines, France. Data used to fit the model
are represented by closed circle (A.) whose size is proportional to the number of observed births
within 30 classes of birth date (of 1.5 days from April 17th to June 5th) (B.) whose one point
represents one individual.
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Fig. 6.2. Long-term direct (A.) and indirect (i.e. mediated through body mass, B.) influence

of individual birth date on individual adult body mass for female roe deer at Trois Fontaines,

France.
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Table 6.2. Models of the five functions used to build the IPM describing the contemporaneous

distributions of birth date (BD) and body mass (BM ). M : Maternal, Y : Yearling, Ad: Adult

recruitment R(BMM , BD) = 1

1+e−(−0.24+0.25∗BMM−0.04∗BD)

growth G(BMAd|BMY , BD) = 1√
2π∗1.47

e
−

(BMAd−(19.49+0.63∗BMY −0.05∗BD))2

2∗1.472

inheritance BD IBD(BD|BDM ) = 1√
2π∗4.65

e
−

(BD−(112.9+0.17∗BDM ))2

2∗4.652

inheritance BM IBM (BMY |BMM , BD) = 1√
2π∗1.20

e
−

(BMY −(17.97+0.43∗BMM−0.08∗BD))2

2∗1.202

survival SY (BMY ) = 1

1+e−(−4.24+0.53∗BMY )

SAd = 0.82

ling body mass, which was a better predictor of adult body mass than birth date

(∆DIC = 40.6 if we removed the effect of yearling body mass from the best

model vs. ∆DIC = 1.4 if we removed the effect of birth date from the best

model, Table 6.1D). A yearling weighing 12 kg reached an adult body mass of, on

average, 20.8 kg, whereas a yearling weighing 20 kg weighed, on average, 25.8 kg

as an adult (Fig. 6.2B).

Individual birth date had no effect on individual adult survival (Table 6.1E,

Table 6.3E). We thus parameterized the IPM with a constant adult survival rate of

0.824 [0.796;0.850] (Fig. 6.4).

INFLUENCE OF BIRTH DATE ON FITNESS

We built an IPM from the parameter estimates that we generated above for each

of the five functions (Table 6.2). For the inheritance function, offspring birth date

was positively related to maternal birth date (Table 6.4, wi = 0.35) such that

females born early in the season (1st May) gave birth, on average, 5 [-2;13] days

earlier than females born late in (31st May) the season (Fig. 6.5). Five per cent of

the observed variation in offspring birth date was explained by this model.
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Fig. 6.3. Stable distributions of body mass in the population (A.) and of birth date among

yearling individuals (B.).
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We evaluated the stable distribution of body mass from the IPM which re-

vealed two peaks corresponding to a mean body mass of 16 kg and 23 kg for year-

ling and adult female roe deer, respectively (Fig. 6.3A). The stable distribution of

yearling birth dates was also in agreement with field observations, with a mean

birth date of 135.5 (15th May vs. 16th May for the observed mean birth date of

newborns in this population) and a normal distribution of birth dates (Fig. 6.3B).

We estimated that the fitness of early-born individuals (1st May) was 15.6%

higher than that of late-born individuals (31st May) (λ = 1.37 vs.1.16). The long-

term effect of birth date on fitness was mainly driven by an indirect effect of birth

date mediated through yearling and adult body mass. Indeed, the difference in

fitness between early- and late-born individuals was 9.2% when the influence of

birth date on yearling body mass was removed from the inheritance function for

body mass and 10.3% when the influence of birth date on adult body mass was

removed from the growth function. Simulating 60 groups of yearlings born on

different days revealed that early-born females (1st May) weighed 3 kg more as

adults than late-born females (31st May). Because birth date was only weakly re-

lated to yearling survival through its effect on yearling body mass, life expectancy

at 8 months of age was marginally higher for early-born individuals than for late-

born individuals (6.57 +/- 4.91 vs. 6.42 +/-4.93). We did not identify any direct

effects of birth date on survival and birth date had only a weak direct effect on

annual reproductive success through the inheritance function of birth date. The

difference in fitness between early- and late-born individuals was 12.5% when

the influence of maternal birth date on offspring birth date was removed from the

inheritance function of birth date (compared to 15.6% when including the influ-

ence of birth date for all functions). Removing this direct influence of birth date

on annual reproductive success, early-born individuals had on average 1.05 off-

spring each year vs. 0.71 offspring for late-born individuals (compared to 1.09

vs. 0.66 offspring when including the influence of maternal birth date within the

inheritance function of birth date).
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6.4 Discussion

Our results clearly show that the individual birth date of roe deer can have marked

and long-lasting effects on life-history traits and, ultimately, on fitness in a long-

lived vertebrate. Individuals that are born early in the season have, on average, a

fitness which is 15.6% higher than that of late-born individuals. While the impor-

tance of variation in birth timing for life histories has been acknowledged for a

long time (Bronson 1989, Lindström 1999), the few studies demonstrating long-

lasting effects of birth date in mammals are recent and confined to short-lived

species (European rabbit Oryctolagus cuniculus, Rödel et al. 2009). Indeed, Wil-

son et al. (2005) found no evidence for direct effects of birth timing on fitness

in the Soay sheep (Ovis aries), the only long-lived mammal studied so far. Our

results in a wild population of roe deer suggest that the timing of birth can have a

strong long-term influence on life histories, even in long-lived species.

Birth date commonly affects early-life history traits in many species (Guinness

et al. 1978, Reznick et al. 2006, Feder et al. 2008, Solberg et al. 2007) including

roe deer. Indeed, we found that birth date had a marked influence on early survival,

with early-born fawns surviving much better than late-born individuals. Indeed,

early-born fawns have a higher probability of surviving their first months of life

because they benefit from the availability of high quality resources early in the

spring. Thus, early-born fawns reach a higher body mass as yearlings than late-

born individuals.

Long-lasting impacts of environmental conditions at birth have often been sup-

posed to be mediated through early development (Lindström 1999, Kruuk et al.

1999). For instance, environmental conditions at birth affect both early and late

body growth in female roe deer (Douhard et al. 2013). Similarly, we have shown

that birth date influences individual trajectories through effects on both juvenile

and adult body masses. The indirect effect of birth date on adult body mass

through yearling body mass is clearly related to the match between birth timing
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and food resource availability. Fawns of temperate areas that are born early grow

for a longer time during the plant growing season and so survive better. Thus,

early-born fawns are able to access high quality milk, and in large quantities,

from their mothers who have access to plentiful, highly digestible food resources.

The biological interpretation of the direct influence of birth date on adult body

mass is more challenging, but the establishment of permanent physiological and

metabolic functions during gestation and very early life could explain this kind of

direct effect of early conditions on adult life history traits (Lummaa and Clutton-

Brock 2002). In particular, the development of muscle tissues up until the adult

stage is linked to fetal and very early life conditions because the number of mus-

cle fibers is fixed at birth and strongly influenced by maternal nutrition (Du et al.

2010). Our results contrast with those on Soay sheep where no direct influence

of birth date on fitness was detected and the long-lasting effect of birth date was

simply linked to birth mass. The markedly fluctuating environmental conditions

faced by the Soay sheep population (Coulson et al. 2001) have a mark influence

on annual body mass and could mask any direct long-term effect of birth date on

fitness.

The influence of birth timing on adult life-history traits has been intensively

studied in birds. In the intensively studied barn swallow, a short-lived species

(< 6 years in this study), hatching date was negatively associated with lifetime

reproductive success (Saino et al. 2012). However, the biological link between re-

productive timing and fitness differs between barn swallows and roe deer. In barn

swallows, early hatched individuals are longer-lived than late hatched birds and

thereby obtain higher lifetime reproductive success through a greater number of

reproductive attempts. In contrast, in roe deer, we have shown that birth date has

no effect on adult survival which, as a general rule, varies little among years or

among individuals in large mammals (Gaillard et al. 2000b, Gaillard and Yoccoz

2003). In roe deer, and in large mammals in general, fitness differences among

individuals arise because of variation in annual reproductive success rather than
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in reproductive lifespan. Consequently, females that give birth early successfully

wean, on average, almost twice as many offspring over their lifetime compared to

females that give birth late in the season. This difference in reproductive perfor-

mance is likely linked to the 3 kg higher adult body mass of early-born females as

compared to late-born females. Thus, early-born females are more successful in

raising their offspring (Andersen et al. 2000)

Females which are born the earliest, which are also the heaviest and obtain

the highest fitness, can be considered as the highest quality individuals (Hamel

et al. 2009b). Indeed, while a variety of mechanisms may link birth or hatching

date to fitness, birth date can be considered as an important component of the

multi-dimensional complex that describes individual quality (sensu Wilson and

Nussey 2010). In roe deer, we have shown that birth date influences the whole

life-history trajectory of an individual. Nonetheless, one cannot predict an indi-

vidual’s trajectory from its birth date alone. Individual life-history trajectories are

shaped by both early environmental conditions (including birth date) and current

environmental conditions (Tuljapurkar et al. 2009). The relative role of traits that

are fixed at birth, such as maternal home range or environmental conditions at

birth, versus traits that vary across an individual’s lifetime in response to dynamic

environmental variations remains to be quantified (Tuljapurkar et al. 2009, but see

Helle et al. 2012 on the bank vole). In our models including both early and late

life history traits, birth date explained a maximum of 6% of the observed variation

in the life-history traits that we studied. The large amount of unexplained varia-

tion in these life-history traits can thus be assumed to be linked to either annual

environmental conditions or stochastic variation.

Yearly variation in environmental conditions affects annual body condition

(McNamara and Houston 1996) and the environmental cues used by different

species to time their reproduction (Reed et al. 2010). In a species like roe deer

that displays little among-year variation in body mass, body condition (Andersen

et al. 2000) or timing of birth (Plard et al. 2013), we expected that birth date and
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early life conditions would markedly influence individual life-history trajectories.

On the contrary, in a species that shows large among-year variation in annual body

condition (bighorn sheep, Festa-Bianchet 1998) or in species with marked pheno-

typic plasticity (such as the great tit, Parus major, Nussey et al. 2005), the relative

influence of current annual environmental conditions on life history trajectories

should be higher than in roe deer. Furthermore, as the signature of cohort effects

should decrease with age in long-lived species (in moose, Solberg et al. 2004),

early-life conditions are expected to have a higher impact on species with fast

life-histories such as great tits compared to species with a slower pace of life such

as roe deer or bighorn sheep. Consequently, the magnitude of the long-lasting

effects of early conditions for shaping individual life history trajectories and pop-

ulation dynamics is likely to vary with generation time, and as a function of the

reproductive tactic of the species.

6.5 Supplementary Material
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Table 6.3. Parameter estimates and their standard errors for the selected models describing

the early life stage and adult stage life-history traits. A. Early survival. Influence of maternal
body mass (BMM ) and individual birth date (BD, with a threshold effect from May 12th) on
individual early survival (to 8 months of age). B. Yearling body mass. Influence of individual
birth date (BD), of maternal body mass (BMM ) and of sex on individual yearling body mass.
C. Yearling survival. Influence of individual yearling body mass (BMY ) on individual yearling
survival. D. Adult body mass. Influence of individual birth date (BD) and yearling body mass
(BMY ) on individual adult body mass. E. Adult survival was independent of both adult body
mass and birth date. Early survival and yearling survival were modeled using generalized linear
mixed models with a logit link and a binomial error. Adult survival was estimated using a capture-
mark-recapture model. Other life-history traits were modeled using linear mixed models.

Early life stage traits
A. early survival value SE

Intercept −0.24 3.64

BD −0.04 0.02

BMM 0.25 0.08

B. yearling body mass value SE

Intercept 17.97 5.33

BD −0.08 0.03

BMM 0.43 0.15

sex −1.00 0.40

C. yearling survival value SE

intercept −4.24 3.88

BMY 0.53 0.26

Adult stage traits
D. adult body mass value SE

Intercept 19.49 3.53

BD −0.05 0.02

BMY 0.63 0.09

E. adult survival value SE

Intercept 0.82 0.01
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Table 6.4. Model selection (A.) and parameter estimates (B.) for the inheritance function of

body mass. Influence of maternal birth date (BDM ) and body mass (BMM ) on offspring birth
date. k indicates the number of estimated parameters, LL is the maximum log Likelihood, ∆AIC
indicates the difference in the AIC between two competing models, and wi corresponds to Akaike
weights. The selected models are indicated in bold. 1 represents the constant model (i.e. intercept
only). The inheritance function of body mass was modeled with a linear mixed model.

A. Models k LL ∆AIC wi

BMM +BDM 6 −304.071 1.330 0.179

BDM 5 -304.406 0 0.347

BMM 5 −305.128 1.443 0.169

1 4 −305.533 0.254 0.306

B. Estimates value SE

Intercept 112.90 15.38

BDM 0.17 0.11
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Fig. 6.4. Influence of yearling body mass on yearling and adult survival for female roe deer

at Trois Fontaines, France. Observed mean yearling survival for a given yearling body mass are
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body mass. Data used to estimate adult survival are capture-mark-recapture data and are thus not
presented in the figure.
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Fig. 6.5. Influence of maternal birth date on offspring birth date for female roe deer at Trois

Fontaines, France.
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Fig. 6.6. Conceptual model of the relationships among life-history traits used to build the

five functions of the IPM: the inheritance of birth date, the inheritance of body mass, the recruit-
ment, the growth and the survival functions. Dotted arrows indicate potential effects that were not
supported by the selected model.
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Conclusions

Variation in a given individual trajectory let us no doubt about the influence of

current environmental conditions on each reproductive attempt. However, quanti-

fying the relative influence of fixed and dynamic heterogeneity in shaping individ-

ual heterogeneity in life-history trajectories is particularly challenging as dynamic

and fixed mechanisms can drive to similar observations. The first chapter of this

part did not demonstrate that a dynamic process generated the observed hetero-

geneity in individual trajectories but only suggested that the observed distribution

of individual performance in roe deer could be generated by dynamic heterogene-

ity.

If female trajectories of reproductive status are clearly shaped in part by dy-

namic heterogeneity, the female trajectories of fecundity and reproductive success

are not generated by dynamic heterogeneity only. The chapter six showed that het-

erogeneity in female reproductive success and fitness are partly influenced by the

birth date of an individual. Indeed birth date influenced reproductive success at

each attempt in a trajectory through its influence on adult body mass. While this

study did not quantify the part of individual heterogeneity due to birth date, it

demonstrated that dynamic heterogeneity is not the only process that generates

individual heterogeneity in individual trajectories of reproductive success.

Moreover, these results are in accordance with a recent study analyzing the

influence of environmental conditions at birth on adult reproduction and survival

(Douhard et al, in prep, see appendix). In this study, characterizing the quality of

early developmental conditions by the median yearling body mass of the cohort,

we showed that individuals born under good conditions performed consistently

better during their lifetime than individual born under unfavourable conditions.

All these results contributed to demonstrate the strong influence of birth condi-

tions on an individual fitness.

Individual life-history trajectories, shaped by both fixed and dynamic hetero-
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geneity generate together the dynamics of a population. However, when we model

population dynamics, we considered the population as a given entity and used

mean demographic parameters but, rarely individual estimates of survival and re-

production. Individual heterogeneity can thus mask different strategies used by

different individuals in a same population and these strategies can influence in

different ways population dynamics. In the following part, we thus address the

influence of individual heterogeneity on population dynamics.
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Part III

Influence of individual heterogeneity

on population dynamics
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Part overview

The consequences of individual heterogeneity on population dynamics has largely

been studied through the influence of individual differences in age and sex. These

differences showed that the structure of a population is important to describe re-

liably population dynamics because according to the proportion of individuals of

different age or sex, the dynamics of the population will change. Understanding

how individual heterogeneity influences population dynamics allow us to target

the mechanisms implied in the fluctuations of the demographic rates and the popu-

lation size. However models of population dynamics rarely include the population

structure generated by individual heterogeneity. On the other hand, individual het-

erogeneity is nowadays commonly included in model describing age-dependent

patterns of demographic rates such as survival, reproduction and growth. Includ-

ing such individual heterogeneity allows estimating correctly age-dependent de-

mographic rates by taking into account selective disappearance and possible pos-

itive correlations between early and late reproduction or survival in some individ-

uals. If individual heterogeneity influences demographic rate, it is also expected

to influence population dynamics.

In this part, we analysed the influence of individual heterogeneity on pop-

ulation dynamics by quantifying the influence of measured versus unmeasured

individual differences. Unmeasured individual differences correspond to all indi-

vidual differences that are usually not included in models of population dynamics

because they are unobserved, unmeasured or simply overlooked. We thus built de-

mographic models including or not unmeasured individual differences and com-

pared the influence of unmeasured individual differences with the influence of

measured individual differences on the population growth rate, the net reproduc-

tive rate and the generation time, which represent the main demographic outputs

to assess population dynamics.
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Chapter 7

Quantifying the influence of unmeasured individual

differences and age on demography

F. Plard, J.-M. Gaillard, T. Coulson, D. Delorme, C. Warnant, J. Michallet, S.

Tuljapurkar, S. Krishnakumar and C. Bonenfant

Model predictions change with the inclusion of size, sex and age structure. Failure to in-
corporate unmeasured individual differences in statistical analyses of survival and fertility
can lead to biased parameter estimates. Consequently unmeasured individual differences
have the potential to impact predictions from population models. We construct age- and
size-structured models of a roe deer population, which are parameterized from statistical
functions that either include, or ignore, unmeasured individual differences. We found that
size and age-structured substantially impacted model predictions, as did temporal environ-
mental variation, while unmeasured individual differences impacted predictions to a much
smaller extent. There are two reasons for this. First, the inclusion of individual identity
into statistical models had a relatively small impact on recruitment and survival estimates
of most individuals. Second, in large populations of long-lived animals, average individ-
ual quality is unlikely to vary much with time. So even though a population consisting of
high quality individuals would have much higher population growth than a population con-
sisting of low quality individuals, the probability of observing a population consisting of
individuals of identical high quality is vanishingly small, especially for long-lived species.
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7.1 Introduction

The effects of among- and within-individual variation markedly influence popula-

tion dynamics, particularly in mammals (Benton et al. 2006, Caswell 2001). Most

previous studies of factors generating individual variation in survival and repro-

duction have focused on size, sex and age (Caswell 2001). Age and size both in-

fluence population growth when survival and reproductive rates vary substantially

between small and large individuals, or between those that are young, prime-aged

and elderly (Eberhardt 1985, Gaillard et al. 2000b, Caswell 2001). Most studies

have focused on these attributes because they are both of primary importance for

population dynamics (Albon et al. 2000, Gaillard et al. 2000b, Caswell 2001) and

quite easy to measure. However, when other characters are measured, they have

also been shown to influence demographic parameters (e.g., behaviour (Reid et al.

2004), genes of unknown function (Peripato et al. 2002), chronic disease (Jolles

et al. 2005)).

Generalized linear mixed effect models have become widely used in ecology

and evolution to account for individual differences in performance that cannot be

easily attributed to a specific measured character (Lewis et al. 2006, Nussey et al.

2008, Stopher et al. 2008, Aubry et al. 2009, Knape et al. 2011). The use of these

models has revealed the existence of individual heterogeneity in reproductive traits

(van de Pol and Verhulst 2006) and survival (Cam et al. 2002b) that can mask

life history trade-offs (van Noordwijk and de Jong 1986), including senescence

(Nussey et al. 2008). Unmeasured individual differences vary across studies but

they all capture individual differences that are not accounted for by fixed effects

in the selected model. Any unmeasured character that influences the response

variable (be it genetic, phenotypic, morphological or something else) is captured

by fitting individual as a random effect. Thus, random effects have been used

to measure individual latent quality and have been interpreted as heterogeneity

in individual frailty (Link et al. 2002, Vaupel et al. 1979) but they can also be
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generated by stochastic factors (Tuljapurkar et al. 2009).

Age or size structure will generate a population dynamics signature when the

age or size structure of the population fluctuates in response to environmental vari-

ation caused by climatic conditions or intra- or inter-specific competition (Coul-

son et al. 2001). The same logic applies to unmeasured individual differences.

If unmeasured phenotypic characters markedly influence survival and reproduc-

tion, changing the distribution of unmeasured individual differences should im-

pact the population growth rate, and if the distribution of unmeasured individual

differences fluctuates with environmental conditions or density, these fluctuations

should generate a signature on population dynamics. Although unmeasured indi-

vidual differences have been shown to influence numerous life history traits, little

is known about their impact on population dynamics (but see Rees et al. (1999) on

plants). Nonetheless there is growing evidence that unmeasured characters have

the potential to affect demography (Vindenes et al. 2008, Kendall et al. 2011).

For example, individuals differ in their expected survival and reproduction as a

function of their susceptibility to stochastic factors (Kendall and Fox 2003), with

individual stochasticity strongly shaping the distribution of individual lifetime re-

productive success in birds (see Tuljapurkar et al. (2009) on swans, Cygnus olor

and Steiner et al. (2010) on kittiwakes, Rissa tridactyla).

The influence of unmeasured individual differences on population growth can

be estimated in two ways (Coulson 2012). First, one can compare predictions from

population models parametrized with estimates obtained from statistical analyses

that do, and do not, correct for unmeasured individual differences. Second, the

magnitude of unmeasured individual differences in demographic performance can

explicitly be incorporated into models (Rees et al. 1999, Ellner and Rees 2006) to

compare populations consisting entirely of high or low quality individuals. We

used both approaches when constructing Integral Projection Models (IPMs) for a

population of roe deer. IPMs provide a useful tool to study the consequences of

individual variation on demography (Vindenes et al. 2008) because they offer a
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process-oriented way to study the dynamics of continuous character distributions

(Easterling et al. 2000, Ellner and Rees 2006). IPMs are easy to parametrize

using generalized linear mixed effect models (Ellner and Rees 2006, Jacquemyn

et al. 2010, Coulson 2012) and perturbation analyses can be used to explore how

sensitive model predictions are to model parameters (Rose et al. 2002, Coulson

et al. 2010).

In this paper, we compared the influence of age and mass, which correspond

to measured characters, with unmeasured individual differences on population

growth rate, net reproductive rate and generation time of a population of roe deer

(Gaillard et al. 1998a; 2000a). Considering the influence of individual heterogene-

ity on demographic rates (Nussey et al. 2008) and on demographic stochasticity

and population dynamics (Kendall et al. 2011), we expect individual differences to

impact population growth and demographic outputs. Nevertheless, given the large

amount of among-individual heterogeneity in body mass (Nussey et al. 2011) and

the strong age structure of populations (Coulson et al. 2001) observed in large

herbivores, we expected that individual differences in body mass and age would

impact more population dynamics than individual differences generated by un-

measured individual characters.

7.2 Materials and Methods

In this section, we present the integral projection models we will use including

a section on how unmeasured individual differences were dealt with. Next, we

provide information on the study population and on the parametrization of models.

Finally, we describe the analysis of the models we built.

INTEGRAL PROJECTION MODELLING

We start by defining a as age, t as time and z as the continuous measured character,

body mass. IPMs model the dynamics of a distribution of a continuous charac-
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ter over time (Easterling et al. 2000, Ellner and Rees 2006). IPMs include four

functions that fully describe changes in the character distribution between two

consecutive time steps (year). These are: i) the association between the character

and survival (S(a, t, z′)), ii) the association between the character and recruitment

(M(a, t, z′)), iii) the probability of expressing a given character value at time t+1

given the character value at time t conditional on survival (Growth, G(a, t, z|z′)),

and iv) the probability of producing an offspring with a given character value at

time t+1 given the parental character value at time t conditional on reproduction

(Inheritance, D(a, t, z|z′)). The distribution of body mass n(a + 1, t + 1, z) in

the population at time t+1 depends on the distribution of body mass n(a, t, z′) at

time t and on the four functions. Then:

n(1, t+ 1, z) =
∑

a

∫

dz′D(a, t, z|z′)M(a, t, z′)n(a, t, z′)

n(a+ 1, t+ 1, z) =
∫

dz′G(a, t, z|z′)S(a, t, z′)n(a, t, z′), a ≥ 1

The functions are integrated over a range larger than observed body mass val-

ues. The continuous IPM can be approximated as a high dimensional discrete

matrix A (see Appendix) (Easterling et al. 2000).

The survival function removes mass from the distribution through mortality by

linking individual probability of surviving to body mass. The recruitment func-

tion adds new individuals with given body mass estimated from the inheritance

function, to the distribution of body masses in the population. In our case, the

recruitment function gives the number of offspring a female of a given age and

body mass has weaned successfully (i.e., that survived until 8 months of age) and

the inheritance function determines the mass of the new recruits in the population

as a function of the mass and the age of their mother. The growth function trans-

forms mass within the distribution by giving the transition probability between

mass at t and at t + 1. This model makes the assumption that dispersal can be

ignored, which is fulfilled in the present case of an enclosed population. We also

assume that viability selection occurs before growth and that fertility selection

occurs before inheritance.
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The growth G(a, t, z|z′) and inheritance D(a, t, z|z′) functions were assumed

to be normal probability density functions with means μGro(a, t, z) and μInh(a, t, z)

and variances σ2
Gro(a, t, z) and σ2

Inh(a, t, z), respectively. For growth (inheri-

tance), each body mass (maternal body mass) z at t predicts a normal distribution

of body masses (offspring body mass) z′ at t+ 1:

G(a, t, z|z′) = 1√
2πσGro(a,t,z)

e
− (z′−μGro(a,t,z))

2

2σ2
Gro

(a,t,z)

D(a, t, z|z′) = 1√
2πσInh(a,t,z)

e
− (z′−μInh(a,t,z))2

2σ2
Inh

(a,t,z)

These means (μGro and μInh) and variances (σ2
Gro and σ2

Inh) can be estimated

from linear regressions. Survival (S(a, t, z)) and recruitment (M(a, t, z)) are typ-

ically estimated using generalized linear models.

MODELLING UNMEASURED INDIVIDUAL DIFFERENCES

Unmeasured individual differences can be corrected for in statistical models using

generalized linear mixed effect models with body mass and age as fixed covariates

and individual identity as a random effect on the overall intercept (Ellner and Rees

2006, Coulson 2012). For instance, this estimated variance of unmeasured indi-

vidual differences for recruitment represents the amount of individual differences

that is unrelated to age and body mass in expected recruitment.

We first investigated the influence of unmeasured individual differences on

population growth by constructing IPMs using statistical functions identified from

generalized linear mixed models with, and then without, individual identity in-

cluded as a random intercept. For example, the recruitment function could take

two forms:

one without unmeasured individual differences:

M0(a, t, z) = f(i0(a, t) + b0 ∗ z(t))

where i(a, t) is the intercept and b the slope linking recruitment to body mass.

f represents a link function.

And one including unmeasured individual differences:
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MI(a, t, z) = f(iI(a, t) + bI ∗ z(t) + ǫI) ǫI ∼ N(0, s2I) where s2I is the

variance of the random effect of individual identity in the recruitment function.

For the survival function, as the variance of random effect was estimated to 0 and

because random effect cannot reliably estimate the heterogeneity in survival as

individuals only dies once, we investigated the amount of unmeasured individual

difference in the survival function using a mixture model (Pledger and Phillpot

2008). We built five different models with one to 5 groups of different survival

probability and compared their fit according to the numbers of groups using the

Akaike information criterion (Burnham and Anderson 2002).

Second, a perturbation analysis can be performed by adding to the intercept

of one of the four functions a value PI corresponding to a change in the average

value of population performance. For instance, the recruitment function becomes:

MI(a, t, z) = f(iI(a, t) + bI ∗ z(t) + PI + ǫI) ǫI ∼ N(0, s2I)

The influence of unmeasured individual differences on demographic outputs

can be assessed by comparing situations in which PI represents a population of

median individuals (PI = 0), of high quality individuals (PI > 0) or of low quality

individuals (PI < 0) on average (Coulson 2012). When applied to recruitment,

these perturbations will impact the first rows of the matrix A (see Appendix) where

each entry

A(a′ = 1, z′, a, z) = DI(a, t, z|z
′, PI = 0)MI(a, t, z

′, PI �= 0).

Similarly, when the inheritance function is perturbed,

A(a′ = 1, z′, a, z) = DI(a, t, z|z
′, PI �= 0)MI(a, t, z

′, PI = 0).

When the growth or the survival functions are perturbed, all entries of the

matrix for which a′ > 1 will be perturbed. We can perturb each function inde-

pendently, or we can perturb all functions simultaneously. These perturbations as-

sume populations consisting of individuals with an average value of performance

PI .

156



STUDY POPULATION AND DATA COLLECTION

The studied population of roe deer inhabits an enclosed area of 1,360 ha in the

Trois Fontaines forest in North-eastern France (48◦43’N, 2◦61’W). Over the study

period, population size was controlled to be around 250 individuals older than 1

year of age by yearly removals (Gaillard et al. 1993a), except between 2001-2006

when an experimental manipulation of density was performed and population size

peaked at 450 individuals. The roe deer is a long-lived and iteroparous species,

with most females (>95%, Gaillard et al. 1998a) aged two years or older giving

birth every year in May to either a single or twin fawns. The maximum known age

at death of females was eighteen years, with an average lifespan of 8.5 years. Most

natural mortality occurs within the first month of life (Gaillard et al. 1997). The

population is not subject to systematic predation by large predators or by hunting,

and the few animals killed by humans were right-censored.

The roe deer population has been intensively monitored since 1975 by the

Office National de la Chasse et de la Faune Sauvage (Gaillard et al. 1993a). Most

roe deer are marked with both numbered ear tags and leather collars. Each year,

between 120-300 roe deer are caught between December and March. Individuals

captured for the first time are sexed and marked and all captured individuals are

weighed to the nearest 100g. The age and sex of all individuals considered here is

accurately known because they were captured within their first year of life either

as newborn (Delorme et al. 1988) or as 8 months old during winter captures when

age is determined by the tooth eruption sequence (Flerov 1952). When possible,

the identity of the mother of a fawn is assigned by direct observations of lactating

behaviour or by the identification of an escaping female in the vicinity of the fawn.

MODEL PARAMETRIZATION

We modelled the distribution of female body mass because father-fawn affiliation

is not known. To parametrize IPMs, we estimated the four functions using regres-
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sion models that included year as a random effect, body mass as a fixed covariate

and age class as a fixed factor when included in the model. Individual identity

was fitted as a random effect on the intercept in models corrected for unmeasured

characters (Coulson 2012). An interaction between body mass and age was added

in the growth function because growth rate must change with age in mammalian

species with determinate growth.

The growth function linking body mass at t+ 1 to body mass at t and age at t

was estimated using 488 measures of body mass for 233 individuals (Fig. 8.5 A).

The mean of the growth function, μG(a, t, z) was estimated from the linear mixed

model between body mass z′ at time t + 1 and body mass z, age a at time t,

and, year and individual identity (when included as random effects). The variance

σ2
G(a, t, z) was estimated from the linear mixed regression between the squared

residuals of the previous relationship and the same explanatory variables. When

including a random effect of year and of unmeasured individual differences in the

model:

μG(a, t, z) = iμG
(a, t)+bμG

(a)∗z(t)+ǫY,μG
+ǫI,μG

, ǫY,μG
∼ N(0, s2Y,μG

) ǫI,μG
∼

N(0, s2I,μG
)

σ2
G(a, t, z) = iσ2

G
(a, t)+bσ2

G
(a)∗z(t)+ǫY,σ2

G
+ǫI,σ2

G
, ǫY,σ2

G
∼ N(0, s2

Y,σ2
G
) ǫI,σ2

G
∼

N(0, s2
I,σ2

G
) where s2Y and s2I are the variances of the random effect of year and in-

dividual identity, respectively.

The inheritance function was defined similarly to the growth function. The

regression between mother and offspring body mass was performed on 109 off-

spring from 64 females and an additive effect of sex was included in the model to

keep only the intercept linking mothers to female fawns (Fig. 8.5 B, Table 7.3).

The survival function, S(a, t, z) was estimated from a generalized linear model

with a binomial error structure linking survival (with values 0 or 1) to body mass,

age and year using 914 episodes of survival for 272 females (Fig. 8.5 C).

S(a, t, z) = e
iS(a,t)+bS∗z(t)+ǫY,S

1+e
iS(a,t)+bS∗z(t)+ǫY,S

, ǫY,S ∼ N(0, s2Y,S)

The recruitment function, i.e. the number of offspring successfully weaned by
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mothers of body mass z and age a was decomposed into two functions: the proba-

bility of successfully weaning at least one fawn (realized fertility, F (a, t, z)), and

the probability of producing twins conditional on successful reproduction (twin-

ning rate, φ(a, t, z)). The realized fertility and the twinning rate functions were

modelled similarly to the survival function, as they were both binary variables.

Regressions were performed on 805 potential breeding events of 233 females for

realized fertility (Fig. 8.5 D) and on 588 effective breeding attempts of 211 fe-

males for twinning rate (Fig. 8.5 E). The recruitment function for a female of

body mass z, age class a, at time t was then F (a, t, z) ∗ (1 + φ(a, t, z))/2. We

divided the recruitment by 2 as we only tracked the dynamics of females and we

estimated the sex ratio at 0.5 at recruitment. This is justified by the absence of

between-sex differences in fawn survival in roe deer (Gaillard et al. 1997).

We recorded the parameters (intercepts, slopes and variances of the random

effects) of each function to parametrize IPMs. We created 200 body mass classes

between 1 and 44kg, the heaviest female roe deer recorded being 32kg. The ma-

trices contained 12 ages (with similar survival, growth, reproduction and inher-

itance within a given age class). The last age-class pooled together all females

older than 12 years (senescent females). Consequently, our matrix A had 2400

(12*200) lines and rows (see Appendix). All statistical analyses were performed

with the software R using code based on Easterling et al. (2000) and Coulson et al.

(2010). From each IPM we estimated the asymptotic population growth rate (λ),

the reproductive values and the stable age-size distribution, the net reproductive

rate (R0) and the cohort generation time (Tc). We also estimated mean body mass

and mean survival and recruitment rates across all ages and body masses (Coulson

et al. 2010, Coulson 2012).

ANALYSIS

First, we investigated the effects of body mass and age structure on population

dynamics without modelling unmeasured individual differences by building five
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Table 7.1. Integral Projection Models built to study the influence of body mass, age structure

and unmeasured individual differences on population dynamics.

Model Mass Age Unmeasured individual differences

1 no age

2 x no age

3 x 2 classes

4 x 3 classes

5 x 4 classes

6 x 3 classes x

different IPMs with functions containing different body mass and age structures

(see Table 7.1): the simplest model had no age structure and did not include any

relationship between the different functions and body mass (model with an inter-

cept only). All the others (2-5) models included body mass. The second model

did not include any age structure. The third model contained only two age classes:

yearlings (i.e., one-year-old females, that do not breed in roe deer, Gaillard et al.

1992) and adult females (>1 y.o.). The fourth model contained three age classes:

yearlings, prime-aged adults (2-8 y.o.) and senescent females (>8 y.o.). The most

complex model included four age classes: yearlings, prime-aged adults (2-8 y.o.),

old (8-12 y.o.) and senescent females (>12 y.o. with reduced survival and repro-

ductive performance) (Gaillard et al. 1998b).

We recorded the parameter estimates for each statistical model (Table 7.3). We

examined the effects of body mass and age structure by comparing predicted body

mass, survival and recruitment, population growth rate, net reproductive rate and

generation time with published information on this species (Gaillard et al. 1993a,

Nilsen et al. 2009)

We next performed an elasticity analysis using the most parsimonious age-

structured IPM without modelling unmeasured individual difference to identify

the body mass class that most influences the population growth rate. Elasticity

measures the proportional change in predicted population growth rate (λ) gener-
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ated by a proportional perturbation of the matrix entries. We calculated elasticities

at the level of the matrix entries (Caswell 2001). Then we summed elasticities over

body mass classes to obtain elasticities for each age class:

elasticity of survival of yearling females:

eSy =
∑44

z=1

∑44
z′=1 e(A(2, z

′, 1, z)))

elasticity of survival and recruitment of prime-aged females:

eSpa =
∑7

a=2

∑44
z=1

∑44
z′=1 e(A(a+ 1, z′, a, z))

eMpa =
∑7

a=2

∑44
z=1

∑44
z′=1 e(A(1, z

′, a, z))

and elasticity of survival and recruitment of senescent females :

eSsen =
∑11

a=8

∑44
z=1

∑44
z′=1 e(A(a+1, z′, a, z))+

∑44
z=1

∑44
z′=1 e(A(12, z

′, 12, z))

eMsen =
∑12

a=8

∑44
z=1

∑44
z′=1 e(A(1, z

′, a, z))

Second, we used the most parsimonious age-structured IPM to model unmea-

sured individual differences (model 6, Table 7.1). As described in the section on

modelling unmeasured individual differences, we first compared the demographic

parameters estimated from an IPM including only year, age and size-structure to

the ones estimated from an IPM that also included unmeasured individual differ-

ences. Second, to look at the relative influence of unmeasured individual differ-

ences in each function, we performed a perturbation analysis and compared the

demographic outputs of populations composed of either median quality individu-

als (PI = 0) in all functions except that with PI = QI (high quality) or PI = −QI

(low quality). For instance, the influence of unmeasured individual differences in

the realized fertility function was investigated by setting (PI = 0) in the growth,

twinning rate, survival and inheritance functions and successively (PI = QI,F )

and (PI = −QI,F ) in the realized fertility function. We estimated QI,F by simu-

lating the individual intercept representing the quality value in realized fertility of

populations of 250 individuals using a normal distribution with mean 0 and stan-

dard deviation sI,F (standard deviation of the component for unmeasured individ-

ual difference estimated from the generalized linear model of realized fertility).

QI,F was the third quartile (and so −QI,F was the first quartile) of the distribution
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of the mean quality values of 500,000 simulated populations. We repeated this

analysis for each function separately. Then, we investigated how positive covari-

ances between random intercepts across functions influence the population growth

rate, the net recruitment rate, and the generation time by setting PI successively

to QI and −QI in all functions at the same time.

Finally, we compared the perturbations generated by unmeasured individual

differences to those generated by yearly variation in environmental conditions, by

adding an average value of year quality PY to the intercept. PY was successively

set to PY = QY (favorable year) and PY = −QY (unfavorable year) with PI = 0

in both cases. We simulated a distribution of 500,000 years using a normal distri-

bution of mean 0 and standard deviation sY (standard deviation of the component

for year, different for each function). QY was the third quartile of this distribu-

tion. As for unmeasured individual differences, we altered the intercept in each

function successively and then in all functions at the same time.

7.3 Results

EFFECTS OF MASS AND AGE STRUCTURE

The simplest model (1, Table 7.1) without any effect of mass or age led to over-

estimate both the population growth rate (Table 7.2, λ1 = 1.463 vs. λ2 = 1.350

for a model (2) including individual heterogeneity in body mass) and the net repro-

ductive rate (R01 = 5.330 vs. R02 = 4.986) and to under-estimate the generation

time (Tc1 = 4.363 vs. Tc2 = 5.340). This too high population growth rate was

generated mainly through an over-estimation of recruitment (0.570 vs. 0.452 in

model 2 with body mass). The proportion of yearling in the stable population was

16% higher in a model without body mass than in a model including body mass

(Fig. 7.2A).
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Fig. 7.1. Growth (A), inheritance (B), survival (C), realized fertility (D) and twinning rate

(E) functions used to build the three age-class IPM (Model 6, Tables 7.1 and 7.3): yearling (dark
grey dotted lines), prime-aged (2-8 y.o., black solid lines) and senescent (>8 y.o., grey dashed
lines) females. For the growth (inheritance) function, at each female body mass at t corresponds
a normal distribution of female (offspring) body mass at t+ 1. The mean transitions from female
body mass at t to female (offspring) body mass at t+1 are presented. (A-B) Each point represents
an individual. (C-D) The size of closed circles is proportional to the number of observed individual
values for a given body mass.
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Table 7.2. Influence of body mass, age structure and individual differences on population de-

mographic outputs. ID: unmeasured individual differences, BM: mean body mass, Sur: survival,
Rec: recruitment, LE: life expectancy at 8 months of age

Mass Age model ID1 λ R0 Tc BM Sur Rec LE

1 no age 1.463 5.330 4.369 20.746 0.893 0.570 8.795

2 x no age 1.350 4.986 5.340 20.023 0.898 0.452 8.765

3 x 2 classes 1.258 4.259 6.320 20.655 0.887 0.371 8.200

4 x 3 classes 1.282 3.571 5.127 20.662 0.905 0.377 7.522

5 x 4 classes 1.284 3.550 5.070 20.657 0.906 0.378 7.882

6 x 3 classes x 1.283 3.574 5.106 20.695 0.905 0.378 7.535

Demographic outputs were similar for IPMs incorporating body mass and ei-

ther three or four age classes in models of survival, growth, recruitment and in-

heritance (λ5 = 1.284 vs. λ4 = 1.282, R05 = 3.550 vs. R04 = 3.571 and

Tc5 = 5.070 vs. Tc4 = 5.127 for four and three age classes respectively, Ta-

ble 7.2, models 5 and 4). Estimates of the slopes of body mass were quite simi-

lar (differences <1%) in realized fertility, twinning rate and inheritance functions

when modelling age with three or four age classes (Table 7.3). In the growth func-

tion, the slopes of body mass for senescent and old females were not different from

the slope for prime-aged females (t-test = 1.245 and 0.889, p = 0.214 and 0.375,

respectively). Only the slope of body mass in the survival function increased from

0.079 to 0.086 (a difference of 9%) when the number of age-classes decreased

from 4 to 3. The stable age distribution of body mass was similar when consid-

ering a model with two, three or four age classes (Fig. 7.2 A) and consistently

included a large proportion of adult females around 25kg and a second “hump”

of yearlings weighing around 15 kg. Regardless of the age structure, reproductive

values were consistently higher for larger individuals (Fig. 7.2 B-E).

While models with one or two classes of older females provided similar re-

sults, the model without any senescence (model 3, Tables 7.1 and 7.2) and even

more the model lacking a yearling class (i.e., model with no age, 2) led to markedly
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Fig. 7.2. Stable body mass distributions (A) and reproductive values (B-E) modelled using

five different IPMs: the simplest model included no body mass and age structure (model 1,
Table 7.1) and four models with body mass and different age structures (models 2− 5, Table 7.1).
The four different age structures are four age classes (yearling, prime-aged 2-8 y.o., old 8-12 y.o.
and senescent >12 y.o., females, B), three age classes (yearling, prime-aged 2-8 y.o. and senescent
>8 y.o. females, C), two age classes (yearling vs. adult females, D) and no age structure with and
without body mass (E).
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different results compared to the model with three age-classes. The slopes of

body mass varied from 3% to 10% in all functions except survival for which it

decreased by 37% when comparing models with two and three age-classes (Ta-

ble 7.3). When comparing models 4 and 2, the slopes of the survival and of the

growth functions decreased by 127% and 41%, respectively (Table 7.3) so the in-

put parameters of these IPMs were quite different. When using two age-classes

(yearling vs. adult females, model 3), λ decreased by 1.9%, whereas R0 and Tc

increased by 19% and 23%, respectively (Table 7.2), likely because of a longer

life expectancy (by 7 months) in a model with only two age classes (Table 7.2).

In a model without any effect of age (model 2), all individuals can potentially

reproduce (Fig. 7.2 E), so the mean recruitment increased by 20% compared to

a model with three age-classes, leading Tc, R0 and λ to increase (5.3%, 39.6%

and 4.1%, respectively, Table 7.2). Reproductive values of all individuals were

higher in a model without age structure than in the model with three age-classes

(Fig. 7.2 C,E).

IPMs with no age structure allowed yearlings to reproduce while IPMs with

two age classes did not include the marked senescence in reproduction and sur-

vival observed in this population (Gaillard et al. 2003a), and consequently led to a

markedly larger cohort generation time (but similar population growth rate and net

reproductive rate) than reported in this population previously (Nilsen et al. 2009).

We performed the elasticity analysis on the model with three age classes. The

elasticity analysis revealed that survival among prime-aged females had the high-

est potential impact on the population growth rate (eSpa = 0.50, Fig. 7.5A.). Rela-

tive perturbations in survival among yearlings and recruitment among prime-aged

females also had substantial potential impact on λ (eSy = 0.23 and eRpa = 0.22,

respectively). However, survival and recruitment among senescent females only

weakly influenced λ ( eSsen and eRsen < 0.03). Among prime-aged females, the

elasticities were highest for survival and recruitment of 22.5kg (Fig. 7.5 B) and

24kg females, respectively.
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Fig. 7.3. Stable body mass distributions (A) and reproductive values (B) modelled using three

age classes and including (model 6, Table 7.1, solid lines) or not (model 4, Table 7.1, dashed

line) unmeasured individual differences.

INFLUENCE OF UNMEASURED INDIVIDUAL DIFFERENCES

We built IPMs including unmeasured individual differences using the three age-

class model. The variance of the random intercept of individual identity was es-

timated to be zero in the growth function, with age explaining most of the ob-

served differences among individual growth rates (the effect of individual identity

explained 62%, 33% and 0% of the variation of individual growth in a model

including no age and no body mass, mass but no age and body mass and three
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age classes, respectively). No heterogeneity was detected in the survival function.

Using mixture models, we selected the model with only one homogeneous group

of females because the model with three groups of females was not parsimonious

enough (∆AIC = −1.83 , Table 7.4) and was not biologically meaningful (with

one group included 90% (Fig. 7.6) of the females and the two other groups includ-

ing the few individuals that did not survive independently of their body mass). We

thus analysed the influence of unmeasured individual differences on population

dynamics only in realized fertility, twinning rate and inheritance functions.

Changes in slope of body mass were higher when comparing models with and

without unmeasured individual differences (6% to 23% of difference) to models

with different age-structures (3% to 10% of difference) for realized fertility, twin-

ning rate and inheritance functions. However, variation in model outputs were

small when unmeasured individual differences were corrected for in the statisti-

cal analyses used to identify the functions for the IPMs (Table 7.2, models 4 and

6). The reproductive value as a function of body mass remained similar in models

with or without unmeasured individual differences (Fig. 7.3 B), whereas the stable

age-size distribution differed between these two models (Fig. 7.3 A). The distri-

bution of yearling body mass (first “hump”) can be clearly distinguished from the

distribution of adult body mass when including unmeasured individual differences

(models 6 and 4, Fig. 7.3 A).

As unmeasured individual differences impacted parameter estimation, we ex-

plored its potential impact on demographic outputs by using the variance com-

ponents estimated from the generalized linear mixed effect models to construct

populations consisting of low quality, mean quality and high quality individuals

(models 6, PI = −QI , PI = 0 or P = QI) in each function separately, and

then in all functions at the same time. In all cases, populations consisting of high

versus low quality individuals exhibited small changes in demographic outputs

(Fig. 7.4). The population growth rate and the net reproductive rate decreased

by 0.6% and 2.4%, respectively and the generation time increased by 0.5% from
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Fig. 7.4. Influence of unmeasured individual differences compared to influence of variation

in environmental conditions on three demographic outputs: the population growth rate (λ,
A), the cohort generation time (Tc, B) and the mean recruitment rate (C). Two populations of
individuals with contrasted (high (black) and low (white)) average performance were compared
to two populations facing contrasting (favorable (black hatched) and unfavorable (grey hatched))
years in the model 6 (Table 7.1). Median demographic parameters are represented by a black solid
line. Each function was successively perturbed (Realized fertility, Twinning rate, Inheritance and
Growth) before being all perturbed at same time (all).
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a high (PI = QI) to a low (PI = −QI) performance population (model 6 with

PI �= 0 in all functions). Such differences were mostly (80%) driven by changes

in mean recruitment. The realized fertility function contributed slightly more to

changes in demographic outputs than the twinning rate function (46% and 34%,

respectively). The presence of positive co-variation among individual intercepts

across functions had almost no effect on model outputs (Fig. 7.4).

The perturbation of growth rate produced by variation in year quality was

higher than that produced by variation in population performance. The population

growth rate and the net reproductive rate decreased by 10% and 38%, respectively

and the generation time increased by 6% between favorable and unfavorable years

when environmental conditions affected all functions (Fig. 7.4). As for unmea-

sured individual differences, the recruitment function was the target of changes

in environmental conditions. When only realized fertility or twinning rate was

affected, the population growth rate decreased by 4% and 3.5%, respectively be-

tween favorable and unfavorable years (when survival, inheritance or growth were

affected, λ decreased by 0%, 1.2% or 2% respectively).

7.4 Discussion

Although the recruitment and the inheritance functions were clearly influenced

by unmeasured individual differences, predicted demographic outputs from our

models were not. The age-structure, the size-structure and yearly variation all

affected the demographic outputs to a much larger extent than unmeasured indi-

vidual differences. Our results support two previous studies that included unmea-

sured individual differences in IPMs. In the Soay sheep, Ovis aries, correcting for

random effects of individual identity had less influence on the demographic out-

puts than correcting for population density (Coulson 2012). Likewise, Rees et al.

(1999) found that unmeasured individual variation in growth and mortality rates

had only small impacts on the population dynamics of a plant species, Onopordum
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illyricum.

Unmeasured individual differences have been reported to be a major source

of variation to consider when estimating survival and reproductive parameters.

Recruitment is one of the most important process for population dynamics and

is sensitive to both environmental variation and unmeasured individual differ-

ences in populations of long-lived, iteroparous vertebrates (Gaillard et al. 2000b,

Cam et al. 2002b). Patterns of survival or reproductive senescence are also of-

ten revealed only once unmeasured individual differences have been corrected for

(Nussey et al. 2008, Aubry et al. 2009). Moreover, the failure to account for

unmeasured individual differences can lead to biased estimates of demographic

variability, extinction risk (Kendall and Fox 2003) and demographic parameters

(Clark 2003, Kendall et al. 2011). Consequently, why does correcting for unmea-

sured individual differences have such a small effect on demography in empirical

studies?

In our analysis, unmeasured individual differences influenced both the recruit-

ment and the inheritance functions. Variation in parameter estimates (slopes and

intercepts) induced by correcting for unmeasured individual differences were as

important as the variation induced by changing the age structure of the population.

However, the growth and survival functions were not influenced by unmeasured

individual differences. Heterogeneity in survival can be an important cause of

variation in population dynamics (Kendall et al. 2011). However, previous studies

have reported small variation in population growth rate even after correcting for

individual heterogeneity in survival and growth (Rees et al. 1999, Coulson 2012).

Nevertheless, if we include heterogeneity in unmeasured individual differences

in survival to assess the potential impact on demographic outputs in species in

which individual heterogeneity exists in survival, individual heterogeneity in un-

measured individual differences in survival did influence the demographic outputs

to a lesser extent than variation in environmental conditions but to a larger extent

than unmeasured individual differences in reproduction (Fig. 7.7). As a conse-
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quence, species showing large individual differences in survival are expected to

be more influenced by individual heterogeneity than our study species. In long-

lived species, such as roe deer, adult survival displays little variation and has been

described as a case of environmental canalization (Gaillard and Yoccoz 2003).

Consequently, in species showing this kind of life-history strategy, individual dif-

ferences independent of age and mass are expected to have little impact on demo-

graphic outputs.

The recruitment of individuals with a median mass remained similar in models

that either corrected for (or not) unmeasured individual differences. As expected,

light (heavy) individuals recruited fewer (more) offspring in models including

unmeasured individual differences than in models that did not include unmea-

sured individual differences. Including unmeasured individual variation mainly

impacted very light and very heavy individuals (it was the same in Coulson (2012)

for Soay sheep). Population growth rate was weakly sensitive to extreme individ-

uals as revealed by the elasticity analysis. The females weighing around 22-24

kg had the largest impact on population growth. Including unmeasured individual

differences in recruitment only had a small influence on individuals with median

mass and consequently only little influence on population growth rate.

Heterogeneity among individuals in large herbivores results for the main part

in heterogeneity of body mass. Measured individual differences in relation to body

mass and age are the main drivers of adult survival and adult recruitment of all in-

dividuals, and have the main impact on demographic outputs. Generation time

varied from 5 to 6.3 years when senescent females were not included. While for

some species, age-dependent models can be advantageously replaced with mass-

dependent models because reproduction and survival are mostly related to body

mass (Sauer and Slade 1987, Gamelon et al. 2012), our results demonstrate that

the distribution of body mass alone in the roe deer population does not provide a

reliable picture of population functioning. Age variation therefore matters, espe-

cially because, as recruitment continuously increases with body mass, large young
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are allowed to give birth before the observed age of first reproduction in roe deer

(2 y.o.). Not accounting for this constraint leads to erroneous demographic outputs

when age structure is not explicitly included in models.

Unmeasured individual differences correspond to a structure of individual

variation in the population, which can be caused by genetic, maternal, behavioural

and cohorts effects (Lindström 1999, Mousseau and Fox 1998) or simply gener-

ated by stochasticity (Tuljapurkar et al. 2009). Indeed, modelling unmeasured

individual differences with a random effect suggest that individual differences are

distributed normally around the mean and do not reflect any known biological

heterogeneity. While individual differences in body mass influence the different

functions such as individual differences simultaneously influence the different vi-

tal functions in a correlated way, the heterogeneity we modeled by using individ-

ual random effects leads to assume independent effects of individual differences

across the different functions. Individual heterogeneity is thus better modelled

by using measured characters. The individual heterogeneity modeled by random

effects depends on which measured characters are included in the model and has

no biological meaning. Although results reported so far have shown that unmea-

sured individual differences only have a little impact on population dynamics, this

influence could be larger in some specific studies. Indeed, the impact of unmea-

sured individual differences should be more important in small populations or in

populations during the process of colonization (Vindenes et al. 2008).

In conclusion, our study demonstrates that individual heterogeneity in age and

size does generate important sources of individual variation that deeply influence

the dynamics of a population. On the other hand, correcting for unmeasured in-

dividual differences (i.e. other than age and size) only influences the contribu-

tion of very light and very heavy individuals and therefore has a minor effect on

population dynamics compared to age-structure and yearly variation, at least in

long-lived species like the roe deer studied here.
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7.5 Supplementary material

Appendix S1: description of matrices The demographic outputs of the IPMs

have been estimated from the matrix A with 2400 rows and lines. Each entry of

the matrix

A(a′, z′, a, z) = D(a, z|z′)M(a, z) if a′ = 1

A(a′, z′, a, z) = G(a, z|z′)S(a, z) if a′ = a+ 1 or a′ = a = 12

A(a′, z′, a, z) = 0 otherwise

A =
a (age at t)

1 2 · · · 11 12
⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎜

⎝

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎟

⎠

1 0 D2 ∗ M2 · · · D11 ∗ R11D12 ∗ M12

2 G1 ∗ S1 0 · · · 0 0

a′ 3 0 G2 ∗ S2 · · · 0 0

(age at t+ 1)
...

. . .

12 0 0 · · · G11 ∗ S11 G12 ∗ S12

Da is the inheritance matrix at age a calculated from the inheritance function

D(a, z|z′):

mother body mass

1.01 1.22 · · · 43.89
⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

1.01 D(a, 1.01|1.01) D(a, 1.22|1.01) · · · D(a, 43.89|1.01)

offspring 1.22 D(a, 1.01|1.22) D(a, 1.22|1.22) · · · D(a, 43.89|1.22)

body mass
...

...

43.89 D(a, 1.01|43.89) D(a, 1.22|43.89) · · · D(a, 43.89|43.89)

Ma is the recruitment matrix at age a calculated from the recruitment function

M(a, z):
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body mass at t

1.01 1.22 · · · 43.89
⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

1.01 M(a, 1.01) 0 0

body mass 1.22 0 M(a, 1.22) 0

at t+ 1
...

. . .

43.89 0 0 M(a, 43.89)

Ga is the growth matrix at age a calculated from the growth function G(a, t, z|z′):

body mass at t

1.01 1.22 · · · 43.89
⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

1.01 G(a, 1.01|1.01) G(a, 1.22|1.01) · · · G(a, 43.89|1.01)

body mass 1.22 G(a, 1.01|1.22) G(a, 1.22|1.22) · · · G(a, 43.89|1.22)

at t+ 1
...

...

43.89 G(a, 1.01|43.89) G(a, 1.22|43.89) · · · G(a, 43.89|43.89)

Sa is the survival matrix at age a calculated from the survival function S(a, t, z):

body mass at t

1.01 1.22 · · · 43.89
⎛

⎜

⎜

⎜

⎜

⎜

⎜

⎝

⎞

⎟

⎟

⎟

⎟

⎟

⎟

⎠

1.01 S(a, 1.01) 0 0

body mass 1.22 0 S(a, 1.22) 0

at t+ 1
...

. . .

43.89 0 0 S(a, 43.89)
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Table 7.3. Parameters of the IPMs including a possible age and body mass structure, an

effect of year and a possible effect of unmeasured individual differences. Standard errors are
presented in brackets. The survival, realized fertility and twinning rate functions were modelled
using a generalized linear mixed model with a binomial structure error and a logit transformation.
The growth and the inheritance functions were modelled using a normal distribution with mean µ

and variance σ2. We used generalized linear mixed model with a Gaussian error to estimate µ and
σ2.

For prime-aged females: Y = i + b ∗ z + ǫI + ǫY , ǫI ∼ N(0, sI ), ǫY ∼ N(0, sY )
For other age class (here yearlings): Y = i + iY + (b + bY ) ∗ z + ǫI + ǫY , ǫI ∼ N(0, sI ), ǫY ∼ N(0, sY )

model 1 2 3 4 5 6
survival

logit(S) i 2.122(0.131) 2.641(0.704) 0.706(1.127) 0.500(1.153) 0.663(1.156) 0.500(1.153)
iY 0 0.905(0.418) 0.545(0.433) 0.501(0.433) 0.545(0.433)
iO 0 0 −1.597(0.247) −1.366(0.269) −1.597(0.247)
iS 0 0 −1.597(0.247) −2.436(0.406) −1.597(0.247)
b −0.023(0.030) 0.054(0.047) 0.086(0.048) 0.079(0.048) 0.086(0.048)

sY 0.395 0.385 0.374 < 0.001 < 0.001 < 0.001
growth

μG i 23.638(0.141) 14.264(0.533) 7.669(0.944) 7.191(1.032) 7.189(1.030) 7.191(1.032)
iY 0 4.446(1.583) 4.911(1.633) 4.900(1.631) 4.911(1.633)
iO 0 0 0.081(2.766) 2.028(3.019) 0.080(2.766)
iS 0 0 0.081(2.766) −7.525(6.121) 0.080(2.766)
b 0.424(0.023) 0.690(0.039) 0.714(0.044) 0.714(0.043) 0.714(0.044)

bY 0 −0.099(0.082) −0.122(0.084) −0.121(0.084) −0.122(0.084)
bO 0 0 −0.027(0.112) −0.109(0.122) −0.027(0.112)
bS 0 0 −0.027(0.112) 0.303(0.243) −0.027(0.112)
sI < 0.001
sY 0.531 0.561 0.308 0.288 0.278 0.288

σ2
G

i 5.271(0.595) 4.746(1.348) −1.593(2.453) −0.375(2.743) −0.408(2.727) −0.277(2.755)

iY 0 3.859(4.102) 2.679(4.321) 2.912(4.301) 2.573(4.320)
iO 0 0 −4.776(7.295) 0.743(7.951) −4.741(7.317)
iS 0 0 −4.776(7.295) −9.354(16.089) −4.741(7.317)
b −0.080(0.060) 0.169(0.102) 0.112(0.115) 0.113(0.115) 0.108(0.116)

bY 0 −0.098(0.214) −0.043(0.223) −0.055(0.221) −0.038(0.222)
bO 0 0 0.215(0.295) −0.006(0.321) 0.214(0.296)
bS 0 0 0.215(0.295) 0.350(0.640) 0.214(0.296)
sI 0.469
sY 2.685 1.218 1.146 1.223 1.066 1.222

realized fertility

logit(F ) i 1.070(0.126) −1.742(1.003) −1.742(1.003) −1.798 −1.795(1.010) −2.088(1.103)
iY 0 −1000 −1000 −1000 −1000
iO 0 0 −0.111(0.204) −0.115(0.211) −0.166(0.211)
iS 0 0 −0.111(0.204) −0.074(0.610) −0.166(0.211)
b 0.116(0.041) 0.116(0.041) 0.120(0.042) 0.119(0.042) 0.134(0.046)

sI 0.506
sY 0.536 0.495 0.495 0.49 0.49 0.487

twining rate

logit(φ) i 0.126(0.166) −3.116(1.153) −3.116(1.153) −3.326(1.158) −3.345(1.158) −4.116(1.356)
iY 0 −1000 −1000 −1000 −1000
iO 0 0 −0.617(0.229) −0.590(0.237) −0.801(0.242)
iS 0 0 −0.617(0.229) −0.894(0.670) −0.801(0.242)
b 0.133(0.047) 0.133(0.047) 0.147(0.047) 0.148(0.047) 0.181(0.056)

sI 0.661
sY 0.794 0.775 0.775 0.745 0.747 0.713

inheritance

μI i 17.196(0.353) 4.305(2.725) 4.305(2.725) 4.726(2.698) 4.726(2.698) 3.979(3.170)
iY 0 −1000 −1000 −1000 −1000
iO 0 0 0.979(0.530) 0.979(0.530) 0.755(0.530)
iS 0 0 0.979(0.530) 0.979(0.530) 0.755(0.530)

isex −0.916(0.428) −0.916(0.428) −0.904(0.422) −0.904(0.422) −0.816(0.399)
b 0.527(0.111) 0.527(0.111) 0.501(0.110) 0.501(0.110) 0.533(0.129)

sI 1.408
sY 0.751 0.778 0.778 0.899 0.899 0.855

σ2
I

i 4.677(1.078) 1.263(7.254) 1.263(7.254) 0.551(6.947) 0.551(6.947) 1.296(3.837)

iY 0 −1000 −1000 −1000 −1000
iO 0 0 −1.505(1.354) −1.505(1.354) −0.114(0.656)
iS 0 0 −1.505(1.354) −1.505(1.354) −0.114(0.656)

isex 0.512(1.151) 0.512(1.151) 0.392(1.094) 0.392(1.094) 0.075(0.507)
b 0.107(0.295) 0.107(0.295) 0.139(0.284) 0.139(0.284) 0.018(0.156)

sI 1.566
sY 2.286 < 0.001 < 0.001 < 0.001 < 0.001 < 0.001
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Fig. 7.5. Elasticity analysis of a population using an IPM with three age classes. (A). Elastic-
ities of survival (S in black) and recruitment (R in white) for each age class (yearling (y), prime-
aged (pa) and senescent (sen) females). (B). Contribution of each body mass transition to the value
of elasticity of survival of prime-aged females.
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Table 7.4. Selection of the model describing heterogeneity in unmeasured individual differ-

ences in the survival function. Five models with one to five groups with different probability of
surviving were analysed using mixture models.

Group LL AIC

1 −289.814 587.628

2 −286.035 590.070

3 −278.899 585.798

4 −276.118 590.236

5 −276.047 600.095
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Fig. 7.6. Prime-aged female survival in a population modeled with one group (black lines)

or with three groups of females (color lines) including a three age class factor and body mass as
explanatory variables. The width of the color lines are proportional to the number of females in
each group (green: 90%, blue: 6% and red: 4%).
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Fig. 7.7. Influence of unmeasured individual differences compared to influence of variation in

environmental conditions on the population growth rate (λ) in IPM including unmeasured

individual differences in survival with σI,S = 0.5 (A), σI,S = 1 (B) and σI,S = 2 (C) in
addition to unmeasured individual differences estimated in the other functions for the roe deer
population of Trois Fontaines. Two populations of individuals with contrasted (high (black) and
low (white)) average performance were compared to two populations facing contrasting (favorable
(black hatched) and unfavorable (grey hatched)) years in the model 6 (model with a three age-class
and a body mass structures Table 7.1). Median demographic parameters are represented by a black
solid line. Each function was successively perturbed (Realized fertility, Twinning rate, Inheritance,
Growth and Survival) before being all perturbed at the same time (all)
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Conclusions

Main structuring factors of populations such as age and body mass are sufficient to

describe reliably population dynamics of roe deer. Unmeasured individual differ-

ences representing the amount of individual heterogeneity independent of age and

body mass only have a very weak effect on the population growth rate. Indeed in

a given year, very high quality and very low quality individuals are not numerous

enough to impact population dynamics.

This analysis, based on deterministic models, assumed that population reached

its stable age and size distribution. However, in a variable environment, a weak

influence of individual heterogeneity is also expected. Indeed, individual hetero-

geneity is expected to display little variation over years in long-lived species. In

a given year, a population is constituted by a given proportion of low and high

quality individuals. The following year, the proportion of high and low qual-

ity individuals will change a bit, but the probability of observing a population

of entirely high quality individuals a given year and a population of entirely low

quality individuals the following year is very weak (see discussion, chapter 9).

This also explains why environmental conditions are also expected to have con-

sistently larger impact than individual heterogeneity on population dynamics in

variable environments in long-lived species. Environmental conditions indeed can

change drastically from one year to the next and the variability in environmen-

tal conditions among years is thus much higher than the variability in individual

heterogeneity among years. However, in short-lived species, the composition of

the population can change between successive years at a much faster rate than

in long-lived species where approximately the same mature individuals are often

found among successive years.

180



Part IV

Influence of climatic conditions on

reproductive success and population

dynamics
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Part overview

Environmental conditions influence each attempt of a female trajectory because

it affects the quantity and the quality of resources available each year. In a con-

text of climate change, the variation of environmental conditions showed a linear

trend over years with an increase of global temperature which went along with an

advance of vegetation growth. This advance of spring phenology has thus forced

species to advance their reproductive timing to match availability of resources. In

large herbivores, energetic demands are particularly high for a mother during late

gestation and early lactation such that birth timing should match the period of veg-

etation flush. However, some species did not advance their phenology at a similar

rate than vegetation phenology causing some mismatch between resource avail-

ability and resource requirement. In a recent study presented in appendix (Gaillard

et al. 2013), we showed that roe deer suffered from this advance of spring phenol-

ogy. Indeed, the performance of both populations of Chizé and Trois Fontaines

appeared to decrease in years when spring was early. Variation in recruitment was

the main driver of this demographic change.

Consequently, in this part, we investigated the mechanism explaining this de-

creasing performance in years when spring was early. We quantified the magni-

tude of the advance of vegetation growth in the study site of Trois Fontaines as

well as the mismatch between vegetation growth and mean date of fawn births.

We then analysed how this mismatch was influencing fawn early survival both at

individual and population levels. We looked for plastic or evolutionary responses

of roe deer to climate change and analysed the influence of environmental change

on the population performances since 1985.
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Chapter 8

Mismatch between birth date and vegetation

phenology slows the demography of roe deer

F. Plard, J.-M. Gaillard, T. Coulson, A.J.M. Hewison, D. Delorme, C. Warnant,

C. Bonenfant

Marked impacts of climate change on biodiversity have frequently been demonstrated, in-
cluding temperature related shifts in phenology and life-history traits. One potential major
impact of climate change is the modification of synchronization between the phenology of
different trophic levels. High phenotypic plasticity in laying date has allowed many bird
species to track the increasingly early springs resulting from recent environmental change,
but while changes in the timing of reproduction have been well studied in birds, these ques-
tions have only recently been addressed in mammals. To track peak resource availability,
large herbivores like roe deer, with a widespread distribution across Europe, should also
modify their life-history schedule in response to changes in vegetation phenology over time.
In this study, we analysed the influence of climate change on the timing of roe deer births
and the consequences for population demography and individual fitness. Our study pro-
vides a rare quantification of the demographic costs associated with the failure of a species
to modify its phenology in response to a warming world. Given these fitness costs, the lack
of response of roe deer birth dates to match the increasingly earlier onset of spring is in
stark contrast with the marked phenotypic responses to climate change reported in many
other mammals. We suggest that the lack of phenotypic plasticity in birth timing in roe deer
is linked to its inability to track environmental cues of variation in resource availability for
the timing of parturition.

Plos Biology, in press
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8.1 Introduction

Marked impacts of climate change on biodiversity have frequently been demon-

strated, including temperature related shifts in phenology and life-history traits

(Root et al. 2003). Species living at high altitudes or latitudes are particularly

affected by climate change (Post et al. 2009, Lane et al. 2012), but widespread

species inhabiting temperate areas are also responding (Réale et al. 2003b). Global

temperatures have risen by 0.89◦C since 1901 (IPCC 2013), and this has led to an

advance in the timing of key life history events by, on average, 2.8 days per decade

(Parmesan 2007). Earlier springs have caused phenological modifications in most

taxonomic groups (Parmesan and Yohe 2003, Root et al. 2003). The phenology

of vegetation, particularly trees, has advanced with time (by 3.3 days per decade,

Parmesan 2007). A failure of species to track these changes may have important

demographic consequences which, in turn, could impact conservation and man-

agement issues. Changes in the timing of reproduction have been well studied in

birds (Price et al. 1988, Dunn and Winkler 1999, Crick 2004), but have only re-

cently been considered in mammals (Réale et al. 2003b, Coulson et al. 2003, Lane

et al. 2012). These studies suggest that a change in the timing of peak resource

availability typically generates a change in median laying or breeding date (Dunn

and Winkler 1999, Reed et al. 2009, Moyes et al. 2011b). This response ensures

that individuals can synchronize their energetic demands for offspring production

and provisioning (Clutton-Brock et al. 1989) with the period when environmental

conditions are the most favorable (van Noordwijk et al. 1995).

A key question about the consequences of global change is which species can

respond and how (Devictor et al. 2012)? While most studied species have re-

sponded to match resource availability with energy requirements, the response is

not always exact or immediate (Stenseth and Mysterud 2002, Visser et al. 2004).

Phenotypic plasticity may play a major role in the adjustment of reproductive tim-

ing to earlier springs (Przybylo et al. 2000). In a population of great tits, those
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individuals that could vary their reproductive timing the most had higher fitness

(Nussey et al. 2005). But for individuals to shift their reproductive cycle in order

to track environmental modifications they require a reliable environmental cue

(Visser and Both 2005, Reed et al. 2010). The timing of breeding is influenced

by photoperiod in many species of birds and mammals (Lambrechts et al. 1997,

Goldman 2001, Dawson et al. 2001), a cue that is clearly unaffected by climate

change. Nonetheless, some species, including the great tit and red deer, rely on

temperature (Visser et al. 2011, Caro et al. 2013) to minimize the mismatch be-

tween birth timing and the peak resource availability. If earlier breeding increases

fitness, selection could also drive a micro-evolutionary change in terms of ad-

vanced reproductive timing (Price et al. 1988) as long as birth date is heritable.

The relative role of phenotypic plasticity and micro-evolutionary change remains

largely unquantified (Gienapp et al. 2008), although, Réale et al. (Réale et al.

2003b) showed that the advance in birth timing in red squirrel was mostly due to

phenotypic plasticity rather than micro-evolution.

While some species have advanced their birth timing in response to increasing

temperature, some species have not (Visser et al. 1998), while others have delayed

their reproductive phenology (Root et al. 2003). For instance, Columbian ground

squirrels have delayed their breeding phenology by 0.47 days per year over a

period of 20 years, leading to a reduction in fitness by a half between 1993 and

2003 (Lane et al. 2012). On the other hand, birth timing in caribou advanced

slightly over a period of 33 years, so that the mismatch between birth timing and

peak resource availability increased, causing calf production to decline (Post and

Forchhammer 2008, Kerby and Post 2013).

Births are highly seasonal and synchronous in most large herbivores (Bron-

son 1989), including roe deer (Gaillard et al. 1993c, Linnell et al. 1998) in which

more than 90% occur within one month (Plard et al. 2013). Roe deer females are

income breeders and selectively feed on highly digestible and nutritious young

shoots, especially during early lactation when energetic demand peaks (Clutton-
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Brock et al. 1989). Synchrony between births and the peak availability of high

quality vegetation is expected to be crucial for successful recruitment. The re-

productive cycle of roe deer is unique among ungulates, including a phase of

embryonic diapause which appears not to vary in duration among females (Aitken

1975). As in reindeer where reproductive timing may be driven by day length

(Lu et al. 2010), ovulation, and therefore conception, date appears to be under

the control of photoperiod (Sempéré et al. 1993) which could explain the lack of

variation in parturition date across years for a given female (Gaillard et al. 1993c,

Plard et al. 2013). Focusing on the mismatch between birth date and plant phe-

nology, we investigate how climate change is currently affecting roe deer fitness.

Our study on the intensively monitored roe deer population at Trois Fontaines,

eastern France, spans 27 years, from 1985 to 2011. We tested the three following

predictions: (i) As most mammals studied so far have shown a response to climate

change, we expected that roe deer births should occur earlier in response to the

advance in vegetation phenology. (ii) Because parturition date varies little across

years for a given roe deer female (Plard et al. 2013), indicating limited phenotypic

plasticity, but because it has been shown to be heritable in mammals (Réale et al.

2003a, Feder et al. 2008), and markedly influences early offspring survival (Feder

et al. 2008), we expected any change in birth timing to be mainly the result of

selection, and (iii) Because such micro-evolutionary responses are often delayed,

we expected that despite any advance in birth timing, the mismatch between peak

energetic demand and peak resource availability should likely increase over time,

leading to negative impacts on roe deer performance. Our study provides a quasi-

unique quantification of the demographic costs associated with the failure of a

species to modify its phenology in response to a warming world.
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Fig. 8.1. Temporal variation in spring temperature (A), flowering date in the vineyards of

the Champagne region (B), the observed population mean of the mismatch between flow-

ering date and median parturition date (C) and mean individual fitness predicted from the

IPM (D) in the roe deer population of Trois Fontaines, France from 1985 to 2011. The mis-
match was estimated as the difference between median birth date and annual flowering date in
the Champagne vineyards. We standardized this measure (by subtracting the observed value of
the mismatch in the first year of study (1985) from this variable) to obtain a relative measure of
mismatch ranging from 0 in 1985 to 36 days in 2011. Predicted trends are presented as black lines
with 95% confidence intervals (dashed lines). Geometric means of mean individual fitness were
calculated over periods of 4 years (black squares).
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8.2 Results

CLIMATE CHANGE AND BIRTH DATE

Analysis of local weather variables revealed a strong local impact of climate

change that translated into increasingly earlier and warmer springs over time.

Annual spring (April to June) temperature increased by 0.07◦C per year (se =

0.02, P = 0.001, Fig. 8.1) at Trois Fontaines over the study period. Analysis

of flowering date in the vineyards of the Champagne region indicated that an-

nual timing of plant phenology in the region had advanced by 0.6 days per year

(se = 0.18, P = 0.002, Fig. 8.1) over this period, so that the peak in avail-

ability of high quality resources for roe deer was increasingly early from 1985

to 2011. Spring mean temperature and flowering date in the Champagne region

were negatively correlated over this period (ρ = −0.89, P < 0.001). We therefore

used flowering date as a proxy of the vegetation flush and compared it to annual

variation in the timing of roe deer births. Roe deer give birth about one month

before the onset of flowering in Champagne because they preferentially feed on

leaves and young shoots which become available before flowering. The mismatch

between median birth date and vegetation phenology was estimated from the dif-

ference between median birth date and annual flowering date in the Champagne

vineyards. We standardized this measure (by subtracting the observed value of

mismatch in the first year (1985) from this variable) to obtain a relative measure

of mismatch ranging from 0 in 1985 to 36 days in 2011.

In contradiction with our first prediction, annual median birth date did not

occur earlier over time. Both the mean and median birth dates of roe deer at Trois

Fontaines remained remarkably stable among years (based on 1095 birth dates,

mean = 136.1, se = 8.56, time trend: t = −0.82, P = 0.421, and median

= 136, the 16th of May, t = −1.23, P = 0.232 for mean and median birth dates,

respectively, Fig. 8.6A). Neither the spring mean temperature nor flowering date in

the Champagne region had a detectable influence on median birth date (Pearson’s
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product moment, ρ = −0.07, P = 0.730 and ρ = 0.11, P = 0.575 for spring

mean temperature and flowering date, respectively). Consequently, the mismatch

between median birth date and vegetation phenology increased by 0.54 days per

year (se = 0.20, P = 0.011, Fig. 8.1) between 1985 and 2011. We did not

find any correlation between median birth date and other environmental drivers

(Supplementary material, Table 8.1), suggesting that roe deer females are unable

to track these potential environmental cues.

PARTURITION DATE, A TRAIT UNDER STRONG SELECTION PRESSURE

We investigated whether birth date of roe deer fulfilled the three necessary con-

ditions for evolutionary change to occur: variability, heritability and a selection

pressure (Fisher 1930). First, variation in parturition date among roe deer fe-

males has been recently quantified and found to be consistently high within sev-

eral populations (Plard et al. 2013), with long-lived and/or heavier females (i.e.

high quality individuals) giving birth earlier than low quality females (Plard et al.

2014). Second, we found no strong statistical support for heritability in parturition

date when estimated from the parent-offspring relationship based on 28 daughter-

mother pairs (β = 0.234, se = 0.13, P = 0.094, h2=0.127). Third, we identified

directional selection favoring early births, with a strong negative relationship be-

tween individual birth date and individual early survival from May 12th onwards

(on a logit scale β = −0.06, se = 0.01, P < 0.001, Fig. 8.4). Note that year

was included as a categorical variable in this model to control for inter-annual

variation in environmental conditions. A model including a threshold effect of

individual birth date on individual early survival provided a better fit than a lin-

ear (∆AIC = 6.12) or a quadratic (∆AIC = 0.50) model. Thus, a fawn born

before May 12th had, on average, a 50% chance of surviving to 8 months of age,

whereas a fawn born on May 31st had, on average, only a 24% chance of surviv-

ing to that age. Adding a term describing interactive effects between birth date

and year did not improve the fit of the model (∆AIC = 9.28) indicating that the
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response of individual early survival to individual birth date was consistent across

cohorts. Taken together these results suggest that we should not expect a strong

micro-evolutionary response of parturition date in roe deer.

DEMOGRAPHIC CONSEQUENCES

At the population level, cohort-specific survival (measured as the proportion of

fawns that survived to the onset of winter each year) was negatively correlated

with our index of mismatch (arcsine-square root transformation: β = −0.009, se =

0.003, P = 0.012). Adding a quadratic term (∆AIC = 1.95) or a threshold effect

(∆AIC = 1.86) of mismatch did not improve model fit. Early cohort-specific sur-

vival of juveniles decreased by 40% with an increase in mismatch of one month

(Fig. 8.2).

At the individual level, the mismatch was a better predictor of early survival

(R2=0.037) than birth date (R2=0.025) (∆AIC = 8.90, Table 8.2, note that year

was not included in these models because inter-annual variation was integrated

within the mismatch variable). Individual early survival was constant when the

mismatch was 16 days or less, but then decreased linearly beyond 16 days of mis-

match (Table 8.2, Fig. 8.3). When birth occurred at least one month (35 days)

before flowering date in Champagne’s vineyards, a fawn had an expected proba-

bility of 0.5 of surviving to 8 months of age, whereas this probability was only

0.25 when birth occurred two weeks prior to flowering (Fig. 8.3).

We built an IPM describing the temporal dynamics of parturition date in our

roe deer population to quantify the impact of this increasing mismatch on roe deer

fitness. The distribution of parturition date in the population at time t+1 depends

on the distribution of parturition date at time t and on the four relationships linking

parturition date with survival, recruitment, transition between two successive par-

turition events and inheritance of parturition date between mother and offspring

(see Supplementary material, Text S1, Table 8.2-8.4 and Fig. 8.5 for further de-

tails, and Ellner and Rees (2006), Coulson (2012)). Annual flowering date in the
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Fig. 8.2. Variation in mean cohort-specific early survival in relation to the mismatch be-

tween annual median birth date and vegetation phenology in the roe deer population of Trois

Fontaines, France. The predicted relationship is represented by a black line with 95% confidence
intervals (dashed lines). Data used to fit the models are represented by black squares whose size
is proportional to the standard error of mean cohort-specific early survival
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Fig. 8.3. . Influence of the mismatch (measured as the difference in days between individual

birth date and flowering date in Champagne) on individual early survival in the roe deer pop-

ulation of Trois Fontaines, France. The predicted values are presented after back-transformation
from a logit scale with 95% confidence intervals (dashed lines). Data used to fit the model are
represented by black squares whose size is proportional to the number of observed births within
periods of 2.5 days

(examples: : 38 fawns, : 82 fawns, : 115 fawns).
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vineyards of the Champagne region was included in the IPM to model the local

shift in plant phenology. As most roe deer females give birth to two fawns (Gail-

lard et al. 1998a) and the sex ratio is close to 0.5 at birth (Hewison et al. 1999), the

recruitment function linking the number of female offspring a mother has success-

fully weaned given its parturition date was modeled by individual early survival as

logit(early survival)= 0.743 - 0.048*(parturition date - annual observed flowering

date - mismatch in 1985) (Table 8.2, Fig. 8.3).

The IPM predicted mean parturition date to occur on the 17th of May each

year, with a very slight, but statistically significant, advance of just 0.27 days over

the whole 27-year study period (β = −0.010, se = 0.003, P = 0.006, Fig. 8.6B).

The model also predicted earlier parturition as females aged, with 2 year old fe-

males giving birth, on average, 5 days later than older females (Fig. 8.7). The

estimated population growth rate, and so the mean fitness of females in the pop-

ulation, decreased by 6% on average over the study period (β = −0.003, se =

0.001, P = 0.008, Fig. 8.1), from 1.23 in 1985 to 1.06 in 2011. Marked variabil-

ity in environmental conditions between successive years often leads to a decrease

in the arithmetic mean population growth rate (Tuljapurkar 1989). Consequently,

we estimated the geometric mean of population growth rate for successive periods

of four years. The geometric mean population growth rate also decreased over the

study period (β = −0.009, se = 0.002, P = 0.002). Thus, the IPM allowed us

to demonstrate a clear impact of the mismatch between energy demand and peak

resource availability on mean fitness, which declined in this population of roe deer

over the entire study period.

8.3 Discussion

This study has demonstrated that mean fitness is currently decreasing in this roe

deer population due to the lack of response in parturition date to the increasingly

early availability of high quality resources induced by climate change. Warm-
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ing at Trois Fontaines over the last 27 years (0.46◦C per decade) was more than

threefold greater than the average global expectation from the 2013 IPCC report

on climate change (0.12 [0.08-0.14] per decade since 1951, IPCC 2013). This

local warming has led to an advance in spring plant phenology (Schwartz et al.

2006) demonstrated by the advance in flowering date in Champagne’s vineyards.

In contrast to most other studied mammals that have been able to track resource

availability by advancing their birth timing (Réale et al. 2003b, Ozgul et al. 2010,

Moyes et al. 2011b, Lane et al. 2012), the median birth date of roe deer remained

constant over years. This generated an increased mismatch between mean birth

date and phenology of the vegetation such that at the end of the study period fawns

were born relatively later with respect to the peak in availability of high quality re-

sources. Post and Forchhammer (2008) were the first to describe a negative impact

of a mismatch between resource availability and birth timing on calf production

in Greenland caribou. In our study, climate change over recent decades has had a

similarly negative impact on early survival (i.e. a “climatic debt”, Devictor et al.

2012), both at the individual and at the population levels. Furthermore, we were

able to show that this mismatch between parturition and the availability of highly

digestible forage led to a decline in mean fitness of 6% over the study period, and

of 14% between 1985 and those years when the vegetation flush was particularly

early (2007 and 2011). This link between plant phenology and roe deer popula-

tion dynamics, mostly driven through recruitment, is the likely mechanism for the

observed decrease in population growth rate over time (Gaillard et al. 2013).

Our study provides an illustration of the probable fitness costs for species

which do not respond to climate change. Indeed, the increasing mismatch be-

tween the peak of roe deer births and the onset of the vegetation flush in recent

years had a negative impact on both early survival and mean fitness. Previous

studies have reported an impact of climate change on recruitment (Post and Forch-

hammer 2008, Burthe et al. 2011, Reed et al. 2012). However, the influence of

mismatch on fitness and population dynamics has received much less attention.
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IPMs allow the phenotypic consequences of climate change to be explored (see

also Ozgul et al. 2010), which is not possible using classical statistical methods.

In contrast to a recent study on birds (Reed et al. 2013), we found that population

growth rate of roe deer was not buffered against phenological mismatch. Mean

fitness was most strongly affected during years when plant phenology was partic-

ularly early, for example, in 2007 and 2011 (λ = 1.07 vs. λ = 1.23 for the first

year of the study). We can therefore predict that this increasing mismatch will

further increase the energetic costs of breeding for females (Thomas et al. 2001)

as spring phenology continues to advance in the future.

The lack of response in roe deer birth date to climate change provides a stark

contrast with the previous findings on most mammalian species studied to date,

which have shown phenotypic responses to climate change (Réale et al. 2003b,

Ozgul et al. 2010, Moyes et al. 2011b, Lane et al. 2012). In this 27 year study, we

showed that this mismatch also has impacted roe deer fitness. Despite the clear

selection pressure that we demonstrated, which should favor earlier births over

time, we showed that a strong evolutionary change is not expected. Indeed, we

found no strong statistical support for heritability of birth date, despite the fact that

parent-offspring regressions are known to over-estimate heritabilities (Merilä et al.

2001). However, as the number of mother-daughter pairs (N = 28) available to

assess heritability of birth date was low, further work on a much larger sample

size is required to explore this question. Nonetheless, both the classical statistical

approach and the IPM provided similar results and clearly indicated no change in

roe deer reproductive timing. Although roe deer did not exhibit an evolutionary

response to climate change, why have they not responded plastically (Réale et al.

2003b, Nussey et al. 2005)?

Roe deer females appear unable to track environmental cues such as temper-

ature to time their birth event. Birth timing in mammals is mainly driven by the

date of conception and gestation length. Ovulation and, thereby, conception date

is mainly under the control of photoperiod in roe deer (Sempéré et al. 1993). Ges-
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tation begins with a phase of embryonic diapause that probably originally evolved

to increase gestation length (Sandell 1990), but we expected this historical selec-

tion pressure for delayed birth to be counter-balanced by selection for earlier birth

date in response to climate change over recent times. However, diapause appears

to be triggered by an intrinsic mechanism involving the mother or even the em-

bryo itself, and the five month duration appears not to vary among females (Aitken

1975). In many species, adaptive phenotypic plasticity has generated a response

to changes in phenology (great tit: Charmantier et al. 2008, red squirrel: Réale

et al. 2003b). In red deer, a species related to roe deer that is able to track earlier

plant phenology (Moyes et al. 2011b), gestation length decreased with increasing

average temperature in March (Clements et al. 2011). In contrast, in roe deer, we

have shown that parturition timing is independent of changes in temperature and

in the onset of the vegetation flush, suggesting this lack of phenotypic plasticity in

birth timing is associated with an inability to track environmental cues of variation

in resource availability for the timing of parturition.

Earlier plant phenology is likely the main cause of the observed decrease in

early survival, and thereby in mean fitness, in this roe deer population. Although

the roe deer population consistently displayed positive growth over the 27 year

study period (i.e., λ consistently higher than 1), population growth rate (and,

therefore, average individual fitness) decreased in a continuous fashion by 6%

over this period. Moreover, temperatures are expected to increase further in the

future, causing the phenology of vegetation to advance still further. We suggest

that these combined effects could impose a brake on the demographic and ge-

ographical expansion of roe deer, a common and previously successful species

across all Europe (Andersen et al. 1998).
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8.4 Materials and Methods

STUDIED SITE AND POPULATION

Trois Fontaines (48◦43N, 2◦61W) is an enclosed 1,360 ha forest located near

Saint-Dizier, at the border of Marne and Haute-Marne counties in north-eastern

France. In spring (from mid-March to mid-June), the number of rainy days aver-

aged 31.5 (ranging between 18 and 52 days during the study period 1985-2011)

and the temperature averaged 10.4◦C (ranging between -6.06◦C and 15.00◦C). The

forest is dominated by oak (Quercus sp.) and beech (Fagus sylvatica). Roe deer

feed mainly on coppice and the understory is dominated by hornbeam (Carpinus

betulus), ivy (Hedera helix) and bramble (Rubus sp.).

DATA COLLECTION

The roe deer population at Trois Fontaines has been intensively monitored for

more than 35 years by the Office National de la Chasse et de la Faune Sauvage

based on a detailed Capture-Mark-Recapture program. Roe deer are individually

marked using numbered collars and ear-tags. A systematic search for newborn

fawns was conducted every year from late April to mid-June between 1985 and

2010 (Delorme et al. 1988). In 2011, searches ended earlier and the last fawn was

found on May 20th. Fawns were handled by experienced people, ear-tagged and

weighed. Their sex was recorded and their age estimated to the nearest day us-

ing umbilicus characteristics and behaviour at marking (Jullien et al. 1992). Birth

dates were back-calculated using these estimated ages and the day of capture.

The average age at marking was about 5 days and all fawns were marked within

20 days. The identity of the mother for a given fawn was established, when pos-

sible, through direct observations of lactating behavior or by the identification of

an escaping female in the vicinity of the fawn. From January to March, annual

capture sessions took place, with capture of more than 50% of the roe deer pop-

ulation each year, providing reliable information on the fate of animals marked
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at birth. Individual early survival was defined as the probability of survival of a

fawn from birth to the next winter (see Pettorelli et al. 2005 for further details).

At Trois Fontaines, fawn mortality was most likely associated with shortage of

high quality food because this population is not subject to marked predation or

hunting pressure. At the population level, mean cohort-specific early survival was

estimated using Capture-Recapture analyses (Lebreton et al. 1992) from 1985 to

2011. Cohort-specific early survival could not be estimated with accuracy for

2012 (see Pettorelli et al. 2005) so these data were not included here.

CLIMATE CHANGE AND PARTURITION DATE

The local daily temperature was collected from the Météo-France weather station

of Saint-Dizier located at less than 5 km from the study site. Spring temper-

ature (April to June) was used to assess the magnitude of climate warming at

the local scale. To measure annual changes in vegetation phenology, we used

the mean flowering date of vineyards in the Champagne region collected by the

Comité Interprofessionnel du Vin de Champagne and available on the website

of the French Observatoire National sur les Effets du Réchauffement Climatique

(http://www.developpement-durable.gouv.fr/-Impacts-et-adaptation-ONERC-.html).

Flowering date is little influenced by human activity and reliably reflects the phe-

nology of the vegetation of that year. Moreover, flowering date in Champagne

is highly correlated with the local sum of degree-days (ρ = −0.61, P < 0.001)

which is often used to index vegetation growth (Bonhomme 2000, Moyes et al.

2011b), with spring temperature (ρ = −0.83, P < 0.001) and with annual mean

temperature (ρ = −0.57, P < 0.01). As a consequence, flowering date in Cham-

pagne reliably indexes the overall changes in plant phenology over years. When

flowering date in Champagne was early in the year, we assumed that the availabil-

ity of high quality resources for roe deer provided by spring vegetation was also

early. Consequently, we used the difference between birth date and flowering date

in Champagne as a measure of the mismatch between birth date and peak resource
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availability.

To assess temporal trends in local temperature, vegetation phenology and birth

date, we fitted linear regressions with a Gaussian error. Subsequently, we exam-

ined the relationships of cohort-specific median birth date with spring mean tem-

perature and with flowering date in Champagne to test whether birth date tracked

climate change. To quantify the mismatch between median birth date and the veg-

etation flush at the population level, we subtracted the median birth date from the

annual flowering date.

BIRTH DATE: A TRAIT UNDER SELECTION?

Available data were not detailed enough to build pedigrees, so we measured her-

itability using the weighted regression of the median parturition date of each

daughter against the median parturition date of her mother (Falconer and Mackay

1996). To assess whether roe deer birth date was under selection, we analyzed

the relationship between birth date and early survival at the level of the individual

with a generalized linear model and a logit link. We included year in the model

to control for inter-annual variation in environmental conditions. We tested for

linear, quadratic and threshold effects of birth date on individual early survival.

Finally, we tested for an interaction between birth date and year to investigate

whether the selection pressure was similar over time.

DEMOGRAPHIC CONSEQUENCES OF THE MISMATCH

To assess whether roe deer exhibited a phenotypic response to climate change,

both at the population and individual levels, we used mean cohort-specific early

survival after an arcsine-square root transformation; we investigated the relation-

ships between cohort-specific early survival and the mismatch, testing for linear,

quadratic and threshold effects of the mismatch. Each point of the regression

was weighted (using the inverse of the variance of cohort-specific early survival)
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to account for uncertainty in the estimates of cohort-specific survival. Then, we

investigated whether the mismatch was a better predictor of early survival than

birth date at the individual level. We did not include year in this model as among-

year variations were integrated within the mismatch variable. We tested for linear,

quadratic and threshold effects of birth date or the birth date-vegetation phenol-

ogy mismatch on individual early survival with a generalized linear model and a

logit link. We compared the relative fit of the different models using the Akaike

Information Criterion (AIC).

To investigate the influence of plant phenology on mean fitness, we built an

Integral Projection Model (IPM, Ellner and Rees 2006, Coulson 2012) describing

the dynamics of parturition date in the population. Selection and estimations for

the models describing the four functions defining the IPM (survival, recruitment,

transition and inheritance) are detailed in the Supplementary material. This IPM

allowed us to investigate the influence of the timing of peak resource availabil-

ity on the outputs of the model: the annual asymptotic population growth rate,

in other words, annual mean fitness over the study period. As previous studies

in this population have revealed no effect of density-dependence on any of the

demographic parameters, we did not include density in our demographic analysis

(Supplementary material of Gaillard et al. 2013).

8.5 Supplementary material

TEXT S1: INTEGRAL PROJECTION MODEL ON PARTURITION DATE

IPMs model the dynamics of a distribution of a continuous character over time

(Easterling et al. 2000, Ellner and Rees 2006). We used an IPM to model the dis-

tribution of female parturition dates in the roe deer population of Trois Fontaines,

France. The distribution of parturition dates in the population at time t + 1 de-

pends on the distribution of parturition dates at time t and four functions: survival,

recruitment, transition between two successive parturition dates and inheritance of
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parturition date between mother and daughter.

We assumed that adult female survival was not influenced by either parturi-

tion date or by the mismatch between vegetation phenology and parturition date

because adult roe deer survival is high and constant over years (Gaillard et al.

1993a). The recruitment function models the number of offspring a given female

has weaned successfully at the onset of winter. As most roe deer females give

birth to two fawns (Gaillard et al. 1998a), we modeled recruitment as individual

early survival from birth to the onset of winter (at 8 months of age). The inher-

itance function determines the parturition date of offspring at first reproduction

in relation to the parturition date of the mother. The transition function gives the

probability of transition between two successive parturition dates.

For annual adult survival, we used constant values for all four age-classes:

yearling (from 8 to 20 months of age), prime-aged adult (from 2 to 8 years),

old (from 8 to 13 years) and senescent (beyond 13 years of age) (Gaillard et al.

1993a, Fig. 8.5). The transition and the inheritance functions were assumed to

have a normal probability density function with a mean and a variance modeled

by two linear mixed models depending on parturition date and including maternal

identity as a random effect on the intercept (Fig. 8.5). The transition function

was estimated from 79 successive pairs of parturition dates from 44 mothers. The

mean of the transition function linked the parturition date at t+1 to the parturition

date at t (Plard et al. 2013). The variance of the transition function was estimated

from the squared residuals of the previous relationship and was kept constant.

The mean of the inheritance function was estimated from 82 daughter-mother

pairs of parturition dates from 28 different mothers. As we had repeated measures

of daughter parturition dates (2.3 on average per female), we entered daughter

identity in addition to mother identity as random factors on the intercept. The

daughter’s age for a given parturition event was entered in the model to estimate

the relationship between maternal parturition date and parturition date of her 2

year-old daughter (for which only 10 data pairs were available). For the variance
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of the inheritance function, we proceeded in the same way as for the variance of

the transition function.

To estimate the recruitment function, we performed model selection on indi-

vidual early survival, from birth to 8 months of age by fitting regression models

including parturition date or the parturition date-vegetation phenology mismatch

as the independent variable. We tested for linear, quadratic and threshold effects

of both variables. The parturition date-vegetation phenology mismatch was esti-

mated as the difference between parturition date and the annual flowering date of

vineyards in the Champagne region. We considered that yearling females did not

reproduce (age at first parturition is 2 years in roe deer). We fitted generalized

linear models with a logit link and a binomial distribution on 817 reproduction

events. Model selection was performed using the Akaike Information Criterion

(Burnham and Anderson 2002). AIC weights (wi) were calculated to measure the

likelihood that a candidate model is the best among the set of fitted models.

We recorded the parameters (intercepts and slope) of each function. We then

constructed IPMs from these parameters. To construct our matrix, we generated

200 parturition date classes between the 1st of April and the 30th of June. All

statistical analyses were performed with the software R from codes (available on

request from FP) based on (Easterling et al. 2000) and (Coulson et al. 2010). For

each year, we performed a deterministic IPM where only annual flowering date

varied among years and estimated yearly asymptotic population growth rates and

mean parturition date (Coulson et al. 2010, Coulson 2012).
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Table 8.1. Influence of environmental variables on annual median birth date. We investi-
gated the influence of flowering date in the vineyards of the Champagne region (Flow. date),
annual mean temperature (Annual T), mean spring (April, May and June) temperature (Spring T),
sum of spring precipitation (Spring Prec), sum of degree-days above 7◦C before the birth season
(SDD), mean winter (January, February, March) temperature (Winter T), sum of winter precipi-
tation (Winter Prec), mean fall (October, November, December) temperature (Fall T), sum of fall
precipitation (Fall Prec), mean summer (July and August) temperature (Summer T) and sum of
summer precipitation (Summer Prec). These periods were chosen in relation to the reproductive
cycle of roe deer: births occur in spring, true gestation occurs during winter, embryonic diapause
occurs in fall and the rut takes place in summer. * The correlation between median birth date and
sum of degree-days was performed excluding the outlier year of 1986.

ρ t-value P-value

Flow. date 0.11 0.57 0.58

Annual T −0.12 −0.63 0.54

Spring T −0.07 −0.35 0.73

Spring Prec > 0.01 −0.03 0.98

SDD* −0.21 −1.06 0.30

Winter T −0.04 −0.19 0.85

Winter Prec 0.27 1.39 0.18

Fall T −0.24 −1.30 0.20

Fall Prec −0.08 −0.42 0.68

Summer T −0.03 −0.17 0.87

Summer Prec −0.20 −1.04 0.31
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Table 8.2. Recruitment function in the roe deer population of Trois Fontaines, France A.
Effects of maternal parturition date (PD) or the parturition date-vegetation phenology mismatch
(Mis) on individual early survival of roe deer. We tested for linear, quadratic and threshold (PDT
and MisT) effects of both variables. k indicates the number of estimated parameters, ∆AIC indi-
cates the difference in the Akaike information criterion between two competing models, and wi

corresponds to Akaike weights. B. Parameter estimates (on a logit scale) and their associated stan-
dard errors (SE) from the best model explaining observed variation in individual early survival.

A.

Model k ∆AIC wi

MisT 4 0.000 0.690

Mis+Mis2 4 1.783 0.283

Mis 3 7.682 0.015

PDT 4 8.897 0.008

PD + PD2 4 9.739 0.005

PD 3 11.556 0.002

1 2 29.261 0.000

B.

Variable estimate SE

intercept 0.743 0.201

MisT -0.048 0.009
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Table 8.3. Transition function between two successive parturition dates in the roe deer pop-

ulation of Trois Fontaines, France. A. Effects of parturition date at time t (PD) on parturition
date at time t + 1 (mean of the transition function). B. Intercept of the squared residuals of the
regression between parturition date at time t + 1 and parturition date at time t (variance of the
transition function). For each model, maternal identity was included as a random effect on the in-
tercept. Parameter estimates and their associated standard errors (SE), and t-values are presented.

A.

Variable estimate SE t-value

intercept 89.360 15.461 5.780

PD 0.340 0.114 2.990

B.

Variable estimate SE t-value

intercept 65.280 14.700 4.441
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Table 8.4. Inheritance function of parturition date between mother and daughter in the roe

deer population of Trois Fontaines, France A. Effects of maternal parturition date (PD) and
daughter age on daughter parturition date (mean of the inheritance function). B. Effects of daugh-
ter age (Dage) on the squared residuals of the regression between daughter parturition date and
mother parturition date (variance of the inheritance function). For each model, daughter age was
included as a two-class factor (2y.o. vs > 2y.o. females, Dage), while daughter and maternal iden-
tities were included as random effects on the intercept. Parameter estimates and their associated
standard errors (SE), and t-values are presented.

A.

Variable estimate SE t-value

intercept 122.69 15.53 7.90

Dage -3.17 2.51 -1.26

PD 0.15 0.10 1.46

B.

Variable estimate SE t-value

intercept 42.60 47.89 0.89

Dage 2.645 25.25 0.11
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Fig. 8.4. Influence of individual birth date (expressed as the Julian date between 110 (20th

April) and 161 (10th June)) on individual early survival in the roe deer population of Trois
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scale with 95% confidence intervals (dashed lines). Data used to fit the model are represented by
black squares whose size is proportional to the number of observed births within periods of 2 days.
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Conclusions

Change in environmental conditions markedly influences performance both at the

population and at the individual levels in roe deer. Due to the constancy of a given

individual trajectory in parturition dates, roe deer females did not show any pheno-

typic plasticity in response to variation in environmental conditions. Even if these

environmental conditions have no influence on individual parturition date trajec-

tory, they do influence individual reproductive success by reducing offspring sur-

vival. As a consequence, the reproductive success of roe deer is directly affected

by climate change.

However, this analysis did not investigate how different individuals respond

to climate change and we do not know yet whether high quality females suffer

less from climate change than low quality females. The threshold model link-

ing early survival and mismatch could suggest that high quality females that give

birth early manage to wean their fawns in any environmental condition whereas

low quality females that give birth late would be especially affected by a large

mismatch. However, another possibility explaining this threshold model would

be that the mismatch would have no effect until a given threshold and then, all

females whatever their quality, would not be able to wean their fawns given the

resource availability.

These results, as those reported in the previous part, show that environmental

variability has larger impact on population dynamics than individual heterogeneity

in roe deer. Nevertheless, the different mechanisms influencing high vs. low

quality females remain to be investigated.
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Chapter 9

Discussion: when does individual heterogeneity

matter?

9.1 Variability within and among individual life-history trajec-

tories

INDIVIDUAL LIFE-HISTORY TRAJECTORIES ARE CONSISTENT IN ROE DEER

In iteroparous species, individual heterogeneity in reproductive performance will

increase if some individual consistently have higher annual reproductive success

than other individuals along their reproductive trajectory. In the first part, we

showed that roe deer populations are constituted by heterogeneous individuals

with some females having consistently earlier parturition date and thus higher

annual reproductive success along their trajectory than other females. In the pop-

ulation of Trois Fontaines, variation among individual trajectories of female par-

turition dates represents 85% of the variation in parturition dates (15% of the

variation is explained by within individual differences in parturition date trajecto-

ries). Similarly, if we looked at the individual trajectories in body mass and annual

reproductive success, female trajectories appeared to be consistent because vari-

ation among individual trajectories explained 76% and 78%, of the variation in

body mass and annual reproductive success, respectively.

This roe deer population is thus constituted by heterogeneous individuals that

have consistent body masses, annual parturition dates and annual reproductive
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successes along their trajectories. These differences in individual performance

can thus be linked to differences of quality among individuals. Similarly in other

species, evidence of heterogeneity of individual quality has been demonstrated.

In little penguins, some individuals manage to raise two clutches in the same year

and as a consequence reach a higher reproductive success than single breeders

(Johannesen et al. 2003). Those individuals that lay two clutches show a higher

probability of breeding the following breeding season than individuals who lay

only one clutch (Johannesen et al. 2003). Moreover, individual quality has also

been evidenced in other birds (Cam et al. 2004, Lescroël et al. 2010) and in mam-

mals (Beauplet et al. 2006, Hamel et al. 2009b). For instance in fur seals, survival

was higher in breeders than in non-breeders and non-breeders had a higher prob-

ability of being non-breeder the following year than did breeders (Beauplet et al.

2006).

BODY MASS: A GOOD PROXY OF INDIVIDUAL QUALITY?

In this study, we showed that the reproductive performance of roe deer is linked to

adult body mass which influences individual parturition date and annual reproduc-

tive success. Moreover, we showed that the influence of birth date on individual

life-history trajectories and on fitness is mediated by body mass. Finally, the body

mass structure (in addition to the age-structure) in the population was sufficient

to model the structure of individual heterogeneity to predict its dynamics. As a

consequence, body mass appeared to be a good indicator of individual quality in

this large herbivore, but is it the case for all large herbivores?

At each reproductive attempt in iteroparous species, reproductive success de-

pends on successive life-history traits that are all directly or indirectly linked to

female body mass. In female large herbivores, reproductive success is first influ-

enced by ovulation and mating. In roe deer, females are monoestrous but most of

them breed, and we showed that reproductive status can be generated by a ran-

dom process. Indeed more than 95% of females breeds each year. Nonetheless,
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the proportion of females breeding is lower among light than among heavy fe-

males (Gaillard et al. 1992). In large herbivores also, including red deer (Albon

et al. 1983), the fertility rate is mainly influenced by body mass but also by en-

vironmental conditions when resources are not plentiful. For instance, 95% of

the females Rusa deer feeding on improved pasture were pregnant vs. 57% in a

herd feeding on native grassland (LeBel et al. 1997). Similarly in North Ameri-

can elk, higher precipitation and body condition favor the probability of becoming

pregnant (Morano et al. 2013).

Litter size is also mainly driven by body mass in large herbivores. In our pop-

ulation of roe deer, we showed that litter size could not be generated only by a

random process in roe deer and is thus related to female quality linked to fixed

female attributes. Environmental conditions that influence female body mass will

often influence litter size. In population under high food pressures for instance,

litter size is influenced by maternal body condition affected by environmental con-

dition and population density (Gaillard et al. 2000b).

Finally, reproductive success mostly depends on offspring early survival. Ma-

ternal attributes such as age and body mass or dominant status drive observed

variation in offspring survival (this study, Cameron et al. 1993, Jones et al. 2005).

Offspring survival is linked to maternal care and the quality of the resource provi-

sioned. Variation in environmental conditions and thus resource availability will

particularly influence young females with low body mass and condition (Gaillard

et al. 2000b) because females of large herbivores always favor their own survival

to the survival of their young by reducing their reproductive effort (Festa-Bianchet

and Jorgenson 1998, Therrien et al. 2007)

In an income breeder, as roe deer, we showed that body mass is directly linked

to female quality, because adult body mass display weak variations during prime

age. However, in capital breeders, annual body mass fluctuates among years and

often reflects female condition and is thus time-dependent. Female condition in

autumn influences successive reproductive successes in elk (Cook et al. 2004),
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caribou (Adams and Dale 1998) and Soay sheep (Forchhammer et al. 2001) and

it is difficult to disentangle the relative influence of female fixed attributes and of

environmental conditions on female condition. Nevertheless, despite the obvious

annual variation of female condition according to density and environmental con-

dition, female condition appears to include a genetic base (bighorn sheep, Pelletier

et al. (2007)). Moreover, in female bison, heavier mothers give birth to heavier

calves but with lower allocation (Hamel et al. 2012) suggesting that reproductive

costs are lower in high quality females (see also Festa-Bianchet et al. 1998, Hamel

et al. 2009a) and that heterogeneity in female condition is generated at least in part

by time-independent female attributes. In a typical capital breeder, longevity can

be predicted by adult body mass in mid-life (Bérubé et al. 1999) and most of the

inter-individual differences in adult body mass often linked to annual reproductive

success are likely reflecting differences in fixed body size (Festa-Bianchet 1998).

Body mass appear thus as a good proxy of individual quality in capital breeders

too.

QUALITY PARTLY FIXED AT MATURITY

Heterogeneity in individual quality is partly due to individual heterogeneity in

early conditions. In roe deer, we showed that birth date explained about 5% of

the variation observed in adult life-history traits. Moreover, environmental con-

ditions at birth also influence female reproductive success such that females born

in good conditions have a higher probability of weaning offspring than females

born under poor conditions (Douhard et al, in prep, see appendix). In this anal-

ysis the influence of annual conditions was slightly weaker than the influence of

birth environment. The probability of weaning 2 fawns increased by 46% from

an unfavourable to a favourable adult environment in a given year (independently

of birth conditions) and increased by 64% between females born under harsh and

good environmental conditions (independently of current environment). Environ-

mental conditions at birth were also shown to influence red deer females with

215



the total density and the spring temperature the year of birth influencing both the

longevity and the lifetime reproductive success of females. However no percent-

age of variance explained were given (Kruuk et al. 1999). Early life conditions

accounted for 35–55% of variation in individual quality in three ungulates (Hamel

et al. 2009b). In lizard, cohort variation often explained 10-70% of variation in

different life-history traits (40% for adult growth and 70% for offspring body size

for instance) (Le Galliard et al. 2010). Among birds, published analyses also

suggest that early conditions have long-lasting effects on performance during the

adult stage (Reid et al. 2003, van de Pol et al. 2006) but no common pattern has

yet been found in long-lived bird species (Cam and Aubry 2011).

Heterogeneity in individual quality is partly shaped during development and

thus at the sexual maturity of an individual. As a consequence, quantifying the

relative influence of fixed and dynamic heterogeneity on individual heterogene-

ity can be puzzling because there is no clear barrier between dynamic and fixed

heterogeneities in reality. In large herbivores, environmental conditions during

both pre- and post-natal development are important. Fixed heterogeneity is al-

ways defined as heterogeneity fixed at birth but includes maternal effects that last

during weaning. Fixed heterogeneity can thus include heterogeneity fixed from

birth to sexual maturity. However environmental variation that occur during indi-

vidual late development before maturity could as well be generated by dynamic

heterogeneity. Moreover as age of sexual maturity is variable among individuals,

to make the distinction between fixed and dynamic heterogeneity is less relevant

than identifying the (maternal, climatic, genetic, stochastic ...) factors that influ-

ence individual quality.

In addition to the environment early in life, individual quality is linked to in-

dividual ability to gather resources and to allocate the energy acquired to different

functions (van Noordwijk and de Jong 1986, Reznick et al. 2000). The home range

of an individual is thus particularly important because it determines the quantity

and the quality of the resources available. In roe deer, female reproductive success
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is linked to the quality of its home range (Nilsen et al. 2004). The two populations

of roe deer located in France contrasted by the quality of their habitats and thus

by their performances (Gaillard et al. 2013). For instance, yearlings from Chizé,

a forest relatively less productive, are on average lighter than yearlings from Trois

Fontaines (annual yearling mass varied from 12.6 to 15.2 kg at Chizé and from

16.0 to 19.1 kg at Trois Fontaines). In addition to its birth conditions, in a species

like roe deer in which females display highly sedentary habits (Strandgaard 1972)

and spend their entire life within small and spatially stable home ranges (less than

30 ha in the studied area, Saı̈d et al. (2009)), the establishment of a given individ-

ual in a particular habitat will thus be directly linked to its future quality.

9.2 To model individual quality

Individual quality can be linked to different traits such as body mass or lifetime

reproductive success. Even if these traits often linked to quality do not correlate

perfectly (Moyes et al. 2009, Wilson and Nussey 2010), it is better to model qual-

ity with fixed and biological meaningful variables than using latent variables. For

instance, individual heterogeneity in quality has been revealed by a continuous

index of quality reflecting the performance in individual reproductive success and

accounting for 91% of the variability in adult survival in Adélie penguins (Le-

scroël et al. 2009). On the other hand, individual random effects are not always

reflecting the heterogeneous structure in quality in a model unless it has been

clearly shown. Maternal identity accounted for 38% of the variation in female

offspring birth mass but none of the variables representing quality (lifetime con-

tribution to population growth, age at primiparity and dominance) could explain

variation in birth mass in red deer (Stopher et al. 2008). The positive correlation

between individual random effects in survival and reproduction supporting the

idea that random effects of individual reflect heterogeneity in individual quality

(Cam et al. 2002b) has not been found in a study on the Silvereyes, Zosterops lat-
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eralis chlorocephalus (Knape et al. 2011). The authors also recommended using

random effects to correct for statistical nuisance but not as a measure of individ-

ual quality. Nevertheless, in some cases, studies have clearly linked individual

random effect to individual quality. In Gombe Chimpanzee for instance, ran-

dom effect of individuals in birth interval were positively correlated to body mass

(r = 0.45), suggesting that the structured variance measured by the random effect

reflects at least partly an index of individual quality (Jones et al. 2010).

Random effects imply that individual heterogeneity follows a normal distri-

bution with few individuals displaying very low or very high values of the trait

under study. However, whether this structured variance among individuals has

been created by variations in individual quality or simply by chance remains to

be disentangle (Fox et al. 2006). It has been suggested that heterogeneity among

individuals could result from differences in individual fitness components which

are determined at the onset of reproductive life and remain constant all along the

trajectories afterwards (Cam et al. 2013). Even if a part of this heterogeneity has

been generated by differences fixed at birth, random effects should not systemati-

cally been interpreted as differences in fixed quality. Current argument supporting

that random effects reflect fixed quality are poorly persuasive. First, that latent

variables are commonly used in political science, economics and psychometrics

do not provide a justification of using it to model individual quality and to explain

all possible individual heterogeneity as fixed quality. Second, the argument sug-

gesting that “current theoretical bases are not sufficiently advanced to consider a

priori some factors as relevant” (Cam et al. 2013) is not testable since any model

we can ever fit could lack an unknown factor. Individual heterogeneity explained

by random effects of individual identity should be accounted for using biological

variables that are time-independent or directly linked to quality to convince that

the individual heterogeneity showed by random effects revealed heterogeneity in

individual quality. Nevertheless, it has probably been tried but not successfully.

In roe deer, we managed to explain less than one third of individual heterogeneity

218



using conditions at birth. As a consequence, the large part of individual hetero-

geneity due to variability in environmental conditions and to stochasticity should

be better appreciated among life-history traits and trajectories.

9.3 Ecological and evolutionary consequences of individual het-

erogeneity at different scales

Different scales can be considered when investigating the influence of individual

heterogeneity on ecological patterns. My work dealt with population dynamics as

the largest scale although the scale of the communities and ecosystems could also

be investigated. Population dynamics is generated by a set of individual trajec-

tories. Each individual trajectory is itself composed by a succession of observed

values of a given life-history trait. How these scales (life history trait and tra-

jectory, and population dynamics) are influenced by individual heterogeneity can

vary as well as the sources generating this individual heterogeneity.

THE STUDY OF LIFE-HISTORY TRAITS AND TRAJECTORIES

The consequences of individual heterogeneity in life-history trajectories are ex-

pressed by the variation in values of fitness reached by different strategies but

also by the number of different strategies used to reach a same value of fitness.

Some individuals will reach high fitness than others and in roe deer long-lived and

heavier females always reach the highest fitness (Gaillard et al. 2003a, Plard et al.

2014).

Investigating the life-history strategies used at the individual level allows un-

derstanding and predicting how individuals “choose” a trajectory and how they

partition their available energy. Low quality individuals are expected to exhibit

the strategy that maximizes fitness according to their attributes at the start of their

trajectory. In Soay sheep for instance, light females display higher cost of repro-

duction and thus have a lower fecundity than heavy females such that these light
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females avoid breeding in years of high density (Clutton-Brock et al. 1996). On

the short term when differences of longevity have been corrected for, heavy fe-

males do not perform better than light females either in roe deer or bighorn sheep

(Gaillard et al. 2000a). This suggests that females display the life-history strategy

that best match their initial attributes. These differences of strategies can some-

times be related to difference in age at primiparity at the start of their reproductive

trajectory (Cam et al. 2002a).

In this study, we also showed that the females of low quality died before high

quality females. The selective disappearance of low quality females in our pop-

ulation could mask or reduce the observed patterns of senescence in this popu-

lation (Nussey et al. 2008). Including individual heterogeneity is thus of main

importance to test reliably life-history predictions in populations (van de Pol and

Verhulst 2006, McCleery et al. 2008). Thus, the investigation of the different in-

dividual strategies allowed highlighting some trade-offs which can be observed

only in some individual strategies but not in others (Descamps et al. 2006). For

instance, both observed and unobserved heterogeneities are important to detect

senescence in kittiwakes (Aubry et al. 2009).

As a consequence, at this scale, our understanding of the link between the

quality and the trade-off scenarios in shaping pattern of senescence in different

life-history traits has been recently improved by pointing out the importance of in-

dividual heterogeneity (Nussey et al. 2008, Lewis et al. 2006, Aubry et al. 2009).

These trade-offs should also be better evaluated when different trajectories (tra-

jectories of growth, of reproduction and of survival) are analyzed together because

the positive co-variation between these trajectories allow evidencing the effect of

quality.

THE STUDY OF POPULATION DYNAMICS

“Demography is the study of the population consequences of the fate of individ-

uals” (Caswell 2009). Population demographic patterns are affected by a set of
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individual life-history trajectories that are often masked at the population level be-

cause some individuals always contribute more to the population dynamics than

others. For instance, in rainforest trees, 70% of the elasticity in population growth

rate was accounted by fast growers (Zuidema et al. 2009). The structure of the

population can influence its dynamics because how population dynamics is influ-

enced by environmental conditions depends on the population structure (Benton

et al. 2006). In particular, in roe deer, the structure in age and in body mass re-

flects well the structure of individual heterogeneity and allows describing reliably

the dynamics of the population. However, we showed in the third part that the re-

maining individual heterogeneity only had a weak effect on population dynamics.

Similarly, in Soay sheep, the distribution of body sizes within a population can ac-

count for up to 20% of observed population growth and markedly impact popula-

tion dynamics (Pelletier et al. 2007). However, the expected population dynamics

and the stable age distribution of a population of lizards (Zootoca vivipara) re-

mained stable and consistent when individual differences unrelated to age or size

but due to variation in food intake or variation in birth date were included in the

model (González-Suárez et al. 2011).

We discussed in the third part that heterogeneity in survival can have a larger

influence on population dynamics than heterogeneity in reproduction. Similarly,

a recent study has suggested that heterogeneity in survival can increase the popu-

lation growth rate (Kendall et al. 2011). However, in large herbivores, adult sur-

vival displays weak individual variation compared to reproductive success (Gail-

lard et al. 2000b). As a consequence, population dynamics of large herbivores

should not be strongly influenced by demographic stochasticity or individual het-

erogeneity once body mass, sex and age have all been accounted for. In these

species, as illustrating by the roe deer case, individual heterogeneity has a weak

effect for several reasons. First, in a given year, median quality individuals are

more numerous than either very high or very low quality individuals, and have

therefore the largest influence on population dynamics. Second, in a given year,
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the probability of observing a population formed by a majority of very high qual-

ity individuals is extremely low. Indeed, individuals of low quality will still give

birth and some of their offspring will reach maturity unless very harsh condi-

tions select only good quality individuals. Moreover, randomly individuals of

high quality will also recruit offspring of low quality. Finally, in a variable en-

vironment, individual heterogeneity varies weakly from one year to the other. In

long-lived species, low quality individuals should disappear before high quality

individuals, but the individuals constituting this population should change only

weakly between two consecutive years.

However, dynamics of short-lived species are expected to be more influenced

by individual heterogeneity than dynamics of long lived species. Indeed the com-

position of the population can change each year at a much larger extent in short-

lived species than in long-lived species. Moreover, the influence of individual

heterogeneity has been shown to be particularly important in small populations

because the extinction risk can increase with individual heterogeneity (Melbourne

and Hastings 2008) and because the influence of demographic stochasticity is

higher in small than in large populations (Lande 1993). Taking account of indi-

vidual heterogeneity can thus be more important to consider in small populations

under relatively high risk of extinction and in short-lived species.

In roe deer, population dynamics appears to be mainly influenced by dynamic

heterogeneity, and thus by the variability of environmental conditions among

years. In large herbivores, the influence of annual environmental conditions and

particularly the influence of density-dependent mechanisms can be of main im-

portance to affect population dynamics (Grenfell et al. 1998). Nonetheless, the

structure in age, sex and body mass help us understanding how the individuals

constituting the population will respond to the variation in environmental con-

ditions (Coulson et al. 2001). In particular, low quality females are often more

influenced by density than high quality females, leading to increase individual

heterogeneity in performance in years with high density (Hamel et al. 2010). We
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did not include density in the analyses of the roe deer case study because in this

particular population of Trois Fontaines, demographic rates were not influenced

by density dependence (Gaillard et al. 2013). However, we are aware that this

should not be the case in most wild populations of large herbivores (see Bonen-

fant et al. 2009 for a review of density dependence in large herbivores).

9.4 Individual heterogeneity in quality revealed by variable en-

vironments

Individual heterogeneity is in part created and reinforced by variable environ-

ments. First, environmental conditions at birth create large cohorts effects de-

scribed in many different species (Kruuk et al. 1999, Beckerman et al. 2003,

van de Pol et al. 2006, Le Galliard et al. 2010, Douhard et al. 2013, Douhard

et al. appendix). Moreover, the differences of performance among individuals

are also expected to be amplified in unfavorable environmental conditions. At

each reproductive attempt, low quality females should be more impacted by envi-

ronmental conditions than high quality females. For instance in Adélie Penguin

(Pygoscelis adeliae), successful breeders gather resources more efficiently and

bring back more food to their offspring in harsh environmental conditions than

unsuccessful breeders (Lescroël et al. 2010). In a given year, different individuals

can thus be under different selective pressures (Gillies et al. 2006) according to

their response to a given environment.

How individuals respond to their environment also depend on how plastic they

are. In roe deer for instance, we showed that the lack of plasticity in birth date

drove climate change to impact negatively individual fitness. Plastic individuals

that can modify their breeding time to match abundance of resources have been

selected in great tit for instance (Nussey et al. 2005). These plastic individuals

can thus better face variable climatic conditions. Individual plasticity in resource

allocation under variable environmental conditions can then lead to plasticity in
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reproduction and survival (Metcalfe and Monaghan 2001, Robinson and Becker-

man 2013).

Interactive effects between individual and environmental heterogeneities must

be accounted for to understand how individual heterogeneity influences individual

life-history trajectories and population dynamics (Benton et al. 2006). Studies of

individual heterogeneity should compare the amount of individual heterogeneity

(variance among individuals) in different life-history traits of populations under

different environmental conditions (it can be done with the same population at

different time but also with different populations under different environmental

conditions) to better understand and predict how this individual heterogeneity is

created and how it affects individual life-history trajectories.
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Chapter 10

Conclusions, Limits and Perspectives

In this study, we showed that the roe deer population of Trois Fontaines is con-

stituted by individuals of heterogeneous quality with some individuals reaching

higher fitness than others. We demonstrated that this individual heterogeneity

in individual quality is partly generated by birth conditions, but suggested that

variable environment will reinforce this heterogeneity and make it observable in

some (poor) environmental conditions. Variation in annual environmental condi-

tions appears thus to shape individual trajectories and population dynamics to a

larger extent.

My work has focused on females. However, the influence of individual hetero-

geneity on male life-history trajectories should also be investigated. Heterogeneity

in male quality has been reported in a study which showed that females that re-

produce with a male characterized by an early age at first reproduction displayed

a slower rate of senescence in blue tit (Auld and Charmantier 2011). Twenty-two

percent of the variability in horn length could be explained by individual hetero-

geneity and horn length after age 5 was linked to horn growth from two to four

years of age in male Alpine ibex (Capra ibex) (Bergeron et al. 2008). Similarly

to females, male quality is thus in part due to fixed heterogeneity. Indeed, in red

deer, male lifetime reproductive success is linked to birth weight (Kruuk et al.

1999).

The influence of individual heterogeneity has been particularly well studied

at the scale of the reproductive event. Currently, many studies deal with the in-

fluence of individual heterogeneity on individual life history trajectories and on

225



demographic rates and in few years, individual heterogeneity will be likely in-

cluded in all models of population dynamics.

Inclusion of individual heterogeneity in individual trajectories allows disen-

tangling how each particular trajectory and tactic is shaped by given selective

pressures and trade-offs. However, studies need to look at the influence of in-

dividual heterogeneity on life-history strategies rather than on independent life-

history traits (Benton et al. 2006). Indeed, high positive correlations between life-

history traits describing survival, reproduction and growth can be found and play

an important role in modeling the different life-history trajectories and population

dynamics.

To predict the dynamics of a population and thus the trajectory of each in-

dividual, we need to understand the causes of among-individual differences in

trajectories (Pelletier et al. 2007). The different sources generating this individual

heterogeneity remain to be quantified to identify the general patterns describing

how individual heterogeneity is expected to influence different species. With this

purpose in mind, it is of first importance to understand how individual heterogene-

ity is structured to be able to model it correctly. Model should include interactive

effects of environmental conditions and fixed individual attributes to try to sepa-

rate the different sources of heterogeneity. We discussed that individual hetero-

geneity is influenced by fixed dynamic. However, how much fixed heterogeneity

influences a given population seems to depend on the reproductive tactic of en-

ergy allocation, on generation time and on environmental pressures that influence

this population. Understanding the different sources of individual heterogeneity

may allow predicting individual life-history strategies based on individual early

condition and regime of environmental fluctuations influencing the population.

In population dynamics, it appears that individual heterogeneity influences

less population dynamics of large herbivores that environmental variability once

the age, sex and size structure of the population have been accounted for. As a

consequence, managers should not worry about including individual heterogene-
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ity to model the population to manage, but need to understand how the structure in

age, stage and sex influence the response of the population to their environment.

Nevertheless, from a fundamental point of view, fluctuations of population size

and of structure are still influenced by demographic stochasticity and unobserved

individual heterogeneity. It thus becomes very interesting to understand how each

individual responds to environmental conditions in interaction with other individ-

uals to create given observed dynamics and patterns (Cam et al. 2013).

Within species, variation among life-history strategies could allow us to de-

scribe the process of speciation by investigating the specialization of some indi-

viduals to specific niches in the population and understand how the disappear-

ance of some individuals traits can conduct to the evolution of new species in a

given environment (Bolnick et al. 2003) and the coexistence of species in diverse

communities (Clark 2010). Moreover, understanding the different sources of het-

erogeneity could offer the possibility to understand better and predict population

viability and extinction.
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Bolnick, D. I., R. Svanbäck, J. A. Fordyce, L. H. Yang, J. M. Davis, C. D. Hulsey, and M. L. Foris-
ter, 2003. The ecology of individuals: incidence and implications of individual specialization.
The American Naturalist 161:1–28.

Bonduriansky, R. and T. Day, 2009. Nongenetic inheritance and its evolutionary implications.
Annual Review of Ecology, Evolution, and Systematics 40:103–125.

Bonenfant, C., J.-M. Gaillard, T. Coulson, M. Festa-Bianchet, A. Loison, M. Garel, L. E. Loe,
P. Blanchard, N. Pettorelli, N. Owen-Smith, J. du Toit, and P. Duncan, 2009. Empirical evidence
of density-dependence in populations of large herbivores. Advances in Ecological Research
41:313–357.

Bonhomme, R., 2000. Bases and limits to using ’degree.day’ units. European Journal of Agron-
omy 13:1–10.

Bonnet, X., O. Lourdais, R. Shine, and G. Naulleau, 2002. Reproduction in a typical capital
breeder: costs, currencies, and complications in the aspic viper. Ecology 83:2124–2135.

Both, C., A. V. Artemyev, B. Blaauw, R. J. Cowie, A. J. Dekhuijzen, T. Eeva, A. Enemar,
L. Gustafsson, E. V. Ivankina, A. Järvinen, N. B. Metcalfe, N. E. I. Nyholm, J. Potti, P.-A.
Ravussin, J. J. Sanz, B. Silverin, F. M. Slater, L. V. Sokolov, J. Török, W. Winkel, J. Wright,
H. Zang, and M. E. Visser, 2004. Large-scale geographical variation confirms that climate
change causes birds to lay earlier. Proceedings of the Royal Society B: Biological Sciences
271:1657–1662.

Botkin, D. B., J. F. Janak, and J. R. Wallis, 1972. Some ecological consequences of a computer
model of forest growth. Journal of Ecology 60:849–872.

230



Bowen, W. D., O. T. Oftedal, D. J. Boness, and S. J. Iverson, 1994. The effect of maternal age and
other factors on birth mass in the harbour seal. Canadian Journal of Zoology 72:8–14.

Bronson, F. H., 1989. Mammalian reproductive biology. University of Chicago Press.

Bulmer, M. G., 1985. Selection for iteroparity in a variable environment. The American Naturalist
126:63–71.

Burnham, K. P. and D. R. Anderson, 2002. Model selection and multimodel inference – A practical
information-theoretic approach, 2nd. Springer-Verlag, New York, USA.

Burthe, S., A. Butler, K. R. Searle, S. J. Hall, S. J. Thackeray, and S. Wanless, 2011. Demographic
consequences of increased winter births in a large aseasonally breeding mammal (Bos taurus)
in response to climate change. Journal of Animal Ecology 80:1134–1144.

Cam, E. and L. Aubry, 2011. Early development, recruitment and life history trajectory in long-
lived birds. Journal of Ornithology 152:187–201.

Cam, E., B. Cadiou, J. E. Hines, and J.-Y. Monnat, 2002a. Influence of behavioural tactics on
recruitment and reproductive trajectory in the kittiwake. Journal of Applied Statistics 29:163–
185.

Cam, E., O. Gimenez, R. Alpizar-Jara, L. M. Aubry, M. Authier, E. G. Cooch, D. N. Koons, W. A.
Link, J.-Y. Monnat, J. D. Nichols, J. J. Rotella, J. A. Royle, and R. Pradel, 2013. Looking
for a needle in a haystack: inference about individual fitness components in a heterogeneous
population. Oikos 122:739–753.

Cam, E., J. E. Hines, J.-Y. Monnat, J. D. Nichols, and E. Danchin, 1998. Are adult nonbreeders
prudent parents? The Kittiwake model. Ecology 79:2917–2930.

Cam, E., W. A. Link, E. G. Cooch, J.-Y. Monnat, and E. Danchin, 2002b. Individual covariation
in life-history traits: seeing the trees despite the forest. The American Naturalist page 96–105.

Cam, E. and J.-Y. Monnat, 2000. Apparent inferiority of first-time breeders in the kittiwake: the
role of heterogeneity among age classes. Journal of Animal Ecology 69:380–394.

Cam, E., J.-Y. Monnat, and J. A. Royle, 2004. Dispersal and individual quality in a long lived
species. Oikos 106:386–398.

Cameron, G. N., 1973. Effect of litter size on postnatal growth and survival in the desert woodrat.
Journal of Mammalogy 54:489–493.

Cameron, R. D., W. T. Smith, S. G. Fancy, K. L. Gerhart, and R. G. White, 1993. Calving success
of female caribou in relation to body weight. Canadian Journal of Zoology 71:480–486.

Caro, S. P., S. V. Schaper, R. A. Hut, G. F. Ball, and M. E. Visser, 2013. The case of the missing
mechanism: how does temperature influence seasonal timing in endotherms? Plos Biology
11:e1001517.

231



Caruso, T., M. Taormina, and M. Migliorini, 2012. Relative role of deterministic and stochastic
determinants of soil animal community: a spatially explicit analysis of oribatid mites. Journal
of Animal Ecology 81:214–221.

Caswell, H., 2001. Matrix population models : construction, analysis, and interpretation. Sinauer
Associates, Sunderland, Massachusetts.

Caswell, H., 2009. Stage, age and individual stochasticity in demography. Oikos 118:1763–1782.

Catchpole, C. K., 1986. Song repertoires and reproductive success in the great reed warbler Acro-

cephalus arundinaceus. Behavioral Ecology and Sociobiology 19:439–445.

Catry, P., G. D. Ruxton, N. Ratcliffe, K. C. Hamer, and R. W. Furness, 1999. Short-lived re-
peatabilities in long-lived great skuas: implications for the study of individual quality. Oikos
84:473–479.

Caughley, G., 1966. Mortality patterns in mammals. Ecology 47:906–918.

Charlesworth, B., 1980. Evolution in age-structured populations. Cambridge University Press.

Charmantier, A., R. H. McCleery, L. R. Cole, C. Perrins, L. E. B. Kruuk, and B. C. Sheldon, 2008.
Adaptive phenotypic plasticity in response to climate change in a wild bird population. Science
320:800–803.

Charnov, E. L. and W. M. Schaffer, 1973. Life-history consequences of natural-selection: Cole’s
result revisited. The American Naturalist 107:791–793.

Choquet, R., L. Rouan, and R. Pradel, 2009. Program e-surge: a software application for fitting
multievent models. In D. L. Thomson and M. J. Cooch, Evan G.and Conroy, editors, Modeling

Demographic Processes in Marked Populations, Volume 3 of Springer Series: Environmental

and Ecological Statistics, pages 845–865. Springer, Dunedin.

Choquet, R., A. Viallefont, L. Rouan, K. Gaanoun, and J.-M. Gaillard, 2011. A semi-Markov
model to assess reliably survival patterns from birth to death in free-ranging populations. Meth-
ods in Ecology and Evolution 2:383–389.

Clark, J. S., 2003. Uncertainty and variability in demography and population growth: a hierarchi-
cal approach. Ecology 84:1370–1381.

Clark, J. S., 2010. Individuals and the variation needed for high species diversity in forest trees.
Science 327:1129–1132.

Clements, M. N., T. H. Clutton-Brock, S. D. Albon, J. M. Pemberton, and L. E. B. Kruuk, 2011.
Gestation length variation in a wild ungulate. Functional Ecology 25:691–703.

Clutton-Brock, T. H., 1988. Reproductive success : studies of individual variation in contrasting
breeding systems. University of Chicago Press, Chicago.

232



Clutton-Brock, T. H., 1991. The evolution of parental care. Princeton University Press.

Clutton-Brock, T. H., S. D. Albon, and F. E. Guinness, 1989. Fitness costs of gestation and
lactation in wild mammals. Nature 337:260–262.

Clutton-Brock, T. H., F. E. Guinness, and S. D. Albon, 1982. Red deer : behavior and ecology of
two sexes. University of Chicago Press.

Clutton-Brock, T. H., F. E. Guinness, and S. D. Albon, 1983. The costs of reproduction to red deer
hinds. The Journal of Animal Ecology 52:367–383.

Clutton-Brock, T. H., M. Major, S. D. Albon, and F. E. Guinness, 1987. Early development and
population dynamics in red deer. I. Density-dependent effects on juvenile survival. Journal of
Animal Ecology 56:53–67.

Clutton-Brock, T. H., I. R. Stevenson, P. Marrow, A. D. MacColl, A. I. Houston, and J. M. McNa-
mara, 1996. Population fluctuations, reproductive costs and life-history tactics in female Soay
sheep. Journal of Animal Ecology 65:675–689.

Cobley, N. D., J. P. Croxall, and P. A. Prince, 1998. Individual quality and reproductive perfor-
mance in the Grey-headed Albatross Diomedea chrysostoma. Ibis 140:315–322.

Cody, M. L., 1966. A general theory of clutch size. Evolution 20:174–184.

Cole, L. C., 1954. The population consequences of life history phenomena. The Quarterly review
of biology 29:103–137.

Coltman, D. W., M. Festa-Bianchet, J. T. Jorgenson, and C. Strobeck, 2002. Age-dependent sexual
selection in bighorn rams. Proceedings of the Royal Society B: Biological Sciences 269:165–
172.

Cook, J. G., B. K. Johnson, R. C. Cook, R. A. Riggs, T. Delcurto, L. D. Bryant, and L. L. Irwin,
2004. Effects of summer-autumn nutrition and parturition date on reproduction and survival of
elk. Widlife Monographs 155:1–61.
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Forslund, P. and T. Pärt, 1995. Age and reproduction in birds — hypotheses and tests. Trends in
Ecology & Evolution 10:374–378.

Fox, G. A., B. E. Kendall, J. W. Fitzpatrick, and G. E. Woolfenden, 2006. Consequences of
heterogeneity in survival probability in a population of Florida scrub-jays. Journal of Animal
Ecology 75:921–927.

Franken, R. J. and D. S. Hik, 2004. Interannual variation in timing of parturition and growth
of collared pikas (Ochotona collaris) in the southwest Yukon. Integrative and Comparative
Biology 44:186–193.

Gadgil, M. and W. H. Bossert, 1970. Life historical consequences of natural selection. The
American Naturalist 104:1–24.

Gaillard, J.-M., R. Andersen, D. Delorme, and J. D. C. Linnell, 1998a. Family effects on growth
and survival of juvenile roe deer. Ecology 79:2878–2889.

236



Gaillard, J.-M., J.-M. Boutin, D. Delorme, G. van Laere, P. Duncan, and J.-D. Lebreton, 1997.
Early survival in roe deer: causes and consequences of cohort variation in two contrasted pop-
ulations. Oecologia 112:502–513.

Gaillard, J.-M., D. Delorme, J.-M. Boutin, G. van Laere, and B. Boisaubert, 1996. Body mass of
roe deer fawns during winter in 2 contrasting populations. The Journal of Wildlife Management
60:29–36.

Gaillard, J.-M., D. Delorme, J.-M. Boutin, G. van Laere, B. Boisaubert, and R. Pradel, 1993a. Roe
deer survival patterns: a comparative analysis of contrasting population. Journal of Animal
Ecology 62:778–791.

Gaillard, J.-M., D. Delorme, and J.-M. Jullien, 1993b. Effects of cohort, sex, and birth date on
body development of roe deer (Capreolus capreolus) fawns. Oecologia 94:57–61.

Gaillard, J.-M., D. Delorme, J.-M. Jullien, and D. Tatin, 1993c. Timing and synchrony of births
in roe deer. Journal of Mammalogy 74:738–744.

Gaillard, J.-M., P. Duncan, D. Delorme, G. van Laere, N. Pettorelli, D. Maillard, and G. Renaud,
2003a. Effects of hurricane Lothar on the population dynamics of European roe deer. The
Journal of Wildlife Management 67:767–773.

Gaillard, J.-M., M. Festa-Bianchet, D. Delorme, and J. T. Jorgenson, 2000a. Body mass and
individual fitness in female ungulates: bigger is not always better. Proceedings of the Royal
Society B: Biological Sciences 267:471–477.

Gaillard, J.-M., M. Festa-Bianchet, N. G. Yoccoz, A. Loison, and C. Toı̈go, 2000b. Temporal
variation in fitness components and population dynamics of large herbivores. Annual Review
of Ecology and Systematics 31:367–393.

Gaillard, J.-M., A. J. M. Hewison, F. Klein, F. Plard, M. Douhard, R. Davison, and C. Bonen-
fant, 2013. How does climate change influence demographic processes of widespread species?
Lessons from the comparative analysis of contrasted populations of roe deer. Ecology Letters
16:48–57.

Gaillard, J.-M., O. Liberg, R. Andersen, and A. M. J. Hewison, 1998b. Population dynamics of
roe deer. In R. Andersen, P. Duncan, and J. D. C. Linnell, editors, The European roe deer: the

biology of success, pages 309–335. Scandinavian University Press.

Gaillard, J.-M., A. Loison, C. Toı̈go, D. Delorme, and G. van Laere, 2003b. Cohort effects and
deer population dynamics. Ecoscience 10:312–320.
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Müri, H., 1999. Witterung, fortpflanzungsgeschehen und bestandesdichte beim reh (Capreolus

capreolus L.). Zeitschrift für Jagdwissenschaft 45:88–95.

Murphy, G. I., 1968. Pattern in life history and the environment. The American Naturalist
102:391–403.

Mysterud, A., K. H. Røed, Ø. Holand, N. G. Yoccoz, and M. Nieminen, 2009. Age-related ges-
tation length adjustment in a large iteroparous mammal at northern latitude. Journal of Animal
Ecology 78:1002–1006.

Nakagawa, S. and H. Schielzeth, 2010. Repeatability for Gaussian and non-Gaussian data: a
practical guide for biologists. Biological Reviews 85:935–956.

Nilsen, E. B., J.-M. Gaillard, R. Andersen, J. Odden, D. Delorme, G. van Laere, and J. D. C.
Linnell, 2009. A slow life in hell or a fast life in heaven: demographic analyses of contrasting
roe deer populations. Journal of Animal Ecology 78:585–594.

Nilsen, E. B., J. D. C. Linnell, and R. Andersen, 2004. Individual access to preferred habitat
affects fitness components in female roe deer Capreolus capreolus. Journal of Animal Ecology
73:44–50.

Nordström, J., P. Kjellander, H. Andrén, and A. Mysterud, 2009. Can supplemental feeding of
red foxes Vulpes vulpes increase roe deer Capreolus capreolus recruitment in the boreal forest?
Wildlife Biology 15:222–227.

Nussey, D. H., T. Coulson, D. Delorme, T. H. Clutton-Brock, J. M. Pemberton, M. Festa-Bianchet,
and J.-M. Gaillard, 2011. Patterns of body mass senescence and selective disappearance differ
among three species of free-living ungulates. Ecology 92:1936–1947.

Nussey, D. H., T. N. Coulson, M. Festa-Bianchet, and J.-M. Gaillard, 2008. Measuring senescence
in wild animal populations: towards a longitudinal approach. Functional Ecology 22:393–406.

Nussey, D. H., L. E. B. Kruuk, A. Donald, M. Fowlie, and T. H. Clutton-Brock, 2006. The rate
of senescence in maternal performance increases with early-life fecundity in red deer. Ecology
Letters 9:1342–1350.

245



Nussey, D. H., E. Postma, P. Gienapp, and M. E. Visser, 2005. Selection on heritable phenotypic
plasticity in a wild bird population. Science 310:304–306.

Ogutu, J. O., H. Piepho, H. T. Dublin, N. Bhola, and R. S. Reid, 2009. Rainfall extremes explain
interannual shifts in timing and synchrony of calving in topi and warthog. Population Ecology
52:89–102.

Orzack, S. H., U. K. Steiner, S. Tuljapurkar, and P. Thompson, 2011. Static and dynamic expres-
sion of life history traits in the northern fulmar Fulmarus glacialis. Oikos 120:369–380.

Ozgul, A., D. Z. Childs, M. K. Oli, K. B. Armitage, D. T. Blumstein, L. E. Olson, S. Tuljapurkar,
and T. Coulson, 2010. Coupled dynamics of body mass and population growth in response to
environmental change. Nature 466:482–485.

Parmesan, C., 2007. Influences of species, latitudes and methodologies on estimates of phenolog-
ical response to global warming. Global Change Biology 13:1860–1872.

Parmesan, C. and G. Yohe, 2003. A globally coherent fingerprint of climate change impacts across
natural systems. Nature 421:37–42.

Partridge, L. and M. Farquhar, 1981. Sexual-activity reduces lifespan of male fruitflies. Nature
294:580–582.

Pelletier, F., T. Clutton-Brock, J. Pemberton, S. Tuljapurkar, and T. Coulson, 2007. The evolution-
ary demography of ecological change: linking trait variation and population growth. Science
315:1571–1574.
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IDEA AND

PERSPECT IVE How does climate change influence demographic processes of

widespread species? Lessons from the comparative analysis of

contrasted populations of roe deer
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Plard,1 Mathieu Douhard,1 Raziel

Davison4 and Christophe

Bonenfant1

Abstract
How populations respond to climate change depends on the interplay between life history, resource avail-

ability, and the intensity of the change. Roe deer are income breeders, with high levels of allocation to

reproduction, and are hence strongly constrained by the availability of high quality resources during spring.

We investigated how recent climate change has influenced demographic processes in two populations of

this widespread species. Spring began increasingly earlier over the study, allowing us to identify 2 periods

with contrasting onset of spring. Both populations grew more slowly when spring was early. As expected

for a long-lived and iteroparous species, adult survival had the greatest potential impact on population

growth. Using perturbation analyses, we measured the relative contribution of the demographic parameters

to observed variation in population growth, both within and between periods and populations. Within peri-

ods, the identity of the critical parameter depended on the variance in growth rate, but variation in recruit-

ment was the main driver of observed demographic change between periods of contrasting spring earliness.

Our results indicate that roe deer in forest habitats cannot currently cope with increasingly early springs.

We hypothesise that they should shift their distribution to richer, more heterogeneous landscapes to offset

energetic requirements during the critical rearing stage.

Keywords
Age-structured populations, demographic change, income breeding, perturbation analysis, population

growth, Recruitment, Stochastic environment, Survival.

Ecology Letters (2013) 16: 48–57

INTRODUCTION

Variation in population abundance is shaped by the interplay

between density-dependence, environmental fluctuations, and demo-

graphic stochasticity (Lande et al. 2003). The relative importance of

these processes has been hotly debated (e.g. Nicholson 1933 vs.

Andrewartha & Birch 1954) and, for a while, accounting for

density-dependence has been privileged over considering stochastic

environments. This is well illustrated by the history of demographic

analyses. While Leslie included density-dependence in his determin-

istic model as early as 1948 (Leslie 1948), we had to wait until the

late sixties for the first integration of stochastic variation in popula-

tion growth rate (Lewontin & Cohen 1969) and the early eighties

for a full consideration of the stochastic population growth rate

(Tuljapurkar & Orzack 1980).

In recent years, the study of the ecological effects of climate

change has become a popular research topic (Both et al. 2004;

Parmesan 2006; Lebreton 2011 for reviews). Evidence is now accu-

mulating that climate change at a global scale affects the geographical

distribution of organisms, while topography interacts with climate to

influence local weather. This often involves warmer temperatures

and earlier springs (i.e. a change in plant phenology such that the

vegetation flush occurs earlier) in temperate areas (Schwartz et al.

2006), which markedly influence the population biology of a large

range of organisms (Fig. 1). However, these studies have either

focussed on climate niche models (Guisan & Zimmermann 2000;

Guisan & Thuiller 2005) to quantify the link between local weather

and distribution area for predicting the future spatial distribution of

a given taxon (e.g. Huntley et al. 2006; for a case study on Dartford

warbler Sylvia undata) or attempted to assess the magnitude of cli-

mate-induced variation in demographic parameters (Grosbois et al.

2008) or population growth (Hansen et al. 2011).

The interactions between demography and climate have not been

investigated (Brook et al. 2009), although some studies have recently

identified demographic responses to climate change (Ozgul et al.

2010; Lane et al. 2012). In particular, no study has yet assessed the

effects of climate change on the demographic processes involved in

shaping population growth rate, despite the fact that Andrewartha

& Birch (1954) emphasised more than 50 years ago that population

growth rate is a dynamic variable influenced by environmental con-

ditions. Moreover, most studies have been performed on single

populations, often declining in size (e.g. Barbraud & Weimerskirch

2001 for a case study on Emperor penguin Aptenodytes forsteri). As a

result, we have very little information on how climate change is
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influencing demographic processes in populations of abundant and

widespread species. Previous studies of climate-induced variation in

population dynamics of large herbivores have mostly been per-

formed in mountainous or northern areas and have mainly focussed

on the effects of winter conditions (Post & Stenseth 1999), using

global measures of climate change such as North Atlantic Oscilla-

tion (NAO) as a metric (Hallett et al. 2004). Moreover, most of

these studies have looked for relationships between climatic condi-

tions and population growth, but did not evaluate the effects of cli-

mate change (e.g. Garrott et al. 2003 on elk Cervus canadensis, Grotan

et al. 2008 on ibex Capra ibex). The few studies that have investi-

gated the effects of the timing of spring onset on performance of

large herbivores have failed to reveal consistent patterns, either

across species or among populations within a given species. Thus,

earlier spring was associated with improved individual performance

in chamois Rupicapra rupicapra (Garel et al. 2011) and red deer Cervus

elaphus (Pettorelli et al. 2005), whereas negative effects of earlier

springs on recruitment have been reported in bighorn sheep Ovis

canadensis, mountain goat Oreamnos americanus and ibex (Pettorelli

et al. 2007). Likewise, reindeer were reported to suffer from the

increasing mismatch between the availability of high quality food

and the timing of births in Greenland (Post & Forchhammer 2008),

whereas they appeared to benefit from earlier springs in Finland

(Helle & Kojola 2008). The exact demographic mechanisms through

which such contrasting effects of climate change arise remain

unknown.

We aimed to fill this gap by analysing the demographic responses

of roe deer, Capreolus capreolus, the most abundant and widespread

medium-sized mammalian species in Western Europe (Andersen

et al. 1998), to recent climate change using the intensive long-term

(> 30 years) monitoring of two contrasted populations. During the

last half century, populations of large herbivores have increased

substantially over much of the northern hemisphere, both in num-

ber and range, due to regulation of hunting and the increased fre-

quency of mild winters (Apollonio et al. 2010). The roe deer is the

most successful example of this in a European context (Andersen

et al. 1998). Indeed, due to its marked ecological and behavioural

plasticity, roe deer could be expected to cope successfully with cli-

mate change. To investigate whether this is so, we looked for three

possible types of effect of climate change on demographic processes

in roe deer using a comparison of contrasting demographic scenar-

ios in terms of population and climatic conditions.

First, we compared how climate change can potentially modify

the role of a given demographic parameter (i.e. age-specific survival

and fecundity) on population growth across scenarios. This kind of

structural change in demography is observed in response to the

occurrence of strong perturbations like hunting (Servanty et al.

2011), predation (Nilsen et al. 2009) or disease (Jones et al. 2008).

Second, we identified the critical parameter for determining popula-

tion growth within each demographic scenario. We expected the

contribution of a demographic parameter to increase with both its

potential demographic impact and its temporal variation (Coulson

et al. 2005). Finally, we identified the parameter responsible for driv-

ing the observed shift in population growth rate in each demo-

graphic scenario.

In temperate areas, climate change involves a co-variation of fac-

tors including, for example, earlier spring, higher spring and sum-

mer temperatures, a higher peak of plant productivity, a longer

vegetative growth season, and an increased frequency of extreme

climatic events (IPCC 2007). We focussed on the impact of the tim-

ing of the onset of spring on roe deer life history as the effects of

climate change are particularly pronounced in this season (Schwartz

et al. 2006) and because roe deer females are under substantial ener-

getic stress at this time of year due to the high costs of late gesta-

tion and early lactation in large herbivores (Mauget et al. 1997).

Moreover, the roe deer can be considered as an income breeder

(sensu Jonsson 1997), relying on current resource intake, rather than

fat reserves, to offset the costs of reproduction (Andersen et al.

2000). Hence, we assumed that the most evident response of roe

deer populations to climate change should be revealed by the link

between demography and spring conditions. However, we also dis-

cussed possible demographic variation induced by summer condi-

tions, as the expected increase in the frequency of summer drought

is also likely to influence roe deer demography at the southernmost

limit of its range.

MATERIALS AND METHODS

Roe deer as a biological model

The roe deer is a medium-sized forest-dwelling mammal (about

25 kg, Andersen et al. 1998). This large herbivore occupied lowland

forest as its habitat of origin, but since the early eighties has consider-

ably expanded its distribution range northwards and southwards

(Andersen et al. 1998), colonising new habitat types including both

agricultural landscapes (Kaluzinski 1982) and mountainous areas

(Acevedo et al. 2005). Roe deer have low sexual size dimorphism,

Figure 1 A general framework for linking climate change and ecology. Free-

ranging organisms cope with local climatic conditions (shaped by general

atmospheric and oceanic conditions) that are influenced by the greenhouse

effect. The local climate influences the ecology of organisms through two

pathways: direct influences provoking physiological and behavioural responses,

and indirect influences through the modification of habitat conditions and the

amount and quality of food resources. Both pathways generate effects on

demographic parameters by changing the flow of individuals within (through

birth and death) and among (through immigration and emigration) populations,

thereby influencing individual fitness and population growth. Spatial

heterogeneities in the organisms’ responses influence the extinction/colonisation

processes which determine the species’ range.

© 2013 John Wiley & Sons Ltd/CNRS
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with males about 10% larger than females (Hewison et al. 2011), and

a low level of polygyny (typically less than 3 females mated by a given

male in a given year, Vanp�e et al. 2009). Roe deer females are strongly

sedentary, spending their whole life within less than 50 ha in forest

habitat (Hewison et al. 1998). They are long-lived (up to 18 years of

age, Loison et al. 1999), iteroparous (one reproductive attempt per

year, from 2 years of age onwards, Gaillard et al. 1998) and allocate

high levels of energy to each breeding attempt, most often producing

twins that are born heavy (about 1.6 kg each) and grow quickly

(about 150 g�1 day) during the weaning period (Gaillard et al. 1993a),

compared with other large herbivores (Robbins & Robbins 1979).

Births are highly synchronised (> 80% of births within less than

25 days) and the mean birth date (15th of May) is remarkably con-

stant over years (Gaillard et al. 1993b).

Study sites

We studied two fenced roe deer populations managed by the Office

National de la Chasse et de la Faune Sauvage. These populations

inhabit deciduous forests managed by the Office National des Forêts.

In both forests, oak (Quercus sp.) and beech (Fagus sylvatica) are the

main tree species. At Trois Fontaines, the understorey is made up of

hornbeam (Carpinus betulus) and brambles (Rubus sp.). At Chiz�e, three

different habitats can be identified in relation to the type of timber

stand and coppice structure (from richest to poorest: oak with horn-

beam, oak with Montpellier maple (Acer monspessulanum), and beech

with little coppice, Pettorelli et al. 2003). Roe deer have been caught

every year since 1975 (at Trois Fontaines) and 1977 (at Chiz�e) using

winter drive-netting (over 10 days per year, mostly in January

–February) resulting in the capture of roughly half the roe deer pres-

ent in the forest each year (Gaillard et al. 2003). At capture, all ani-

mals are weighed, inspected for marks or newly marked (with both

leather numbered collars and ear-tags) and, at Chiz�e only, the repro-

ductive status of females is assessed using ultrasonography (since

1988). Marked known-aged roe deer are then released back to the

forest, while a variable number of animals of unknown age (between

0 and 150) are removed to manipulate population size (Fig. 2). As a

result, observed variation in population abundance over time was

mainly driven by management strategy and was therefore decoupled

from the variation in demographic parameters estimated from the

monitoring of known-aged and individually recognisable animals

(more than 70% of the population during most years).

The two sites are quite contrasted in terms of environmental con-

ditions. Trois Fontaines is a 1360 ha forest located in Eastern

France (48°43′ N, 2°61′ W), with a continental climate typified by

rather cold winters (mean daily temperature in January of 3.1 °C)

and warm but often wet summers (mean daily temperature in July

of 19.6 °C with an average total rainfall of 72.4 mm). Trois Fonta-

ines lies on rich and fertile soils, leading to high forest productivity

(long-term average wood production of 5.9 m3 ha�1 per year, Pet-

torelli et al. 2006). In contrast, the R�eserve Biologique Int�egrale of

Chiz�e is a 2614 ha forest located in Western France (46°05′ N,

0°25′ W), with an oceanic climate under some Mediterranean influ-

ence, characterised by mild winters (mean daily temperature in Janu-

ary of 5.6 °C) and warm but often dry summers (mean daily

temperature in July of 20.5 °C with an average total rainfall of

53.4 mm). Forest productivity at Chiz�e is quite low (long-term aver-

age wood production of 3.8 m3 ha�1 per year, Pettorelli et al.

2006). As a direct result of these between-population differences in

climatic and edaphic conditions, the demographic performance of

the roe deer population was substantially higher at Trois Fontaines

than at Chiz�e, especially during the late seventies and early eighties

(Nilsen et al. 2009), but less so during the period studied here (1988

–2009). There are no large predators and no hunting of roe deer on

either of the sites, and no epizootic events have been recorded,

despite regular epidemiological surveys on the caught roe deer.

We assessed the magnitude of climate change in both study sites

using the number of degree-days higher than 7 °C (°D7) from

February to April, when early plant growth occurs in both sites. In

temperate areas, this metric is indeed directly related to the phenol-

ogy of vegetation (plant growth), rather than to plant abundance

(Wilson & Barnett 1983). That is, the vegetation flush occurs

increasingly earlier as the number of degree-days > 7 °C increases.

For the period 1976–2011, annual mean daily temperature and total
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Figure 2 Yearly abundance index of roe deer population size at (a) Chiz�e and

(b) Trois Fontaines. The index corresponds to the average number of roe deer

observed per km of standardised transect walked in March–April (see Vincent

et al. 1991 for further details)
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rainfall were obtained from M�et�eo-France weather stations located

within 5 km of the study areas (Beauvoir-sur-Niort for Chiz�e and

Saint-Dizier for Trois Fontaines). To detect evidence of climate

change over the study period, we then regressed the number of

degree-days > 7 °C against time (in years).

Assessing demographic processes

The intensive Capture-Mark-Recapture monitoring of roe deer in

both study sites allowed us to obtain a complete time series of reli-

able annual estimates of all demographic parameters from 1988 to

2009 (Gaillard et al. 2003; Nilsen et al. 2009). To investigate a possi-

ble regime shift of demography in response to climate change, we

divided the population-specific time series into two periods of equal

duration (i.e. 11 year periods). We expected the spring vegetation

flush to occur later on average during the first period (1988–1998)

than during the second period (1999–2009). We thus built four

demographic scenarios using population- and period-specific

parameters. To account for possible confounding effects of density-

dependence, we tested for density-dependent responses of all

demographic parameters in both populations (see Appendix S1 for

further details). As density-dependent responses occurred in most

parameters during the study period at Chiz�e, we replicated the

demographic analysis for this site by standardising the yearly esti-

mates to the median density (Appendix S1). We modelled each sce-

nario using a pre-census Leslie matrix model (Caswell 2001). The

life cycle graph (Fig. 3) included four age classes and four demo-

graphic parameters. Female recruitment in a given age class was

defined as the product between the proportion of females that give

birth, the number of female offspring produced by those females,

and offspring survival between birth and 1 year of age. We obtained

yearly estimates of these parameters by updating previous analyses

(e.g. Gaillard et al. 2003). As roe deer females reproduce for the first

time at 2 years of age (but see Van Laere et al. 1997 for an excep-

tional case of successful reproduction at 1-year old), recruitment at

1 year old was set to 0. Although female fertility decreases from

12 years of age onwards in roe deer (Gaillard et al. 1998), we

assumed a constant recruitment rate with age because we were

unable to generate reliable year-specific estimates of recruitment for

old females due to the scarcity of data. Following previous analyses

(Gaillard et al. 2003), we considered three age classes for survival: a

prime-age stage, from 1 to 7 years of age, an old-age stage, from 7

to 12 years of age, and a senescent stage, from 12 years onwards.

For each population- and period-specific matrix, we estimated the

deterministic population growth rate (k) and the elasticity of each

demographic parameter (i.e. the proportional change in k obtained

when changing a given parameter by 1%) using standard matrix cal-

culations (Caswell 2001). To assess the potential impact of a given

demographic parameter on k, we performed a prospective analysis

(sensu Caswell 2000) by comparing the ranking and the relative val-

ues of elasticities among demographic scenarios. We then measured

the contribution of a given demographic parameter to the observed

variance in k by performing a retrospective analysis (sensu Caswell

2000). Using the approximation of variance in k proposed by

Horvitz et al. (1996), we measured the absolute contribution of a

given parameter as the product of its squared elasticity and its

squared coefficient of variation (CV). The sum of the contributions

of all demographic parameters provided a measure of variance in k.

The relative contribution of a given demographic parameter to

the observed variance in k was then obtained as the ratio between

the absolute contribution of that parameter and the variance in k. As

co-variations can be important, we also measured the contribution of

the two-way interactions between demographic parameters to the

observed variance in k. However, we did not account for possible

serial autocorrelations in demographic parameters. Lastly, we per-

formed a Life Table Response Experiment (LTRE, Caswell 2001) to

measure the contribution of a given demographic parameter to the

observed difference in k between scenarios. We excluded senescent

Figure 3 Life cycle graph of roe deer. Aa: females in the prime-age stage (from

1 to 7 years of age), Ao: females in the old-age stage (from 7 to 12 years of age),

S: females in the senescent stage (from 12 years of age onwards), P: annual

survival probability, F: recruitment (measured as the number of female offspring

at 1 year of age produced by a female of 2-years old or older).

(a)

(b)

Figure 4 Yearly changes in the number of degree-days > 7 °C (February to

April) between 1976 and 2011 at (a) Trois Fontaines and (b) Chiz�e. The dotted

line corresponds to the best-fit linear increase over time.
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stage survival from these analyses because of its negligible contribu-

tion (i.e. an order of magnitude lower than the smallest contribution

of other parameters) to variation in population growth rate.

RESULTS

A strong signal of climate change

In both study sites, the number of degree-days > 7 °C increased

markedly over time (yearly increase of 2.91 °D7 � 0.65, P < 0.001

and 3.58 °D7 � 0.84, P < 0.001 at Trois Fontaines and Chiz�e,

respectively, Fig. 4), demonstrating that spring occurred increasingly

earlier over years at both locations. From these models, we obtained

a clear difference in the timing of the onset of spring between the

two 11-year periods (model estimates of 167.49 and 247.46 °D7 for

1988–1998, hereafter denoted ‘normal spring period’, vs. 199.55 and

286.79 °D7 for 1999–2009, hereafter denoted ‘early spring period’,

for Trois Fontaines and Chiz�e respectively).

Prospective demographic analysis

The potential impact of a proportional change in a given

demographic parameter on k was remarkably constant across

demographic scenarios (Table 1). A given proportional change in

prime-age stage survival consistently had the largest impact on

growth rate, provoking a modification in k that was about three

times greater than an equivalent change in recruitment and about 10

times greater than an equivalent change in old-age stage survival. In

contrast, the impact of an equivalent change in senescent stage sur-

vival on k was negligible (Table 1). Clearly, therefore, the relative

potential impact of the different demographic parameters on k was

insensitive to both the difference in the earliness of spring between

periods and to the differences in environmental conditions between

populations. Accounting for density-dependence (Chiz�e only) did

not influence this general pattern (Table S2).

Retrospective demographic analysis

In all four demographic scenarios, prime-age stage survival was less

variable among years than recruitment rate and old-age stage sur-

vival (with a CV of around 0.10 or less, Fig. 5). However, marked

between-population differences occurred in both the magnitude of

temporal variation in demographic parameters and the sensitivity of

this variation to changes in the earliness of spring. At Trois Fonta-

ines, the overall variation in all demographic parameters was quite

low (all CVs less than 0.20, Fig. 5) and was not influenced by the

between-period difference in the earliness of the onset of spring. In

contrast, there was marked temporal variation in recruitment at

Chiz�e, with a CV of more than 0.40 (Fig. 5) [or more than 0.30

(Fig. S1) when accounting for density-dependence] and the

observed between-year variation in all parameters was higher during

Table 1 Potential impact of a proportional change in a given demographic

parameter on k (measured by the elasticity) for the four contrasting scenarios

describing roe deer demography for two periods (normal (1988–1998) and early

(1999–2009) springs) and two populations (Chiz�e and Trois Fontaines)

Demographic

scenario Recruitment

Prime-age

stage survival

Old-age

stage survival

Senescent

stage survival

Chiz�e (Normal

springs)

0.230 0.703 0.065 0.002

Chiz�e (Early

springs)

0.215 0.704 0.076 0.005

Trois Fontaines

(Normal springs)

0.246 0.705 0.048 0.001

Trois Fontaines

(Early springs)

0.217 0.715 0.065 0.003

Figure 5 Coefficients of variation for temporal variation in each demographic

parameter for the four demographic scenarios. TF Normal: Trois Fontaines

population monitored during years with normal springs (1988–1998); TF Early:

Trois Fontaines population monitored during years with early springs (1999–

2009); Chiz�e Normal: Chiz�e population monitored during years with normal

springs (1988–1998); Chiz�e Early: Chiz�e population monitored during years with

early springs (1999–2009).

Figure 6 Relative contribution of the demographic parameters to observed

variation in population growth rate in the four demographic scenarios. TF

Normal: Trois Fontaines during normal springs (1988–1998); TF Early: Trois

Fontaines during early springs (1999–2009); Chiz�e Normal: Chiz�e during normal

springs (1988–1998); Chiz�e Early: Chiz�e during early springs (1999–2009).
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the early spring period compared with the normal spring period

[0.40 vs. 0.6 (Fig. 5), or 0.30 vs. 0.36 (Fig. S1) when accounting for

density-dependence]. These clear differences in the variation of

demographic parameters between populations, periods and parame-

ters (Fig. 5) are in marked contrast with the virtually constant pat-

terns of parameter elasticity across demographic scenarios (Table 1).

As a consequence, it remains clear that among-scenario differences

in demography were driven by differences in the relative amount of

temporal variation among demographic parameters. As a result of

the above, the variance in k was one order of magnitude larger at

Chiz�e than at Trois Fontaines, and was largest during the period of

early spring in both populations (variance of 0.0328 vs. 0.0119 and

of 0.0044 vs. 0.0033 in the period of early spring vs. normal spring

at Chiz�e and Trois Fontaines respectively). This pattern was consis-

tent even when correcting for density-dependence at Chiz�e (variance

of 0.0130 vs. 0.0074).

The marked variation in recruitment rate over years observed at

Chiz�e meant that the observed variation in k was mostly accounted

for by changes in this demographic parameter (Fig. 6). However,

although temporal variation in recruitment rate was higher during

the early spring period compared with the normal spring period at

Chiz�e, the relative contribution of recruitment rate to variance in k

was lower during the early spring period (Fig. 6 and Fig. S2)

because temporal variation in adult survival (when either not

accounting for density-dependence or doing so respectively) was

also higher during this period (Fig. 5 and Fig. S1). As a result, tem-

poral variation in prime-age stage survival (respectively old stage

survival) accounted for about one-fifth (respectively one tenth) of

the observed variation in k in this scenario [compared to about one

tenth (respectively one per cent) in normal years, Fig. 6 (respectively

Fig. S2)]. At Trois Fontaines, the observed variance in k was mostly

driven by variation in prime-age stage survival (Fig. 6), despite the

fact that temporal variation in both recruitment rate and old-age

stage survival was clearly more marked (Fig. 5). This pattern was

due to the low absolute variation in all four demographic parame-

ters during both the normal spring and early spring periods (Fig. 5)

which limited the degree of variance in k. As a result, the relative

contribution of the three demographic parameters to variance in k

was predominantly shaped by their elasticity values. The co-variation

among parameters contributed relatively little to variance in k (from

5.7 to 23.8%) compared to their main effects (Fig. 6 and Fig. S2).

The co-variation between recruitment rate and prime-age stage sur-

vival was the most important of the co-variations, but there was no

obvious pattern concerning the contribution of this co-variation

among scenarios, that is, in relation to the earliness of the onset of

spring or between populations (Fig. 6 and Fig. S2).

Life table response analyses (LTRE)

We performed four LTREs to assess the relative contributions of

the three demographic parameters to observed differences in popu-

lation growth rate among scenarios, both between populations for a

given period of spring earliness and between periods for a given

population (Fig. 7). The between-period difference in k within a

given population was much larger than the between-population dif-

ference within a given period. The slightly higher k at Chiz�e (1.298)

than at Trois Fontaines (1.284) during the normal spring period was

due to higher survival at Chiz�e for both prime-age (0.958 vs. 0.911

at Trois Fontaines) and old-age (0.921 vs. 0.819 at Trois Fontaines)

stages, which almost exactly compensated for the lower recruitment

rate observed at Chiz�e (0.48 vs. 0.55 at Trois Fontaines). As a

result, recruitment rate and survival had an approximately equivalent

influence on the between-population difference in k. In contrast,

during the early spring period, k was higher at Trois Fontaines than

at Chiz�e, and this was almost entirely due to the between-popula-

tion difference in prime-age stage survival (0.955 at Trois Fontaines

vs. 0.895 at Chiz�e). When accounting for density-dependence (Chiz�e

only), the between-period difference in k was weak (1.278 vs.

1.264).

The lower values of k during the early spring period compared

with the normal spring period were mostly driven by a fall in

recruitment rate in both populations between periods (from 0.48 to

0.36 at Chiz�e and from 0.55 to 0.34 at Trois Fontaines). This result

held when accounting for density-dependence at Chiz�e (Fig. S3).

However, despite this more marked susceptibility of recruitment

rate to earlier springs at Trois Fontaines, the observed k was

slightly higher in this population (1.187) compared with Chiz�e

(1.147) during the early spring period. This was due to an increase

in prime-age stage survival at Trois Fontaines during the early

spring period (0.955 vs. 0.911 during the normal spring period),

which dampened the decrease of k between periods. Hence, at

Trois Fontaines, the lower value k observed during the early spring

period compared to the normal spring period was essentially due to

a lower recruitment rate. In contrast, at Chiz�e, a lower level of

prime-age stage survival (respectively old-age stage survival when

accounting for density-dependence) during the early spring period

[0.895 (respectively 0.874) compared with 0.958 (respectively 0.914)

observed during normal springs] acted in concert with the lower

level of recruitment to generate the lower value of k in this demo-

graphic scenario.
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0.100
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l
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Figure 7 Results of the Life Table Response Experiment analyses performed for

four scenarios comprising two populations and two periods of contrasting spring

earliness. We report the relative contributions of recruitment rate (in bold),

prime-age stage survival (in standard typeface) and old-age stage survival (in

italics) to observed differences in k (Dk) among scenarios: between populations

within a given period (horizontal comparisons) and between periods within a

given population (vertical comparisons). TF Normal: Trois Fontaines during

normal springs (1988–1998); TF Early: Trois Fontaines during early springs

(1999–2009); Chiz�e Normal: Chiz�e during normal springs (1988–1998); Chiz�e

Early: Chiz�e during early springs (1999–2009).
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DISCUSSION

Two main outcomes can be identified from our comparative analyses

of contrasted populations of roe deer. First, there is a clear evidence

for a strong signature of climate change involving increasingly earlier

springs over time in both study sites. This is in line with previous

studies that have identified similar trends across the whole Northern

hemisphere (e.g. Schwartz et al. 2006). However, it is noteworthy

that the signature of climate change was almost identical in both

study sites (with a linear increase of about 3 degree-days > 7 °C per

year) despite the fact that they are 600 km apart. Interestingly, a

remarkably similar signature of climate change was observed in a

third site (Aurignac in South France, 43°13′ N, 0°52′ E) where the

roe deer population has been intensively monitored for about

12 years (Hewison et al. 2009). In this site, composed of forest

patches interspersed within a matrix of agricultural land and subject

to an Aquitanian climatic type (a warmer and drier variant of an oce-

anic climate), the number of degree-days > 7 °C also increased by

about 3 units per year (slope of 3.396 � 0.786). This suggests the

existence of a rather constant speed of change in the earliness of

spring across the lowlands of Western Europe.

Second, the population growth rate for roe deer at both study

sites was lower during the more recent period with early springs

compared to the preceding period with normal springs (Fig. 7). This

demographic shift involved several demographic processes which

differed in relation to the environmental conditions of the focal

population. The relative potential role of the different demographic

parameters did not vary, either in response to earlier springs or

between populations experiencing contrasting environmental condi-

tions. This indicates, irrespective of whether density-dependence

occurred, that the continuous and regular increase in the earliness

of spring did not markedly affect the functional dependence of

population growth rates on given demographic parameters. This

contrasts with the demographic response to sudden and strong per-

turbations generated by disease (Jones et al. 2008), heavy hunting

(Proaktor et al. 2007; Servanty et al. 2011) or strong predation pres-

sure (Wittmer et al. 2005; Festa-Bianchet et al. 2006). This has prac-

tical consequences, as it means that the demographic signature of

climate change is potentially much harder to detect than that of

other types of perturbation and requires long-term and detailed

monitoring to be assessed. Indeed, obtaining accurate estimates of

demographic parameters across climatic gradients is an important

priority for future data collection (Brook et al. 2009). Likewise, the

critical demographic parameter that contributed most strongly to

the observed variance in growth rate among years of a given popu-

lation did not differ between the period with normal springs and

the period with early springs, but this critical parameter did differ

between populations. At Chiz�e, recruitment rate had the highest

contribution to observed variance in population growth rate in both

periods, whereas prime-age stage survival was the critical parameter

for both periods at Trois Fontaines. This supports the view that the

identity of the critical demographic parameter is context-dependent

(Coulson et al. 2005). We tentatively propose that the amount of

variation observed in population growth rate could determine which

parameter is critical. When this variance is low, we expect demo-

graphic parameters with the highest potential demographic impact

to drive variation in population growth, whereas when it is high,

demographic parameters with the highest temporal variation should

contribute the most.

In contrast, in both populations, the lower growth observed dur-

ing the early spring period was mainly due to a marked decline in

recruitment. This reinforces our inference that spring is the critical

period for roe deer, with early fawn mortality in relation to maternal

condition and climatic conditions during late gestation and early lac-

tation driving roe deer recruitment (Gaillard et al. 1997). This also

provides some of the first evidence that the demographic parame-

ters that are responsible for most of the variation in population

growth rate among years may not necessarily be the same as those

that drive changes in mean growth rate between periods of con-

trasting environmental conditions. It is also noteworthy that at

Chiz�e, where roe deer suffered most from early springs, adult sur-

vival also decreased in the period of early springs and partly

accounted for the observed decline in population growth rate. The

marked increase in adult prime-age survival between periods when

accounting for density-dependence (from 0.895 to 0.934) indicates

that both high density and climate change must occur simulta-

neously to influence prime-age adult survival markedly. As adult

survival is generally buffered against environmental variation in

long-lived mammals (Gaillard & Yoccoz 2003), the low values of

this parameter that we observed in recent years at Chiz�e during high

density might indicate severe energetic stress in this population.

This was supported recently by biochemical and immunological

analyses (Gilot-Fromont et al. 2012). This observation suggests that,

in addition to spring earliness, summer climatic conditions might

also limit population growth in water-stressed environments. Severe

summer droughts such as that in 2003 at Chiz�e have indeed been

linked to increased female mortality in roe deer (Bonenfant et al.

unpublished data).

The identification of recruitment as the key parameter in the

observed decline of population growth rate in response to increas-

ingly earlier springs in both populations suggests the existence of a

general explanation related to the life history of the focal species. In

temperate regions, we can consider three possible ways for organ-

isms of a given species to cope with climate change involving

increasingly earlier springs. The simplest way involves resisting this

change, maintaining invariant timing of life history events and con-

stant demographic performance. To be efficient, this (absence of)

response requires some degree of decoupling between vegetation

phenology and the resource acquisition process needed for meeting

the energy requirements of reproduction. Previously accumulated

body reserves (i.e. capital breeding tactic, Jonsson 1997) or a diet

based on food items which are not directly dependent on the vege-

tation might provide potential pathways to acquire resources inde-

pendently of the timing of the vegetation flush. These pathways are

clearly not available to a medium-sized herbivore feeding on plants

which are available in forest coppice and displaying an income bree-

der tactic such as the roe deer. As a result, the roe deer is unable to

resist the energetic constraints imposed by increasingly early springs

and the increasing frequency of summer droughts, likely because of

its strong dependence on high quality vegetation (Latham et al.

1999). This resulted in a marked decline in demographic perfor-

mance in both our study populations.

A second way to deal successfully with increasingly early springs

involves adapting the timing of life history events to track changes

in the phenology of vegetation. This has been reported to occur in

several vertebrate species (Visser 2008; Carey 2009), including large

herbivores (Moyes et al. 2011 on red deer). The lower population

growth that we observed in both populations during the period of
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early springs indicates that roe deer are unable to adjust the timing

of their reproductive cycle to maintain constant demographic per-

formance. In particular, contrary to other large mammalian herbi-

vores such as red deer (Coulson et al. 2003) or wild boar (Gamelon

et al. 2011), roe deer females have inflexible birth dates (Plard et al.

unpublished data), leading to an increasingly marked mismatch

between the earlier vegetation flush and the birth peak which has

remained constant over years. For an income breeder which allo-

cates substantially to reproduction, a decrease in resource availability

during late gestation-early lactation, when energy expenditure peaks

in large herbivores (Oftedal 1985), is likely to lead to increased early

mortality of offspring. In both populations, a decrease in recruit-

ment was responsible for most of the observed decline in popula-

tion growth, involving a marked decrease in early survival of fawns

when shifting from normal to early springs (from 0.75 to 0.64 and

from 0.60 to 0.42 at Chiz�e and Trois Fontaines respectively). The

ability, or lack of it, to match the phenology of reproductive events

to earlier springs might thus be the critical factor determining which

organisms can and cannot adapt to climate change in seasonal envi-

ronments (Coppack & Both 2002). For instance, Salido et al. (2012)

recently showed that increased flexibility of laying date positively

correlated with population growth rate among UK passerine bird

species. Likewise, Pau et al. (2011) predicted that the phenology of

plant species of temperate areas should shift in time in response to

earlier springs. Although data from a larger range of populations

would be required, our findings strongly suggest that the inflexibility

of birth date in roe deer leads to the observed decline of population

growth in early spring years through increased early offspring mor-

tality because roe deer females are unable to track temporal changes

in the phenology of the vegetation flush.

The last way to cope with changing spring conditions involves

escaping this change by moving. For instance, seasonal migration has

been observed in a large range of organisms and has been interpreted

as a tactic for tracking spatio-temporal variation in resources (Swin-

gland & Greenwood 1983; Fryxell & Sinclair 1988). Shifting spatial

distribution is also predicted to be the response of tropical plant spe-

cies to climate change (Pau et al. 2011). However, in a context of glo-

bal change, moving through space is unlikely to enable populations

or species to directly escape increasingly early springs, as this is a gen-

eral phenomenon across temperate areas. However, individuals may

successfully cope with earlier springs by moving into secondary habi-

tats that provide alternative food resources during the critical mis-

match period. Agricultural landscapes, which include forest patches

disseminated within open habitats of differing nature and containing

a variety of food resources, might provide such a suitable habitat for

roe deer. Interestingly, roe deer began to colonise agricultural land-

scapes in the late seventies and now occupy most of this habitat type

throughout Western Europe. Moreover, roe deer appear to perform

better in these open agroecosystems than in forest blocks. Indeed, by

obtaining access to higher quality diets, especially in terms of nitro-

gen and phosphorous content, roe deer in open areas are able to

attain larger body mass than in strict forest habitat (Hewison et al.

2009). As fast early body development is positively associated with

increased early survival (Da Silva et al. 2009), we might expect roe

deer in agricultural landscapes to cope with ongoing climate change,

and in particular increasingly earlier springs, without adjusting the

timing of their reproductive cycle.

Our demographic analysis suggests that the roe deer, following a

very rapid increase in abundance over the eighties-nineties through-

out Western Europe, could be now confronting the adverse effects

of increasingly early springs. This seems to be a general pattern

throughout its geographical range. Indeed, hunting statistics show

that the previously marked increase in the number of roe deer shot

annually has reached a ceiling, or may even be decreasing, in most

European countries since the early part of this century (Apollonio

et al. 2010). We suggest that these are the first signs that the

‘success story’ of forest roe deer that began in the second half of

the last century (Andersen et al. 1998) might be nearing its end due

to climate change. Indeed, given the current level of hunting pres-

sure that is exerted on this economically important game species,

roe deer populations in strict forest habitat may soon decline mark-

edly as spring becomes increasingly early. In contrast, because the

breeding phenology of sympatric large herbivores such as red deer

and wild boar appears more flexible (Gamelon et al. 2011; Moyes

et al. 2011), these species may cope more efficiently with ongoing

climate change. This predicted interspecific asynchrony in the

effects climate change among sympatric large herbivores (but see

Mysterud et al. 2007) is likely to impact on interspecific relationships

within multi-herbivore communities. We suggest that the only way

roe deer can escape the adverse effects of climate change is by

increasingly shifting their distribution to open landscapes which

offer richer food resources during spring, enabling females to suc-

cessfully offset their energetic requirements during the critical rear-

ing stage. This testable prediction is a promising avenue for future

investigation.
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Supplementary material

Appendix:

1. Test of density-dependent responses in demographic parameters at

Chizé and Trois Fontaines

For survival parameters estimated using Capture-Mark-Recapture methods,

we looked for evidence of density-dependence by fitting a model in which survival

was constrained to be a linear (on a logit scale) function of population abundance

throughout the whole study period (1988-2009). We used the Kilometric Index, a

reliable indicator of changes in population size of roe deer (Vincent et al. 1991),

instead of the CMR estimates for two reasons. First, this allowed us to avoid prob-

lems of parameter-dependence, because there is some sampling co-variation be-

tween the age-specific survival estimates included in the demographic models and

the capture probabilities included in the CMR estimates of population size. Sec-

ond, the Kilometric Index provided an overall measure of population abundance,

whereas the CMR estimates only included roe deer older than 1 year in March.

The analysis was performed using the M-SURGE software (see Gaillard et al.

2003 for further details on CMR analyses of the studied populations). For repro-

ductive parameters (reproductive success at Trois Fontaines (Gaillard et al. 1998),

pregnancy rates and litter size assessed from ultrasonography at Chizé (Gaillard

et al. 2003)), we fitted standard linear models with normal (reproductive success

and litter size) or binomial (pregnancy rate) error terms. These analyses were

performed using the lm4 package of the R software. Results are displayed in the

table S1. At Trois Fontaines, we did not find any evidence of density-dependent

responses in any of the demographic parameters. On the contrary, at Chizé, most

demographic parameters showed a marked density-dependent response.
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Table S1: Magnitude of the density-dependent response in demographic parameters in the roe
deer populations of Trois Fontaines and Chizé between 1988 and 2009. The estimates of intercept
and slope (with 95% confidence intervals) are given on a logit scale for all survival parameters
and for pregnancy rates and on an absolute scale for reproductive success and litter size. The
statistically significant density-dependent responses are in bold.

Demographic parameter Trois Fontaines Chizé

Summer survival of fawns Intercept: +0.774 Intercept: +1.880

[+0.388 ; +1.161] [+1.092 ; +2.668]

Slope: -0.275 Slope: -1.932

[-1.041 ; +0.490] [-2.859 ; -1.006]

Winter survival of fawns Intercept: +1.248 Intercept: +2.358

[+0.160 ; +2.335] [+1.739 ; +2.977]

Slope: +0.046 Slope: -1.420

[-1.265 ; +1.358] [-2.052 ; -0.788]

Prime-age stage annual survival Intercept: +2.091 Intercept: +3.811

(1-7 years of age) [+0.566 ; +3.613] [+3.023 ; +4.600]

Slope: +0.382 Slope: -1.831

[-1.434 ; +2.198] [-2.550 ; -1.112]

Old age stage annual survival Intercept: +2.290 Intercept: +3.631

(7-12 years of age) [+0.852 ; +3.728] [+2.426 ; +4.835]

Slope: -1.342 Slope: -1.965 (0.611)

[-2.878 ; +0.194] [-3.163 ; -0.768]

Pregnancy rate Intercept: +3.720

[+2.778 ; +4.661]

Slope: -0.952

[-2.224 ; +0.320]

Litter size Intercept: +1.963

[+1.860 ; +2.065]

Slope: -0.327

[-0.466 ; -0.189]

Reproductive success in autumn Intercept: +1.132

[+0.771 ; +1.493]

Slope: -0.135

[-0.549 ; +0.280]
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2. Standardizing demographic parameters at the median population den-

sity

Assuming additive effects of density and climate change, we standardized

yearly estimates of those demographic parameters which showed a statistically

significant density-dependent response (Table S1) by calculating the change gen-

erated by the difference between the observed abundance index for a given year

and the median abundance during the 1988-2009 period. We then re-ran all the

demographic analyses (see main text for explanation). The results are displayed

in Figures S1 to S3. Comparing these results with those obtained on raw yearly

estimates reveals that accounting for density-dependence at Chizé did not change

the observed overall pattern in the demographic processes.

Table S2: Potential impact of a proportional change in a given demographic parameter (stan-

dardized at the median value for density) on (measured by the elasticity) for the two contrasting

scenarios describing roe deer demography for two periods (normal (1988-1998) and early (1999-

2009) springs) within the Chizé population.

Recruitment Prime-age survival Old-age survival Senescent survival

Normal springs 0.226 0.694 0.075 0.005

Early springs 0.227 0.698 0.071 0.004
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Figure S1: Coefficients of variation for temporal variation in each demographic parameter

(standardized at a fixed density) for the two demographic scenarios. Chizé Normal: Chizé

population monitored during years with normal springs (1988-1998); Chizé Early: Chizé

population monitored during years with early springs (1999-2009).
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Figure S2: Relative contribution of the demographic parameters (standardized 1013 at a median

density) to observed variation in population growth rate for the two demographic scenarios.

Chizé Normal: Chizé during normal springs (1988-1998); Chizé Early: Chizé during early

springs (1999-2009).
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Figure S3: Relative contribution of the demographic parameters (standardized 1020 at a median

density) to observed difference in population growth rate between the two demographic scenarios

(normal springs (1988-1998) vs. early springs (1999-2009)) at Chizé. These contributions have

been estimated using a LTRE analysis.
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Summary

The Predictive Adaptive Response (PAR) hypothesis proposes that animals ad-
just their physiology and developmental trajectory during early life in anticipation
of their future environments [1–3]. Accordingly, when environmental conditions
in early life match environmental conditions during adulthood, individual fitness
should be greater [4–6]. Here we test this hypothesis in a long-lived mammal, the
roe deer, using data from two contrasting populations, intensively monitored for >
35 years, the environment of one was productive, and the other harsh. In both pop-
ulations, the fitness of the deer increased with the quality of environment during
adulthood, and individuals born in good conditions generally outperformed those
born under poor conditions. However, in the harsh site, poor conditions in early
life selected for the most viable fawns, and allowed the survivors to have high
survival rates as adults, especially in poor years. As a consequence, the fitness of
animals born in good years in this site was better in good years, but not in poor
ones. This is consistent with predictions of PAR but results here from strong de-
velopmental constraints. PARs are often advanced in evolutionary medicine [7],
our findings suggest that competing hypotheses should always be investigated be-
fore assuming their existence.
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Results and Discussion

PAR is a form of developmental plasticity where fitness benefits of the develop-
mental responses to early life environment are not immediate but postponed to the
adult stage [1–3]. The proximate mechanisms underlying PARs include epige-
netic changes in gene regulation, variation in organ structure or alteration in cell
numbers [1, 8]. Ultimately, fitness benefits would arise from a slower metabolism
increasing survival in food-limited environments, or from a higher metabolism al-
lowing greater reproductive success when food resources are plentiful [2]. The
adaptive value of a PAR depends, however, on the conditions experienced during
early life predicting the environmental conditions experienced during adulthood
reliably, as mismatching may lead to disease or other fitness disadvantages [1, 3].
Hence, a key aspect of the PAR hypothesis is that fitness should be the highest
for individuals for whom early life conditions match conditions during adulthood
(Figure 1A). The most obvious competing hypothesis is that harsh early life en-
vironmental conditions can constrain body development, leading individuals born
under favorable conditions to outperform consistently those born in adverse con-
ditions (Figure 1B, ‘silver spoon’ effects, [9]). Most previous studies of the ef-
fects of the environment encountered in early life on life history traits cannot
distinguish PAR from ‘silver spoon’ hypotheses because they rarely considered
environmental conditions during adulthood and therefore cannot explore potential
interacting effects of early and adult environments on fitness components. More-
over, although the PAR hypothesis is often advanced in the medical and epidemi-
ological literature for explaining the occurrence of metabolic diseases, empirical
support for predictive adaptive responses remains scarce in long-lived species [10]
and tests assessing consequences for fitness itself are currently lacking.

In this present study, long-term monitoring of a large number of known-age
animals in two contrasting roe deer (Capreolus capreolus) populations allows us
to test the PAR hypothesis in a long-lived, wild, mammalian species. We use
the average mass of roe deer fawns in January-February as a measure of environ-
mental conditions experienced by female roe deer during the previous year (see
Figure S1 available online, [11, 12]), and show that the correlation between av-
erage environmental conditions encountered during the juvenile and adult stages
was high and positive in the highly productive population of Trois-Fontaines (TF)
but non-existent in the food-restricted population of Chizé (CH) (Figure 2). The
importance of matching conditions between juvenile and adult stages for the evo-
lution of PAR could therefore be tested: PAR should have occurred at TF but not
at CH because without a reliable cue of future environmental conditions, there is
no basis for an adaptive scenario in the long run [7, 13, 14].

Contrary to expectations from PAR, we found no evidence for an interaction
between early life and current environmental conditions on reproduction at TF (n
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Figure 1: Variation in fitness as a function of environmental conditions during early life and

adulthood under two different scenarios. (A) Predictive Adaptive Response. For individuals
born in good conditions, fitness increases as the adult environment improves. For individuals born
in poor conditions, fitness may increase weakly (dotted red lines) or decrease (solid red lines)
with improvement of the adult environment. In poor adult conditions, however, those born in
poor conditions perform better than those born in good conditions. In contrast, individuals born
under favorable conditions have higher fitness than those born under poor conditions when in good
conditions as adults. (B) ‘Silver spoon’ effect. Here there is no environmental matching. Fitness
increases with the quality of adult environment and individuals born in good conditions always
have higher fitness than those born in the poor conditions. Adapted from [2, 5].
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Figure 2: The relationship between average environmental conditions during the adult stage

(between 2 and 7 years of age) and early environmental conditions in both sites. (A) A high
positive correlation between the environmental conditions early and in the adult stage occurred at
TF (b = 0.43 ± 0.10, p < 0.001, R2 = 0.40). Solid line represents predicted relationship with 95%
confidence intervals (dotted lines). (B) There is no relationship at CH (b = 0.17 ± 0.19, p = 0.37,
R2 = 0.03).
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= 656, χ2
(d.f.=1) = 0.07, p = 0.79) or at CH (n = 275, χ2

(d.f.=1) = 0.10, p = 0.76).
In both populations, the annual reproductive success of adult females increased
with the quality of the current environment (TF: χ2

(d.f.=1) = 3.48, p = 0.06, b =
0.19 ± 0.10; CH: χ2

(d.f.=1) = 4.10, p = 0.04, b = 0.18 ± 0.09). Being income
breeders [15] female roe deer do not accumulate body reserve for reproduction
so they respond immediately to changes in food resources during the last weeks
of gestation and early lactation, when reproductive energetic costs peak [16], by
adjusting the amount of energy allocated to their fawns. Overall, females born
in favorable conditions had a consistently higher reproductive output than those
born in poor conditions (TF: χ2

(d.f.=1) = 9.95, p = 0.001, b = 0.62 ± 0.20; CH:
χ2

(d.f.=1) = 5.82, p = 0.01, b = 0.64 ± 0.26). For instance, females born in good
environmental conditions had 2.15 and 2.29 times higher chances of rearing two
fawns to weaning than females born under harsh conditions at TF and CH, re-
spectively (Figures 3A and 3D). This probably resulted from long-term positive
consequences of early environmental conditions on body mass [17], which in turn,
influence reproductive performance [12, 18].

As for reproduction, no interaction between early life and current environmen-
tal conditions could be detected for the annual adult survival rate (TF: n = 322,
χ2

(d.f.=1) = 0.14, p = 0.71; CH: n = 331, χ2
(d.f.=1) = 0.15, p = 0.70), but the two

populations differed. Annual survival of adult females was high and quite con-
stant at TF (Figure 3B), irrespective of the environmental conditions experienced
early in life (χ2

(d.f.=1) = 0.94, p = 0.33) and in the current year (χ2
(d.f.=1) = 0.10,

p = 0.75). At CH, annual adult survival was positively influenced by the quality of
current environment (χ2

(d.f.=1) = 31.16, p < 0.001, Figure 3E) but, unexpectedly,
females born in favorable conditions consistently showed a lower survival than
those born in poor conditions (χ2

(d.f.=1) = 11.71, p < 0.001, Figure 3E) in this
food-restricted population [19].

At CH, as female roe deer affected by poor early conditions have lower repro-
duction but higher survival rates than females born in good conditions, the overall
effects of early conditions on fitness depends on the relative effects of the environ-
ment on these two key demographic rates. We therefore quantified the expected
fitness consequences of early and adult conditions of life from matrix popula-
tion models (see Experimental Procedures for details) as a final test of the PAR.
Under favorable adult conditions, females born in good conditions have a higher
fitness than those born in poor conditions (Figure 3F). However, when adult con-
ditions become very harsh (observed in 6 years), the negative effects of early life
conditions on adult survival counteracted their positive influence on reproduction
because females born under poor conditions showed a higher fitness than those
born under good conditions (Figure 3F).
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Figure 3: Influence of early life and current environmental conditions on annual fitness

components and mean annual fitness of adult female roe deer in both sites. Variation in annual

probability to wean 2 fawns (A and D), annual survival (B and E) and mean annual fitness (C and

F) are shown. The lines represent model predictions with their 95% confidence intervals and points

indicate the observed means for each class of 1-kg average fawn body mass (the measure of current

environmental conditions). See also Figure S2 for effects of early life and current environmental

conditions on annual probability to wean 0 or 1 fawn.

That the fitness curves of good and bad cohorts crossed over under very harsh
conditions during adulthood at CH (Figure 3F) could be interpreted as a support to
the PAR (Figure 1A). It may, however, be accounted for by a basic demographic
process. For long-lived species like roe deer, juvenile survival was highly variable
in time and sensitive to degradation of environmental conditions [18]. When envi-
ronmental conditions become very poor, a strong viability selection (sensu [20])
occurs during the juvenile stage, filtering poor individuals from the population.
It follows that cohorts suffering from high juvenile mortality show subsequently
higher survival in adulthood (χ2

(d.f.=1) = 8.15, p = 0.004, Figure S3). Females sur-
viving harsh early life conditions nevertheless hardly reach the body mass of 22 kg
(Figure S4), above which they raise 2 fawns [21]. Conversely, cohorts born under
favorable conditions experienced a weak viability selection in early life so weaker
individuals survived the juvenile stage, but later suffered from an increased mor-
tality when the environmental conditions deteriorated during adulthood. This may
explains the opposite effects of early life conditions on reproduction and survival
and the interactive effects of environmental conditions during early life and adult-
hood on fitness at CH. Without such a marked viability selection, in the highly
productive forest of TF, the difference in fitness between good and bad cohorts
was constant (Figure 3C). Hence, not accounting for between-year differences in
viability selection during the earliest stages into account can lead to an apparent
support for PAR due to a different process. The viability selection process during
the juvenile stage is therefore a potential confounding factor when investigating
the PAR hypothesis.

In conclusion, roe deer do not adjust their phenotype during their first year
of life to match the environmental conditions at birth and during adulthood, pro-
viding a lack of support for the PAR hypothesis. While long-term consequences
of early life conditions have long been recognized in animal populations [22–24],
the PAR hypothesis is currently much debated [4, 6, 7, 25]. Much of the empiri-
cal evidence in support of the PAR comes from short-lived species [26, 27] and
the extrapolation of such results to long-lived species such as humans has often
been questioned [7, 13, 25]. The plausibility of PAR relies on the assumption that
early environmental conditions generally predict adult conditions. While short-
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lived species may face similar conditions of life at the juvenile and adult stages,
the longer growth and longevity of large mammals make such matching unlikely
in these species [25]. Gluckman and colleagues argued nevertheless that the accu-
racy of the environmental cue does not need to be particularly high for plasticity
to be selected [28], but see [29, 30]. However, despite the marked difference in
the correlation of environmental conditions during adulthood with those in early
life (R2 = 0.40 vs. R2 = 0.03 at TF and CH respectively), our results are more
consistent with the ‘silver-spoon’ hypothesis that predict that body development
is constrained by poor early nutrition in both populations. These results reinforce
the findings of a recent study in two preindustrial Finnish populations where indi-
viduals experiencing low early life crop yields showed lower survival and fertility
during the famine than individuals experiencing high early life crop yields [6].

Studies of phenotypic plasticity have become an important component of the
evolutionary literature [31, 32]. In humans, PARs are commonly invoked to ac-
count for associations between early life conditions and chronic disease risk dur-
ing adulthood [7]. Thus, the concept of PAR has important implications for public
health strategies. However, before assuming an ‘adaptationist program’ [33] alter-
native explanations must be excluded [34]. The results of our study clearly show
that harsh early life conditions impose strong developmental constraints with ma-
jor fitness consequences; PAR is not needed to explain the pattern in roe deer.
Moreover, and importantly, the strong constraints imposed by very harsh environ-
mental conditions can lead to misleading support for PAR hypothesis. Although
the PAR hypothesis requires more empirical tests, its validity in long-lived species
is increasingly uncertain.

Experimental Procedures

Roe deer as a biological model

The European roe deer is a medium-sized, forest-dwelling herbivore (adult body mass
ranges between 20-30 kg) with weak sexual size dimorphism [35]. Roe deer can live
up to 18 years of age in the wild [36] and are weakly polygynous (typically less than
3 females mate with a given male in a given year, [37]). Females are iteroparous (one
reproductive attempt per year) and can give birth to one to three fawns each year in May-
June from 2 years of age onwards (triplets are exceedingly rare in our study areas, see
below). Weaning occurs in late summer. Female roe deer rely almost exclusively on
available food resources to meet the energetic costs of reproduction [15].
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Study areas and populations

The study was carried out in two fenced forests managed by the Office National des Forêts,
the 2,614 ha Réserve Biologique Intégrale of Chizé (CH) located in Western France and
the 1,360 ha Territoire d’Étude et d’Expérimentation of Trois-Fontaines (TF) in Eastern
France. The two sites are quite contrasted in terms of forest productivity, climatic con-
ditions and vegetation composition (see Table S1). No predator of roe deer occurred in
either site and the few roe deer hunted at TF were censored from the data set. Both pop-
ulations have been intensively monitored by using capture-mark-recapture methods since
1976 at TF and 1978 at CH. About half the roe deer present in a given population were
captured every year (between 8 and 12 days of captures, mostly in January-February) us-
ing drive nets. At capture, all animals are sexed and weighed to the nearest 100 g. A
variable number of animals of unknown age were removed each year as part of ongoing
management programs, but most marked roe deer were released and any which were re-
moved due to injury were censored. In both populations, more than 70% of roe deer older
than 1 year are individually marked using numbered collars and ear tags. In addition to
winter captures, intensive observations took place every year in both study sites during
summer and autumn to assess the reproductive success of marked females (see [38] for
details).

Roe deer life history traits

All females included in this study were of known age because they had been marked
as fawns in their first winter. We considered reproductive and survival characteristics
of prime aged females (2-7 years) before senescence; these parameters do not vary with
age in prime-aged females [39, 40]. We divided annual reproductive success into three
categories: (i) ‘no offspring weaned’, (ii) ‘one offspring weaned’, and (iii) ‘two or three
offspring weaned’ [41]. Triplets were absent at CH and accounted for only 1.8% of litters
at TF.

Measures of environmental variation

Body mass of weaned offspring provides a reliable measure of environmental condi-
tions during early life in large herbivores [11, 12]. Previous work has shown that inter-
annual variation in mass of roe deer fawns is the result of both density-dependent and
-independent processes (mainly effects of weather in spring-summer) which could inter-
act [19, 42]. Indeed, increasing population density and harsh climatic conditions have
negative effects of life-history traits mainly through a decreased forage availability and
quality. Thus, we used the average body mass of roe deer fawns in January-February
(about 8 months of age) of each year, adjusted for possible confounding effects (see be-
low) as an annual measure of environmental conditions experienced by female roe deer
during the previous year. We estimated year-specific body mass of fawns with linear
models (one per site), including sex (to account for the weak sexual size dimorphism of
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roe deer, [35]), month of capture (to control for fawn growth over the winter catch sea-
son, [43]) and habitat type at CH only (to control for possible confounding effects of
habitat quality, [44]).

Testing the PAR hypothesis

We present analyses with environmental conditions in early life characterized as a two-
level factor, dichotomizing by a median split (bad conditions: below median value of year-
specific fawn body mass, good conditions: above median value of year-specific fawn body
mass). This allowed us to explicitly test the predictions displayed in the Figure 1 (see [14]
for a similar approach). Importantly, our results did not change where we considered the
quality of early life environmental conditions as a continuous variable (see Table S2). To
test the PAR hypothesis for shaping variation in reproductive success of female roe deer,
we used multinomial mixed models [45] of annual reproductive success. Environmental
conditions experienced during year of birth and at a given breeding year plus the inter-
action between these two variables were entered as fixed effects. Female identity was
entered as a random effect, controlling for the non-independence of repeated measures on
the same female. Parameters were estimated by maximum likelihood using the package
‘ordinal’ of the software R 2.14 [46]. We tested the PAR hypothesis for causing variation
in annual adult survival of female roe deer using capture-mark-recapture modelling [47]
with E-SURGE [48]. Our models included environmental conditions experienced during
year of birth and at a given survival event plus their two-way interactions. Following
previous CMR analyses in both populations [49, 50], we estimated time-dependent cap-
ture probabilities (3 periods at TF, 1976-1999, 2000 and 2001-2010; 13 periods at CH,
1978-1985, 1986-1999, and annual capture probabilities since 2000). We used a backward
selection procedure, testing successively the first-order interactions and, if not statistically
significant, the main effects of covariates. Statistical significance was assessed by Likeli-
hood Ratio Test (LRT). Finally, we quantified the fitness consequences of early and adult
conditions of life as a final test of the PAR by building two populations corresponding to
female roe deer born in poor and good conditions. We entered the predicted relationships
for reproduction and survival rates with conditions of life (Figures 3B, 3E & S2) in Leslie
matrix models (Fig. S5, [51]) to obtain predicted mean fitness of each of these populations
measured as the asymptotic growth rate [20]. We replicated these analyses using observed
reproduction and survival rates (Figures 3B, 3E & S2) to obtain observed mean fitness of
each of these populations.
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Supplementary material

Table S1. A detailed description of the study areas at Chizé and Trois Fontaines, France.

Parameter Chizé Trois-Fontaines
Size 2619 ha 1360 ha
Climate regime Oceanic under Mediter-

ranean influence
Continental

Winter climate Mild (mean ± SE daily tem-
perature in January is 5.63 ±
0.36◦ C)

Moderately colder winters
(mean daily temperature in
January is 3.07 ± 0.39◦C)

Summer climate Warm, often dry (in July,
mean daily temperature is
20.52 ± 0.28◦ C and total
rainfall is 53.39 ± 4.03 mm)

Warm but generally wet (in
July, mean daily temperature
is 19.57 ± 0.30◦ C and total
rainfall is 72.39 ± 6.76 mm)

Soils Shallow, calcareous, and not
very fertile

Fertile

Forest productivity (long-
term average wood produc-
tion)

3.77 m3.ha-1.year-1 5.92 m3.ha-1.year-1

Habitat structure Three broad vegetation asso-
ciations: (1) an oak Quer-

cus spp. forest with mainly
hornbeam Carpinus betulus

coppice (1046 ha), (2) a
beech Fagus sylvatica for-
est with virtually no cop-
pice (815 ha), (3) an oak
forest in which the coppice
is mainly Montpellier maple
Acer monspessulanum (758
ha)

Homogeneous at the large
scale
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Table S2. Effects of early life (Eearly) and current (Ecurrent) environmental conditions on

annual reproductive success and survival of adult female roe deer at Trois-Fontaines and

Chizé, France. "x" stand for the interactive effects. Slopes are presented on a logit scale

Response variable Effect tested χ2 df P-value slope (± SE)
Trois-Fontaines population

Annual reproductive success Eearly x Ecurrent 0.01 1 0.92 –
Eearly 29.15 1 < 0.001 0.79 ± 0.19
Ecurrent 0.12 1 0.73 –

Annual survival Eearly x Ecurrent 0.61 1 0.43 –
Eearly 0.009 1 0.92 –
Ecurrent 0.10 1 0.75 –

Chizé population

Annual reproductive success Eearly x Ecurrent 0.01 1 0.92 –
Eearly 4.36 1 0.03 0.25 ± 0.12
Ecurrent 3.79 1 0.05 0.18 ± 0.09

Annual survival Eearly x Ecurrent 0.001 1 0.97 –
Eearly 7.77 1 0.005 –0.29 ± 0.10
Ecurrent 28.54 1 < 0.001 0.61 ± 0.13
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Figure S1: Year-specific body mass (kg ± 1 SE) of roe deer fawns measured during January-

February at A) Trois-Fontaines, B) Chizé, France. Yearly means have been corrected for the
influence of the month of capture (standardized to January) and sex (standardized to male) in
either population and habitat type at Chizé (standardized to the beech stand). At Trois-Fontaines,
average body mass of fawns was highly variable among years (F(d.f.=36,1770) = 12.68, P < 0.001;
coefficient of variation = 6.5 %) ranging from 14.80 ± 0.32 kg in 2005 to 20.27 ± 0.28 kg in 1977.
At Chizé, average body mass of fawns was also highly variable among years (F(d.f.=34,1757) =
27.19, P < 0.001; coefficient of variation = 10.0 %) ranging from 12.17 ± 0.36 kg in 2011 to 17.72
± 0.34 kg in 1995. The environmental conditions are extremely harsh in this site between 1983-87
and since 2003 with all average annual body mass < 14.5 kg.
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Figure S2. Annual reproductive success (probability to wean 0, 1 or 2 fawns) of adult female

roe deer as a function of early life and current environmental conditions at Trois-Fontaines

and Chizé, France. Lines represent model predictions with their 95% confidence intervals and
points indicate the probabilities of reproduction for each class of 1-kg average fawn body mass
(the integrator of current environmental conditions).
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Figure S3. Relationship between survival of adult female roe deer and their cohort-specific

survival during juvenile stage (between 0 and 7-8 months of age) at Chizé, France.

Figure S4. Relationship between the proportion of adult female roe deer with a body mass >

22kg and the quality of early life environmental conditions at Chizé, France.
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Figure S5. Population projection matrix used for roe deer. R corresponds to recruitment
and Ψ to survival. The equality among vital rates is symbolized by the same number. The adult
vital rates (R2 and Ψ2) vary according the early life and current environmental conditions. The
yearling survival (Ψ1) and vital rates of senescent individuals (R3 and Ψ3) were fixed at their
observed means in each population.
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Summary

Iteroparous species give births several times in their life and most mammals have

one reproductive event each year. In particular, roe deer give birth each year in

May. At each reproductive event, a female can be in different reproductive sta-

tuses: breeder or non breeder and can wean a variable number of offspring. The

successive transitions between the different statuses of a given female give its in-

dividual reproductive trajectory. The performance of a given trajectory is assessed

by its fitness which can be approximated by the total number of offspring weaned

during the trajectory. Different individual life-history trajectories can exist in a

same population and these different trajectories can reach similar or different fit-

ness. This suggests that different strategies can be chosen by different individuals

to reach the same fitness but also that individuals of high quality can reach higher

fitness than individuals of low quality. The study of a roe deer population located

in North-Eastern France allowed analyzing the sources and the consequences of

individual heterogeneity on individual life-history trajectories and on population

dynamics. This work showed that roe deer individual reproductive trajectories are

consistent for a given female such as high quality females (heavy and long-lived

females) have an annual reproductive success higher than low-quality females.

Female quality is partly generated by birth condition such as birth date and envi-

ronmental conditions at birth. Individuals born early in the birth season and under

good environmental conditions will have a higher fitness than individual born late

in the birth season under poor conditions. Individual life-history trajectories vary

also randomly in relation to annual environmental conditions. In particular, cli-

mate change led to a decline in annual mean reproductive success and a decrease

of the population growth rate in the last decades in relation to an increase of the

mismatch between vegetation phenology and roe deer birth period. This work dis-

cussed how individual heterogeneity is generated in a long-lived species and how

it influences individual life-history strategies and population dynamics.


