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Résumé 

 

Cette thèse s’inscrit dans le vaste  domaine des recherches sur l'évolution des traits d'histoire 

de vie. Les traits d'histoire de vie sont directement impliqués dans la reproduction et la survie, 

et donc dans la valeur sélective, des organismes. L'intérêt pour les traits d'histoire de vie est 

motivé par l'immense diversité de ces traits dans le monde vivant. En particulier, il existe une 

grande diversité de patrons de vieillissement dans la nature. Le vieillissement est défini 

comme la variation des traits d'histoire de vie, comme la fécondité et la survie, avec l'âge. Le 

concept de sénescence décrit plus précisément la dégradation de ces traits avec l'âge. Cette 

thèse traite de l'évolution du vieillissement dans les populations naturelles. Comme pour la 

plupart des traits d'histoire de vie, les recherches théoriques sur l'évolution du vieillissement 

ont été menées dans le contexte d'une unique population, stable, et vivant dans un 

environnement constant. L'objectif de cette thèse est de prédire comment évolue le 

vieillissement lorsque les populations sont structurées dans l'espace et lorsque 

l'environnement varie dans le temps et l’espace. Mon approche a été essentiellement 

théorique, mais j'ai pu explorer certaines questions avec des données récoltées dans des 

populations naturelles. En introduction, je présente les éléments nécessaires à prendre à 

compte lorsqu'on s'intéresse à l'évolution des traits d’histoire de vie dans les populations 

structurées en âge. Je fais le constat que ces populations sont soumises à des variations 

environnementales et structurées dans l'espace. Dans la première partie, je montre que les 

variations de l'environnement, dans le temps et dans l'espace, peuvent affecter les patrons de 

sénescence. J'utilise des méthodes de génétique quantitative où je fais l'hypothèse que les 

mutations ont un effet spécifique à l'environnement et à l'âge. Dans la deuxième partie, je 

m'intéresse aux conséquences des dynamiques d'extinction-recolonisation sur la stratégie de 

partage des ressources entre la survie et la reproduction des individus en fonction de leur âge. 

Je montre en particulier que la dispersion est une source de variabilité pour cette stratégie et 

examine comment dispersants et non-dispersants diffèrent pour leur traits d’histoire de vie 

dans 3 jeux de données. De façon générale, mes résultats montrent que la prise en compte des 

conditions écologiques et environnementales complexes où vivent les organismes permet de 

mieux comprendre la diversité des patrons de vieillissement dans la nature. En dernier lieu, je 

fais un court bilan de cette thèse puis donne des perspectives possibles à mes recherches et de 

façon plus générale aux recherches sur l'évolution du vieillissement.  

 



Summary 

This thesis belongs to the wide field of life history evolution. Life history traits are directly 

involved in reproduction and survival. The interest for life-history evolution arises because 

organisms have evolved so many different ways of combining these traits to affect fitness. In 

particular, there is an important diversity of aging patterns in the wild. Aging is defined as the 

variation of life-history traits, such as survival or fecundity, with age. Senescence describes 

more precisely the idea that survival or fecundity decline with age. This synthesis deals with 

the question of aging in natural populations. Like most life-history traits, the evolution of 

aging has often been studied in the context of a single undisturbed population in a constant 

environment. My thesis aims at investigating how relaxing this assumption affects the 

evolution aging. I investigated this question mostly theoretically, but I used data from the 

field to investigate related questions. In introduction, I first go through evolutionary 

characteristics of age-structured populations. I also make the observation that age-structured 

populations are structured in space and live in a varying environment. In the first part, I 

investigate how environmental variability in space and time influences aging through the key 

results of Hamilton (1966) that the strength of selection declines with age. I used a 

quantitative genetics framework where I assumed that mutations that affect survival or 

fecundity have an age and environment specific effect. In the second part, I examine the role 

of metapopulation dynamics on the evolution of aging. I used an adaptive dynamics 

framework where mutations affect how a resource is shared between reproduction and 

survival at a given age. I show how the optimal age-specific reproductive effort is different in 

a metapopulation and in a single population. I then investigate how dispersal can be a source 

of heterogeneity in optimal age-specific reproductive effort. In this part, I went further in 

testing my predictions (and more generally exploring aging patterns) with data. As a general 

result, this thesis shows that including environmental and ecological heterogeneities helps 

understanding variation in aging in the wild. I finally discuss my main findings and give some 

perspectives to this work. 

  



Table of contents 

 

Box 1 Demography in age-structured populations      8 

Box 2 Quantitative genetics for life history traits      19 

Box 3 Consequences of age-specific environmental change on demography  23 

Box 4 Adaptive dynamics         28 

 

PART 1: SYNTHESIS         1 

 

1. Introduction            5 
 
 1.1 Many populations are age-structured      6 
 
  1.1.1 Measures of fitness in age-structured populations    6 
  1.1.2 Selection gradient       7 
  1.1.3 Trade-offs        9 
 
 1.2 Age-structured populations live in a complex environment   12 
 
  1.1.2 Environment changing in time and space    12 
  1.2.2 Metapopulations       13 
  1.2.3 Dispersal        14 
 
 1.3 Outline of the thesis        14 
 
2. Aging in variable environments        15 
 
 2.1 The strength of selection declines with age     16 
 
 2.2 Empirical evidence        17 
 
 2.3 Limits           18 
 
 2.4 Aim          20 
 
 2.5 Integrating the theory of adaptation to heterogeneous environments and the theory 
 of senescence          20 
 
 2.6 Conclusions         22 
 
3. Aging and metapopulation dynamics       25 
 



 3.1 How should reproductive effort vary with age in a single homogeneous population 
            26 
  3.1.1 A general model       26 
  3.1.2 Choices on the shape of the trade-off between reproduction and survival 
            29 
  3.1.3 Density dependence       30 
 
 3.2 Limits to our knowledge on age-specific reproductive  effort   30 
 3.3 Aim          30 
 
 3.4 Evolution of age-specific reproductive effort in a metapopulation with extinction-
 recolonization dynamics        31 
         
  3.4.1 Optimal life-history       31 
  3.4.2 Age-specific dispersal syndrome     33 
 
 3.5 Evolution of age-specific reproductive effort in a metapopulation with kin 
 competition          35 
 

3.5.1 Brief review of previous theory on the role of kin competition on the 
evolution of aging        35 

  3.5.2 Age, reproductive effort, dispersal and kin competition  35 
 
 3.6 What do data say about age-specific reproductive effort   38 
 
  3.6.1 Measures of reproductive effort     38 
  3.6.2 Reproductive effort increasing with age?    38 
  3.6.3 Dispersal as a source of heterogeneity in age-specific reproductive effort 
            39 
 3.7 Conclusion         45 
 
4. Perspectives          49 
 
 4.1 Testing models         50 
 
  4.1.1 Environment changing with space and time    51 
  4.1.2 Metapopulation dynamics      52 
 
 4.2 Further modeling         52 
 
  4.2.1 Parameterizing models       52 
  4.2.2 Stochastic environments      53 
 
 4.3 Integrating molecular and theoretical studies     53 
 
References           55 
 
 
 
 



PART 2 ARTICLES           65 

French summaries          67 

Article 1 Maladaptation as a source of senescence in habitats variable in space and time 71 

Article 2 Optimal life history schedule in a metapopulation with juvenile dispersal 111 

Article 3 Optimal life history differs between philopatric and dispersing individuals in a 
metapopulation          151 

Article 4 Age-specific dispersal syndrome in a lizard     179 

 



 



1 

 

 

 

PART 1 

 SYNTHESIS



2 

 

  



3 

 

This thesis belongs to the wide field of research on life history evolution. Life history 

traits are directly involved in reproduction and survival. The interest for life-history evolution 

arises because organisms have evolved so many different ways of combining these traits to 

affect fitness (Stearns 1992). In particular, there is an important diversity of aging patterns in 

the wild. Aging is defined as the variation of life-history traits, such as survival or fecundity, 

with age. Understanding this diversity has puzzled humans for centuries (see Rose 1991) and 

is still the source of an active field of research. This synthesis deals with the question of aging 

in natural populations. Like most life-history traits, the evolution of aging has often been 

studied in the context of a single homogeneous and undisturbed population. My thesis aims at 

investigating how relaxing this assumption affects the evolution aging.  

In this thesis I will use the word aging to express the general idea that survival and 

fecundity vary with age. I will use senescence to express more precisely the idea that survival 

or fecundity decline with age.  
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1.1 MANY POPULATIONS ARE AGE STRUCTURED 

 

Age structure refers to the fact that there are overlapping generations and/or that survival and 

fertility are a functions or age. We, humans are an example of a species with overlapping 

generations and demographic parameters varying with age. In many insects, adults are 

iteroparous with survival and fertility that are functions of age, but die before their offspring 

reach sexual maturity (no overlapping generations).  

Classic genetics and ecology have often ignored age-structure. However, the ecology 

and evolution of many populations cannot be accurately described without their age-structure. 

In this section, I will briefly present the peculiarities of evolution in age-structured population. 

The basic demography in an age-structured population is described in box 1.  

 

1.1.1 Measures of fitness in age-structured population 

 

“Evolution is driven by the propagation of genes, traits and individuals within and between 

populations. This propagation depends on the survival, fertility and dispersal of individuals at 

each age or stage during their life-history, as well as on population growth and age (stage) 

structure” (Metcalf and Pavard 2007).  

 

 In theoretical studies, the measure of fitness allows estimating changes in gene 

frequencies with time. In particular, it allows predicting the probability that a new mutant in a 

population will be fixed, and therefore predicting the outcome of evolution. Fitness needs thus 

to be defined with an invasion criterion, which can be formulated as the average exponential 

growth rate of an invader (a mutation, or an immigrant genotype) growing in the environment 

set by the resident (Metz et al. 1996).  

 In the study of life history evolution, the asymptotic growth rate (see box 1) of a 

genotype in a given environment is classically used as a measure its fitness. The assumptions 

underlying the use of the asymptotic growth rate as a measure of fitness are that i) the 

environment is not temporally stochastic ii) the population dynamics are density independent 

iii) mating is random with respect to age iv) the mutation is not recessive v) selection is weak 

(see Charlesworth 1980 for the proof). This last assumption is central to life-history theory. 

Indeed it allows the assumption that demographic changes occur rapidly compared with 

evolutionary changes, so that the population closely tracks the stable age-distribution (see the 

boxes 2 and 4). There is no general measure of fitness that is optimized by evolution if these 
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assumptions are not satisfied (Charlesworth 1994). In a density dependent age-structured 

population, the adequate fitness measure depends on the way density dependence acts (Mylius 

and Diekmann 1995).  

 

1.1.2 Selection gradient 

 

In order to investigate the evolution of aging, we need to know how a mutation modifying 

fitness components at a given age affects fitness. It could be, for example, a mutation that 

affects the production of some enzyme, increasing its concentration by a small quantity δ. In 

turn, this altered concentration affects survival and fecundity at different ages. In other word, 

we need to know how a mutation with a small effect δ on the components of the Leslie matrix 

affects the population growth rate. It is possible to write the selection gradient on a mutation 

affecting the components of the Leslie matrix, which we note D. The general expression of 

this gradient is given by (Taylor and Frank 1996, Caswell 2001): 

0 u.v
x y xy

x y

u v dwd
D

d dδ

λ
δ δ=

= =∑∑          (1) 

where wxy is the contribution of the age-class x to the age-class y, u is the vector describing the 

stable age structure and v is the vector of reproductive values (see box 1). Equation 1 shows 

that the effect of a mutation affecting some components of the Leslie matrix depends on i) 

how the mutation affects each component and, ii) on the sensitivity of the growth rate to 

changes in these components. D can further be decomposed in: 

( ) ( )p m
x

D D x D x= +∑          (2) 

where Dp(x) is the component of the selection gradient due to the effect of the mutation on 

mortality at age x and Dm(x) is the component of the force of selection due to the effect of the 

mutation on fecundity at age x. If p(x) is the probability of survival from age x to age x + 1 

and m(x) is the net fecundity at age x, the explicit expressions of Dp(x) and Dm(x) are: 

ln( )
( ) ( )x

p p

d p
D x H x

dδ
= , and         (3) 
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D x H x

dδ
= , where,         (4) 
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( )
x

x
m

l
H x

T

λ −

= ,           (6) 

where lx is the probability of survival to age x and y y
y

T ym l=∑ is the mean generation time 

(the mean age of parents of offspring produced in a population with that age-structure). This 

decomposition corresponds to the classical result of Hamilton (1966) who derived indicators 

of the force of selection on a mutation affecting mortality and fecundity at different ages (Hp 

and Hm respectively). I will discuss these results in chapter 2.  

 

Box 1: Demography in age-structured populations 

 

Demography in an age-structured population is commonly described using a matrix approach 

(Caswell 2001). Let N(t) be the vector of the number of individuals in each age-class, and 

A(t) be the matrix describing all possible transitions between ages at time t. In a classic age-

structured population matrix, the non-zero transitions are the fecundities (first line) and the 

survival probabilities (sub-diagonal).The number of individuals in each age-class at time t + 1 

is given by: 

N(t + 1) = A(t) N(t)           (1) 

The matrix A is a square matrix. The largest eigenvalue and eigenvectors of this matrix are 

biologically interpretable. The largest eigenvalue of A, noted λ , is the asymptotic growth rate 

of the population. The right eigenvector of A, noted u, gives the stable age-structure of the 

population and the left eigenvector, noted v, gives the reproductive value in each age-class. 

The characteristic equation allows us to compute the asymptotic growth rate implicitly: 

1 x
x x

x

l mλ −=∑  , with           (2) 

1

0

x

x i
i

l p
−

=

= ∏ , 

where mx is the net fecundity at age x, lx is the probability to survive to age x (l0 = 1) and px is 

the probability to survive from age x to age x + 1. This equation can be derived easily from 

the classical matrix approach (Caswell 2001).  

The explicit expression for the reproductive value of an individual with age x is: 

1x
i

x i i
i xx

v l f
l

λ λ
−

−

=

= ∑ ,           (3) 
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The reproductive value of an individual with age x is a measure of the potential contribution 

of this individual to the ancestry of future generations (Roff 2002). Because asymptotically 

the population is growing at rate λ , the future contribution at age x needs to be discounted by 

a factor xλ− .  

 

1.1.3 Trade-offs 

 

Trade-offs are constraints that prevent different components of the phenotype to evolve 

independently. Without evolutionary constraints, "super organisms" would exist, for example 

living forever with an infinite fecundity. I will focus on the trade-off between the components 

of the characteristic equation (directly affecting fitness), survival and fecundity. There are of 

course trade-off between other traits affecting fitness indirectly, or between other traits and 

fitness components. 

  

Functional constraints  

 

Functional constraints are limitations on values of traits or traits combinations. The limitations 

are imposed by time, energy, or the law of physics (Arnold 1992). They are then absolute 

constraints. Functional constraints define the trade-off curve used in optimization models. I 

give in the following a simple example of a model describing a functional trade-off between 

survival and fecundity (see articles 2 - 3). 

 We assume resource availability is limited. The fraction of resource allocated to 

reproduction is called reproductive effort. Let Rx be the reproductive effort at age x. The 

fraction allocated to the maintenance of the organism is then (1 - Rx). We further assume that 

fecundity and survival depend on this resource allocation following: 

,

,(1 )

f x

s x

x x x

x x x

f F R

s S R

β

β

=

= −
,          (7) 

where Fx and Sx are respectively the maximal fecundity and survival rate at age x, due for 

example to physiological constraints. βf,x and βs,x give the intensity of the response of 

fecundity and survival, respectively, to resource allocation (figure 1). Note that the subscript x 

indicates that all components of equation 7 may change with age, depending on the 

assumptions of the model. For example, Sx might be a function of reproductive effort at 

previous ages or might increase due to an increasing capacity to acquire resource with age. 
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Figure 1 shows two examples of trade-off shapes at a given age. Importantly, the trade-off 

curve defines the line where the optimal phenotype must be. A strategy above the trade-off 

curve does not exist, and a strategy under the trade-off curve obviously does not maximize 

fitness. The curvature of the trade-off is of first importance to investigate what the optimal 

phenotype should be (figure 1). There is little empirical knowledge about the property of the 

curvature of trade-offs in nature (Rueffler 2006), which constitutes a major gap between data 

and theory. 

 

 

Figure 1: examples of trade-off shapes between two traits at a given age. A: βs = βf =0.5, B: βs 

= βf =2.  

 

Genetic constraints 

 

 Genetic constraints refer to the pattern of genetic variance and covariance for a set of traits 

(Arnold 1992). The definition of trade-offs in quantitative genetics is then statistic. Genetic 

covariances constitute a constraint because they restrain the range of possible genotypes, 

independently of their fitness. If characters are negatively correlated and both selected to 

increase, the character under weaker selection will evolve more slowly to the optimum 

generating transient maladaptation. This last character will ultimately reach its optimum if the 

correlation is not equal to -1. Genetic correlations can arise in two ways. First a gene might 

influence several traits, a phenomenon called pleiotropy. Second, two genes may act on two 

traits independently, but the association of alleles are not random so that combinations of 
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traits are not random, a phenomenon called linkage disequilibrium. Linkage disequilibrium 

can generate association between traits only transiently (depending on the scenario 

considered) and is therefore of less interest than pleiotropy for predicting long-term 

evolutionary outcomes.  

Information about genetic constraints is often contained in the so-called G-matrix, in 

which the elements on the main diagonal are genetic variances, and the other elements are 

genetic covariances. An important property of the G matrix is that it can change with time.  

For example, Whitlock et al. (2002) showed that the G matrix can change rapidly in 

Drosophila populations submitted to bottlenecks.  

Genetic constraints are measurable from empirical studies. Genetic correlations can be 

estimated by a variety of breeding designs such as full sib, half sib, parent offspring 

regression (Roff 2002) and by pedigree data (e.g. Charmantier et al. 2006). The parent 

offspring is the simplest case. If X and Y are two genetically correlated traits, the value of 

either in the offspring should be correlated with the other in the parents. The mid-parent 

correlation trait thus allows an estimate of the genetic correlation (Roff 2002): 

XY
A

XX YY

r
σ

σ σ
= , 

where XYσ is the covariance across traits (between offspring and mid-parent) and the 

denominator is the product of the covariances within trait (covariance between offspring and 

mid-parent for the same trait).   

 

Link between functional constraints and genetic constraints 

 

The link between functional constraints and genetic constraints is not straightforward and has 

been greatly discussed (Charnov 1989, Charlesworth 1990). Charlesworth (1990) derived an 

expression for the genetic correlation from the functional constraints. He concluded that the 

complexity of these relations means that the pattern of genetic correlations has only an 

indirect relationship with the pattern of functional constraints. With the exception of ± 1 

correlations, it is not possible to have information about functional trade-offs from genetic 

correlations (Charlesworth 1990, Houle 1991). Functional trade-offs and genetic correlations 

are respectively used to predict the long term and short term outcome of evolution.  
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1.2. AGE- STRUCTURED POPULATIONS LIVE IN A COMPLEX ENVIRONMENT 

 

The study of evolution in age-structured population has often considered a single population 

in a constant environment. It is however not the case for many age-structured populations. In 

the wild, populations often form a network of populations, where the environment varies in 

space and in time.  

 

1.2.1 Environment changing in time and space 

 

Organisms are submitted to environmental variation in space and time. A general example of 

variation in time could be seasonal cycles in temperate regions, but an environmental change 

induced by human activities is a more fashionable example. In particular, recent studies have 

investigated how climate warming may displace phenotypic optima. A well-known example 

is the optimal laying date in birds. Birds need to adjust their laying date so that the maximal 

energy need of the chicks corresponds to the maximal abundance in caterpillars. Climate 

warming makes insects emerge sooner, so that birds lay earlier (e.g. Winkler et al. 2002, 

Gienapp et al. 2013). The change in laying date affects yearly fecundity (clutch size) and is 

suspected to affect other life-history traits such as survival (Winkler et al. 2002). 

 A consequence of the spatial structure is that all local populations do not live in the 

same environment. Evidences of local adaptation in nature is widespread (e.g. Hereford 

2009). Local adaptation describes the fact that a local population has evolved traits providing 

an advantage in the local environment regardless of the consequence in other environments 

(Kawecki and Ebert 2004). Of course, local adaptation directly impacts life history because it 

enhances fitness components in the local environment. The process of local adaptation is 

known to be associated with change in life-history traits. For example, the walking stick 

Timena cristinae uses two distinct host plants, Caenothus and Adenostoma. Striped 

individuals occur mostly on Adenostoma whereas individuals wihout stripes occur mostly on 

Caenothus. The color pattern is genetically determined (Nosil 2007) and is of major 

importance for survival as it protects against predators.   

 Theoretical models of local adaptation often assume that there is a phenotype locally 

maximizing fitness. As a consequence, any deviation from this phenotype generates a genetic 

load. The genetic load can be divided in two components, the variance load and the 

evolutionary load. The variance load is the reduction in the mean survival rate due to the 
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variability of phenotypes within the specific population. This happens as soon as the trait 

under consideration is variable, even for a population with a mean phenotype corresponding 

to the optimum. The evolutionary load superimposes on the variance load if the mean 

phenotype of the population is not at the optimum. Finally, local populations interact via 

migration and gene flow. In the Timena example, there is migration between host plants 

(Bolnick and Nosil 2007), so that there are locally maladapted alleles in both habitats. This 

induces a reduction in the mean survival rate in local populations, which is called the 

migration load (Lenormand 2002). 

 

1.2.2 Metapopulations 

 

I will use the classic definition of a metapopulation given by Levins (1969). A metapopulation 

is a population of populations connected by migration and submitted to extinction-

recolonization dynamics. Local populations are driven to extinction because of demographic 

stochasticity but also because of environmental factors, such as periodic disturbances or 

successional replacement. Almost all species have a metapopulation-like structure when 

looking at sufficiently large spatial and temporal scales (Blondel 1987). In particular, many 

organisms live in ephemeral patches of habitats with frequent extinction, migration and 

colonization (Dobson 2003). These organisms often reproduce several times in their life 

before the patch that they occupy disappears. For example in pea aphids exploiting ephemeral 

crops, survival, fecundity and production of winged offspring vary with age (MacKay and 

Wellington 1977, Morgan et al. 2001).  

 Extinction-recolonization dynamics generate spatial and temporal environmental 

heterogeneity that impacts life history evolution (see Ronce and Olivieri 2004). First, local 

populations are likely to be small with high relatedness. Kin competition in metapopulations 

affects dispersal and reproductive effort (Gandon and Michalakis 1999, Pen 2000). Second, 

the extinction-recolonization dynamics generate transient demographic processes following 

colonization and limit the lifespan of local populations. Extinction-recolonization dynamics 

influence the evolution of dispersal and reproductive effort (Ronce and Olivieri 1997, Ronce 

et al. 2000, Crowley and McLetchie 2002). In particular, extinction-recolonization dynamics 

can affect age-specific traits. For example, Ronce and Olivieri (2004) showed that in a 

metapopulation with extinction recolonization, the evolutionary stable dispersal rate of an 

offspring varies with the age of its mother. 
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1.2.3 Dispersal 

 

Dispersal is an essential ingredient in a spatially structured population, allowing the genetic 

cohesion of a species, its global persistence and the tracking of favorable environments. 

Dispersal refers to any movement of individuals or propagules with potential consequences 

for gene flow across space (Ronce 2007). There is a significant body of literature about the 

evolutionary and ecological consequences of dispersal (see Clobert et al. 2004, Ronce 2007). I 

will outline here only the basic elements of this trait. Dispersal is traditionally decomposed 

into three stages, which are the decision to disperse (emigration), transience and settlement. 

Each of these stages is costly; for example active movement during transience consumes 

energy. There is a great plasticity in the responses of organisms to environmental cues during 

each dispersal stage (Ronce 2007). Moreover dispersal is heritable (e.g. Imbert 2001) and 

evolves in response to kin competition, inbreeding and disturbances.  

  

1.3 OUTLINE OF THE THESIS 

 

My thesis relies on the very simple observation that age-structured populations live in a 

complex environment. Literature about the evolution of age-structured populations in these 

complex environments is however scarce. In particular, I am interested in how this complexity 

influences the evolution of aging. In the first part, I investigate how environmental variability 

in space and time influences aging through the key results of Hamilton (1966) that the 

strength of selection declines with age. I used a quantitative genetics framework where I 

assumed that mutations affect survival or fecundity "directly" and have an age and 

environment specific effect. In the second part, I examine the role of metapopulation 

dynamics on the evolution of aging. I used an adaptive dynamics framework where mutations 

affect how a resource is shared between reproduction and survival at a given age. I show how 

the optimal age-specific reproductive effort is different in a metapopulation and in a single 

population. I then investigate how dispersal can be a source of heterogeneity in optimal age-

specific reproductive effort. In this part, I go further in testing my predictions (and more 

generally exploring aging patterns) with data. I finally discuss and give some perspectives to 

this work.  
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2. Aging in variable environments 
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Senescence is an ubiquitous feature of life. Initially senescence was documented 

mostly in lab populations but the analysis of long-term datasets of wild populations showed 

that organisms undergo senescence even in nature (Jones et al. 2008). I here investigate how 

deterministic environmental variations affect the evolution of senescence. I begin in 

explaining Hamilton's framework with its refinements and implications. In my research, I 

integrated Hamilton's work and models of local adaptation to changing environment.  

 

2.1 THE STRENGTH OF SELECTION DECLINES WITH AGE 

 

The idea that the strength of selection declines with age dates from Haldane (1941), Medawar 

(1952) and Williams (1957). Hamilton (1966) was the first to formalize this idea in deriving 

D (the selection gradient- equations 1 and 2) for age-specific mutations affecting mortality 

(Hp(x)) and fecundity (Hm(x)). It is the simplest level of assumption used to explain changes in 

survival and fecundity with age. Hp(x) is in all cases a decreasing function of x. Hp(x) starts to 

decline at the onset of reproduction and reaches zero at the last reproductive age. The first 

consequence of these results is that selection is less efficient at eliminating deleterious 

mutations expressed in advanced ages. This leads to an accumulation in the population of 

mutations with deleterious effects in old individuals, which is the mutation accumulation 

theory (Medawar 1952). The idea is that mutations with age-specific effect (affecting some 

age-classes), most of them with deleterious effects, appear at random. They reach higher 

frequencies at mutation-selection equilibrium when they are expressed late in life. The second 

consequence is that genes having advantageous effects at younger ages but deleterious effects 

in older ages are selected for, which is the antagonistic pleiotropy theory (Williams 1957). 

These genetic mechanisms are not mutually exclusive.  

Hamilton’s results have been later refined and introduced into a more explicit 

population genetics framework (e.g. Charlesworth 1980, Charlesworth 1994). The main 

refinements concern the age-specific effect of mutations. For example, experimental studies 

showed that at the very end of life, the mortality rate reaches a plateau (Vaupel 1997). This 

observation was used as an argument to discard Hamilton’s framework (Khazaeli et al. 1995). 

Charlesworth (2001) showed that such a decrease in mortality rate in the last age-classes can 

be reconciled with the classic framework if one assumes that age-specific mutations have 

pleiotropic effects that extend throughout adult life or are confined to juvenile stages. Another 

example is the observations that the effects of de novo deleterious mutations tend to decrease 

with their age of expression (e.g. Pletcher et al. , Yampolsky et al. 2000). This problem was 
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tackled by Moorad and Promislow (2008), extending Fisher’s geometrical model of 

adaptation (Fisher 1958) to include age-specificity of mutational effects. They found results 

consistent with the observations from mutation-accumulation experiments.  

 

2.2 EMPIRICAL EVIDENCE 

 

Most tests of Hamilton’s theory were conducted using experimental evolution with model 

species and especially with the fruit fly Drosophila melanogaster. Recent studies extend 

empirical evidence to wild populations.  

These studies found evidence supporting the predictions that the decline in the strength 

of selection starts at the onset of reproduction and reaches zero at the age at last reproduction. 

For example, Rose and Charlesworth (1980) selected D. melanogaster lines for a delayed 

onset of reproduction, which translated into an increased lifespan. Rose et al. (2002) argues 

that if the strength of selection falls to zero after the last reproduction, there should be a late 

mortality plateau. They found that, in D. melanogaster, selecting for a late age at last 

reproduction delays the onset of the mortality plateau, consistent with their prediction.  

Moreover, there have been lots of investigations on the pattern of genetic of genetic 

variation expected if aging is explained by genes with antagonistic pleiotropic effects or by an 

accumulation of mutations, without clear theoretical predictions. Under the mutation 

accumulation theory, the additive genetic variance should increase with age (Rose and 

Charlesworth 1981). However, this pattern can also be observed with antagonistic pleiotropy 

(Charlesworth and Hughes 1996). Charlesworth and Hughes (1996) proposed that an increase 

in the dominance variance and inbreeding depression with age are expectations specific to the 

accumulation of mutations. Mutation accumulation should also result in an increase in 

inbreeding depression and heterosis with age (Escobar et al. 2008). Moorad and Promislow 

(2009) however showed that such patterns can also be observed with antagonistic pleiotropy 

and proposed that change in variance components with age should be interpreted as evidence 

for either mutation accumulation or antagonistic pleiotropy. Studies on D. melanogaster 

provided examples where the components of genetic variance changes with age (Hughes and 

Charlesworth 1994, Charlesworth and Hughes 1996, Promislow et al. 1996, Tatar et al. 1996, 

Hughes et al. 2002). Recent studies extended the body of evidence to non-model organisms 

(e.g. Charmantier et al. 2006, Escobar et al. 2008). The appropriate tests for antagonistic 

pleiotropy include the detection of negative genetic covariances between life-history 

characters as well as antagonistic indirect responses to selection. Experimental evolution 
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studies on D. melanogaster found such correlations (Promislow and Bugbee 2000, Clancy et 

al. 2001, Tatar et al. 2001) recently supported by results in natural populations (e.g. 

Charmantier et al. 2006, Brommer et al. 2007). Moreover, studies on Drosophila found 

correlated response to selection (e.g. Partridge et al. 1999).  

In conclusion, there is much evidence supporting the idea that the strength of selection 

declines with age and supporting the genetic implications of this decline. We do not know 

however which genetic mechanism contributes mostly to shaping senescence. 

 

2.3 LIMITS  

 

Hamilton’s theory takes place in the simple case of a single homogenous population. 

Hamilton assumed that mutations have an age-specific effect without considering their effect 

relatively to the environment. These simple assumptions make Hamilton’s theory very 

powerful. Senescence is expected to be observed in all organisms independently of the 

ecological context as soon as age-specific mutations occur. Organisms however live in 

complex environments, and especially, there is much evidence for local adaptation (1.3.1). 

Previous investigations relating the rate of senescence to the environment concern 

Williams' hypothesis (Williams et al. 2006). This hypothesis is that senescence should be 

faster in populations that typically experience the highest rates of environmentally imposed 

mortality. In Williams' view, environmentally imposed mortality refers to age and condition 

independent environmental hazards. Even though the generality of Williams' prediction is 

controversial (Williams et al. 2006), the relation between extrinsic mortality and senescence 

has been extensively explored in lab and wild populations. 

We propose that local (mal)adaptation can be another link between the rate of 

senescence (defined as the slope of the age-specific mortality curve) and the environment. 

Recent studies suggest that aging genes have an age and environment specific effect. For 

example, Tully (2004) showed that different clones of the springtail Folsomia candida have 

similar age-specific mortality in ad libitum food regimes but differ markedly in their age-

specific morality once exposed to dietary restriction. Conversely, if genes affecting fitness 

have age-specific effects, one could expect dynamics of adaptation to differ between ages and 

Hamilton’s framework needs to be integrated in models of local adaptation.  

Moorad and Promislow (2008, see alsoMoorad and Hall 2009) used Fisher’s 

geometrical model of adaptation (Fisher 1958) to investigate the effect of age-specific 

mutations on phenotypic values. They assumed that fitness is determined by the difference 
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between age-specific phenotypes and their optima. They however assumed that the 

environment is constant. We used a similar assumption but we assumed that the optimal 

phenotype varies in space and time.  

 

Box 2: Quantitative genetics for life-history traits 

 

The characters of organisms that determine their age-specific fecundity schedule are 

influenced by many genes of small effect and by environmental effects. Quantitative genetics 

is a statistical theory of phenotypic evolution that distills the essential features of complex 

genetic systems into relatively few variables that can be estimated from phenotypic 

measurements.  

 The life history of an individual can be represented by a column vector of quantitative 

characters z. The joint distribution of life history characters in a population of unselected 

individuals is assumed to be multivariate Gaussian, with mean z  and variance-covariance P. 

P can be decomposed into additive genetic and environmental components. If there is no 

genotype-environment correlation, P can be written as the sum of the additive genetic and 

environmental variance-covariance matrix: 

P = G + E. 

The population is assumed to be at the stable age distribution with weak selection. The 

assumption of weak selection implies that the population stays at the stable age distribution 

and that the additive genetic variance covariance matrix remains constant over time. Under 

these assumptions, the per generation change in the mean phenotype is given by (Lande 

1982): 

ln λ∆ = ∇z G  

where ∇ is the operator 1 2( ,..., )z z∂ ∂ ∂ ∂ . 

Barfield et al. (2011) showed that this result also hold in stage structured populations. The 

result was not straightforward. Stages are mixtures of different distributions so that the final 

distribution within a stage would rarely be Gaussian.  

 The infinitesimal model of inheritance assumes that the traits are controlled by an 

infinite number of loci each with an infinitesimal effect. This model allows relaxing the 

assumptions of stable age distribution, weak selection and a Gaussian distribution but is 

numerically intensive. With this model, one can follow the joint distribution of breeding and 

phenotypic values over time.  
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 Investigation comparing results with classic models (e.g. Lande 1982) and with the 

infinitesimal model shows that results from classic models are valid on short time scales but 

are inaccurate to predict long-term evolution. Predicting long-term evolution necessitates the 

recalculation of variance-covariance matrix at each time-step (Tufto 2000, Huisman and Tufto 

2012).  

 

2.4 AIM 

 

In this part of my thesis, the aim is to integrate the evolutionary theory of aging and the theory 

of adaptation to heterogeneous environments. A core assumption allowing this integration is 

that mutations have an age and environment specific effect. 

 

2.5 INTEGRATING THE THEORY OF ADAPTATION TO HETEROG ENEOUS 

ENVIRONMENT AND THE THEORY OF SENESCENCE 

 

Article 1: Cotto and Ronce. Maladaptation as a source of senescence in habitats variable in 

space and time. Manuscript in revision for Evolution. 

 

Summary 

In this article, we used a model of adaptation in age-structured populations (see box 2 

quantitative genetics). The main assumptions of the model are 1) that survival at age x 

depends on the value of a phenotypic trait z following a Gaussian relationship; survival is 

maximal when the trait is at the local optimum which may change with age, time and space 2) 

that the breeding and phenotypic values followed a joint Gaussian distribution. Combining 

these assumptions allows analytically 1) decomposing the mortality rate into the sum of the 

variance load plus the evolutionary load 2) describing the change in the mean breeding value 

for a trait affecting survival at age x. The per-generation change in the mean breeding value 

due to selection can be described by the Lande’s equation (Lande 1982, Barfield et al. 2011), 

modified to make apparent Hp(x): 

( ) lnx p xz G H x s∆ = ∇ , 

where Gx is the additive genetic variance at age x and ∇ is the gradient operator (/ z∂ ∂ ). We 

applied our model to cases where the environment changes in space and time. When the 

environment changes with time, we were interested in cases where the environment changes 
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gradually (e.g. climate warming), cyclically (e.g. seasonal changes), or abruptly (e.g. 

colonization of a new habitat). When the environment changes in space, we investigated 

analytically the case of one-way migration from a large source population to an island 

population. Environmental changes are modeled as changes in the optimal phenotypic values. 

 The analytical results we found, although permitting to understand the effect of the 

different parameters, do not allow clear predictions to be made about the pattern of 

senescence generated by environmental variation. We used numerical calculations to predict 

how adaptation influences the rate of senescence, defined as the speed of the decline in 

survival with age. For the numerical calculations, we relaxed the assumption of a fixed 

genetic variance and Gaussian distribution of breeding values using the infinitesimal model of 

inheritance (box 2). 

 We first found that the variance load is the main source of mortality and that the 

variance load increases with age (consistent with previous studies, Hamilton 1966, 

Charlesworth and Hughes 1996). Thus, there is senescence even in a perfectly adapted 

population, for which the mean phenotype is at the optimum. In our simulations, the variance 

load is only slightly (or transiently) sensitive to environmental variations and immigration if 

the traits are controlled by many loci. We further show that traits involved in late fitness 

components evolve more slowly than traits involved in early fitness components. As a 

consequence, the evolutionary load is higher in old individuals, depressing their survival rates 

when the environment changes or when there is migration from a source with a different 

optimum. Senescence is thus faster in variable environments (figure 2). 

 In our illustrations (e.g. figure 2), we present a reference case where mutations affect a 

single age-class. Mutations can however have pleiotropic effects in different age-classes, 

resulting in genetic covariances (either positive or negative) between mortality at different 

ages. We introduced genetic correlations between age-specific traits. Traits involved in early 

fitness components adapt faster, increasing the rate of adaptation of later traits if they are 

positively correlated, decreasing it otherwise.  

 Our model does not explain senescence in general but shows that a changing 

environment, in space or in time, generates additional senescence due to age-specific 

maladaptation. This result has several implications for our understanding of senescence in 

natural populations. We expect the rate of senescence to be higher in populations tracking a 

moving optimum or in populations that have recently colonized new habitats. We also expect 

a higher rate of senescence in a system with gene flow between locally adapted populations.  
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Figure 2: Age-specific mortality at equilibrium when the environment is changing at rate k. 

This figure illustrates that i) there is senescence even if the mean phenotype is at the optimum 

(k = 0) ii) when the environment changes, there is more evolutionary load in late age-classes 

than in early age-classes, generating additional senescence.  

 

2.6 CONCLUSION 

 

Since the environment is variable in nature, we think that our results have many implications 

for our understanding of senescence in wild populations and of adaptation in age-structured 

population. Maladaptation specific to the local environment may accumulate in late age-

classes in addition to unspecific maladaptations.  

 Our model integrates the theory on the evolution of senescence and on local 

adaptation. Our predictions derive directly from the result of Hamilton that the strength of 

selection declines with age. The genetic mechanisms generating senescence in our model are 

thus similar to the genetic mechanisms generating senescence in Hamilton’s framework. In 

particular we can draw a parallel with the accumulation of mutations. Favorable alleles spread 

more slowly when they affect late survival or late fecundity, so that there is an accumulation 

of maladaptation in late age-classes. Moreover, similarly with the antagonistic theory, if we 

assume that age-specific genes involved in local adaptation have negative pleiotropic effects 

across ages, genes favoring adaptation of young age-classes but generating maladaptation 

later in life are selected for. Finally, our model for the first time illustrates how migration can 
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shape senescence in heterogeneous environments. Selection is less efficient to eliminate 

locally deleterious alleles for genes expressed in late age-classes. 

We assumed that mutations have an additive effect with respect to survival. We could 

have used different assumptions about the scale of action of mutations (see Baudisch 2005 for 

the different alternatives). Moorad and Promislow (2011) proposed a threshold model 

assuming that there are many genetic and environmental factors determining mortality at a 

given age. With the central limit theorem, this is equivalent to assuming that mortality at age x 

depends on a variable (liability) with a Gaussian distribution. The individual dies if this 

variable is above a given threshold. They found a different pattern of decline in the strength of 

selection with age than Hamilton (1966), which fits better with data from a human population. 

A perspective of our work could be to generalize the results of our model using this threshold 

model.  

Finally, in our model we assumed that the environmental change affects all age-classes 

in the same way. Environmental change may however affect specific age-classes, for example 

in species where the environment changes with age (e.g. fishes, amphibians). In box 3, I 

present preliminary results about the demographic consequences of an age-specific 

environmental change. If the environmental change affect only young individuals, the drop in 

population size is large. The evolutionary response may be fast (if genetic variance is not 

strongly affected) because selection is strong on early age-classes. Conversely, if the 

environmental change affects late age-classes, the drop in population size is smaller, but the 

evolutionary response may be low (depending on the variance). The extinction risk before 

evolutionary rescue may thus depend on the age-classes affected by the environmental 

change.  

 

Box 3: Consequences of age-specific environmental change on demography (Additional 

results to article 1) 

 

Figure B1 illustrates that the demographic cost of the environmental change as well as the 

resilience depend on which age-class is primarily affected. These results can be investigated 

using a framework similar to Gomulkiewicz and Holt (1995 see also, Gomulkiewicz and 

Houle).  

When the environmental change affects mainly young individuals, the drop in 

population size is larger, but the population adapts rapidly to the new environmental 

condition. Then, the time during which the extinction risk is high is relatively short. 
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Conversely, if the environmental change affects old individuals, the drop in population size is 

smaller. However, the population adapts more slowly to the new environment. If the 

population falls below a critical population size where the extinction risk is high, the time 

under high extinction risk is long. Consequently, the probability of an evolutionary rescue 

depends on the age-class affected and on the population size. These results may have 

considerable importance in investigating the consequences of global change on age-structured 

populations. Concluding more rigorously about extinction risk would however necessitate to 

develop a stochastic model.  

 

Figure B1: variations in population size in response to age-specific environmental change. In 

this example there are 4 age-classes. Full line: the environmental change affects similarly all 

age-classes. Dotted line: The environmental change affects only survival between age 1 and 2. 

Dashed line: the change affects survival between age 3 and 4. The environmental change 

occurs at time 10.  
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3. Aging and metapopulation 

dynamics 
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We here assume an explicit functional trade-off between survival and reproduction. 

Originally, the trade-off between reproduction and survival was thought in term of 

reproductive effort (e.g. Williams 1966a). Reproductive effort is the fraction of resource 

allocated to reproduction (see section 1.1.3). In the following models, mutations affect the 

reproductive effort. They therefore have an indirect effect on both survival and reproduction. I 

will discuss about what is the best strategy for age-specific reproductive effort depending on 

the environment. To date, this question has been mostly investigated in a single homogeneous 

population. My work focuses on how these predictions are modified in a metapopulation with 

extinction-recolonization dynamics and with kin competition. Adaptive dynamics (or more 

generally game theory methods - see box 4) are used to find the optimal strategy.  

 

3.1 HOW SHOULD REPRODUCTIVE EFFORT VARY WITH AGE IN  A 

SINGLE HOMOGENEOUS POPULATION? 

 

Williams (1966a) first proposed that reproductive effort should increase with age in 

organisms with reproductive performances increasing with age. His intuition was based on the 

concept of residual reproductive values. Williams (1966a) introduced this concept by dividing 

the reproductive value in a part currently at stake (directly involved in the current decision) 

and the reproductive value remaining after the decision has been made (the residual 

reproductive value). He showed that the optimal decision depends on the ratio of the current 

gain in reproductive value over the residual reproductive value. His original argument was 

that in organisms for which reproductive performances increase with age, the current gain in 

reproductive value over the residual reproductive value increases with age. Williams’ analysis 

has since been developed and refined (Gadgil and Bossert 1970, Schaffer 1974, Charlesworth 

and Leon 1976). The question of how reproductive effort should vary with age is more 

complicated than what Williams first proposed.  

 

3.1.1 A general model 

 

In the following I propose a model for the evolution of age-specific reproductive 

effort. Then, I discuss the conclusion of this model with regard to the different assumptions 

that have been used in the literature. Let δ be a mutation affecting the reproductive effort at 

age x (see article 2). The selective gradient on this mutation is: 
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where g is the recruitment rate of juveniles and fx is the fecundity at age x (mx is the net 

fecundity, mx = fx g and see box 1 for notations). A necessary condition for the new strategy to 

be evolutionary stable (see box 4) is: 
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       (8) 

 

Equation 8 shows that when the strategy is evolutionary stable, the loss in reproductive value 

due to the cost of reproduction is exactly compensated by the gain in reproductive value due 

to the production of offspring. Equation 8 is the formal expression of based on the intuition of 

Williams (1966a). For intermediate reproductive effort to be evolutionary stable, the trade-off 

function needs to be concave toward the origin (Gadgil and Bossert 1970, Schaffer 1974, 

Charlesworth and Leon 1976). Figure 3 illustrates the graphical interpretation of equation 8. 

The concavity of the trade-off curve is important for the evolution of age-specific 

reproductive effort. Iteroparity is selected for only if the trade-off curve is concave toward the 

origin (figures 1A and 3). If the trade-off curve is convex (figure 1B), a semelparous life-

cycle is selected for. If the trade-off curve is partially concave and convex, there is no clear 

prediction.  

 



 

 

Figure 3: graphical interpretation of equat

trade-off curve with a line of slope 

Equation 8 shows that 

residual reproductive value over 

However, without further assumption

this equation does not permit 

should vary with age.  

 

Box 4: Adaptive dynamics 

 

Adaptive dynamics is a method allowing investigating the long

in a given environment (Geritz et al. 1998

phenotypic. Adaptive dynamics 

(Smith and Price 1973). 

The assumptions of adaptive dynamics are that: i) mutations have small effects ii) 

reproduction is asexual, iii) mutations are rare: this allow

scale from the ecological time scale. A mutation gets fixed or disappears before the apparition 

of a new mutation.  
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: graphical interpretation of equation 10. The optimal strategy is at the tangent of the 

off curve with a line of slope 1 1xv gv+−  

 

shows that the reproductive effort at age x depends on the ratio of the 

residual reproductive value over the gain in reproductive value due to current reproduction

However, without further assumption about the trade-off between reproduction and survival

this equation does not permit us to give a general conclusion about how reproductive effort 

Adaptive dynamics is a method allowing investigating the long-term evolution of a population 

Geritz et al. 1998). Adaptive dynamics is deterministic and 

. Adaptive dynamics allows characterizing a strategy in a game theory framework 

The assumptions of adaptive dynamics are that: i) mutations have small effects ii) 

reproduction is asexual, iii) mutations are rare: this allows separating the evolutionary time 

gical time scale. A mutation gets fixed or disappears before the apparition 

he optimal strategy is at the tangent of the 

depends on the ratio of the 

due to current reproduction. 
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term evolution of a population 
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egy in a game theory framework 

The assumptions of adaptive dynamics are that: i) mutations have small effects ii) 

separating the evolutionary time 

gical time scale. A mutation gets fixed or disappears before the apparition 
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We note ( )x yλ the growth rate of a mutant with strategy y in a population with x as resident 

strategy. Which strategy is able to invade depends on the sign of the selection gradient D(x):  

( )
( ) x

y x

y
D x

y

λ

=

∂=
∂

.           (B1) 

If D(x) > 0, then only y > x can invade, if D(x) < 0 only x < y can invade.  

When D(x*) = 0, the strategy x* is called singular. A singular strategy is called a convergence 

stable strategy if it can be reached by gradual evolution. The mathematical condition is: 
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If a singular strategy cannot be invaded by any mutant, the strategy is defined as being 

evolutionary stable. The mathematical condition is: 
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3.1.2 Choices on the shape of the trade-off between reproduction and survival 

 

In the simplest case, the trade-off between survival and fecundity does not vary with 

age. If reproductive effort is the only potential source of senescence, the reproductive values 

remain constant over age, and, consequently reproductive effort is also constant with age. 

With a limited lifespan, reproductive values decline with age and the reproductive effort 

increases with age (see article 1 and the conclusion of the chapter for a discussion about this 

assumption). Abrams and Ludwig (1995) investigated different (but constant with age) trade-

off functions between survival and fecundity. They found that mortality should always 

increase with age, but that the shape of the mortality-versus-age curve is very sensitive to the 

shape of the trade-off. In particular they found that the generally assumed Gompertz mortality 

curve corresponds to a narrow range of trade-offs possibility. Charlesworth and Leon (1976) 

assumed that fecundity and survival depends on growth. The trade-off between fecundity and 

survival then can depend on age. They found that low adult mortality, continuing adult growth 

in size or reproductive efficiency, a low rate of population increase and a high sensitivity of 

survival and growth to reproductive effort all favor an increase in reproductive effort with 

age. McNamara et al. (2009) assumed a trade-off between survival and fecundity based on the 

level of damage accumulated. Reproduction is assumed to entail damage to the organism, 
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therefore decreasing its survival probabilities. Depending on the sensitivity of the rate of 

damage accumulation to reproduction, an organism should increase or decrease its resource 

allocation to reproduction with age. In particular, if the rate of damage accumulation is a 

quadratic function of the reproductive rate, then reproductive effort should decrease with age.  

 

3.1.3 Density dependence 

 

The models cited above assume no density dependence. Density dependence is 

however also a driver of the evolution of age-specific reproductive effort. From equation 1, it 

can be seen that if juveniles suffer high competition with adults, and therefore have low 

recruitment rate g, the value of reproduction over survival is reduced. Abrams (1993) showed 

that early allocation to reproduction at the expense of late survival is favored in density-

independent growth but that the reverse is true when there is density dependence on juvenile 

survival. Seymour and Doncaster (2007) go further in showing that density dependence on 

juveniles can trigger a runaway selection on aging. The idea is that because the population is 

saturated, there is selection for delayed reproduction, and then for delayed aging. A general 

conclusion of these models is that strong density dependence on juvenile survival favors a 

reduced reproductive effort in each age-class, therefore increasing the average life span. 

 

3.2 LIMITS TO OUR KNOWLEDGE ON AGE-SPECIFIC REPRODU CTIVE 

EFFORT 

 

This theory takes place in a unique, well mixed and homogeneous population. 

However, many species live in metapopulations with extinction-recolonization dynamics 

(Dobson 2003). Most of the work concerning life history in metapopulation has been done on 

the evolution of dispersal (Clobert et al. 2001). We do not know yet how living in a 

metapopulation may affect the evolution of age-specific reproductive effort.  

 

3.3 AIM 

 

 Our aim is here to investigate how metapopulation extinction-recolonization dynamics affect 

aging evolution. We proceeded in three steps. First, we looked at the change in age-specific 

traits (reproductive effort and dispersal) expected in a metapopulation compared to a well 

mixed population and highlighted the mechanisms responsible for these changes. We then 
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investigated, based on the same model, how the dispersal status can be a source of 

heterogeneity in aging patterns. We finally explored the age-specific reproductive effort of 

dispersing and philopatric individuals in three datasets.  

 

3.4 EVOLUTION OF AGE-SPECIFIC REPRODUCTIVE EFFORT A ND DISPERSAL 

RATE IN A METAPOPULATION WITH EXTINCTION-RECOLONIZA TION 

DYNAMICS 

 

3.4.1 Optimal life history 

 

Article 2: Cotto, Olivieri and Ronce. Optimal life-history schedule in a metapopulation with 

juvenile dispersal. Manuscript published in Journal of Evolutionary Biology. 2013. 

 

Summary 

 

We assumed that the focal organism lives in a metapopulation with extinction-recolonization 

dynamics. Local populations have a probability e to go extinct. When a local population goes 

extinct, the site is empty and can be recolonized by dispersing juveniles. In this organism, 

reproduction is asexual and only juveniles disperse. We used adaptive dynamics to find the 

optimal age-specific reproductive effort and the optimal dispersal rate of offspring depending 

on the age of their mother. The trade-off we used is described in 1.3.1. We assumed that the 

coefficient β , which governs the curvature of the trade-off, does not change with age. 

Changes in the other parameters (e.g. maximal fecundity) with age do not affect qualitatively 

our conclusions.  

The most important insight of this model is that the reproductive value of juveniles 

(via philopatric juveniles) depends on the age of their mother. Philopatric juveniles will live in 

the same population as their mother. If the ecological conditions change with time, an adult 

may experience different ecological conditions when it ages. Then, the ecological conditions 

encountered by a philopatric juvenile potentially depend on the age of its mother. This 

reasoning would not hold if the age-structure of individuals is  uncoupled from the age of the 

population (defined as the time since colonization), which would mean that the average 

environment would be the same for all individuals regardless of their age. The level of 

competition would then be maximal as soon as the patch colonized. There is would be no 

correlation between the level of competition and the age of the population. For example, in 
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forest gaps, it can take several years to retrieve the maximal level of competition (Valverde 

and Silvertown 1998). In our model, intraspecific competition can progressively increase after 

colonization. Moreover, because we assume that only juveniles disperse, the age-structure is 

coupled with the age of the population. On average, young reproductive adults reproduce in 

recently colonized sites. When dispersal is low, there are few colonizers. Therefore, young 

adults reproduce on average in sites with lower intraspecific competition than old adults. The 

reproductive value of philopatric juveniles born to young mothers is then high.  

The consequence for the evolution of age-specific reproductive effort is that in a 

metapopulation with low dispersal, reproductive effort in young adults is greater than that of 

young adults in a single well-mixed population. Young adults benefit from a low level of 

intraspecific competition following colonization and then increase their allocation to 

reproduction. The age-specific reproductive effort can also adapt to changes in the disturbance 

rate with population age. Importantly, when the dispersal rate is fixed, adjusting the age-

specific reproductive effort is the only way to deal with changing ecological conditions. 

However, a mother can also maximize her reproductive value in adjusting the dispersal rate of 

her offspring. We showed that the optimal dispersal rate of offspring as a function of the age 

of their mother also changes in response to changing intraspecific competition with the age of 

the population. The dispersal rate of offspring born to young mothers should be low whereas 

the dispersal rate of those born to old mothers should be high. This represents another strategy 

to benefit from the favorable conditions in young populations. Old mothers live in populations 

with high competition so that they disperse their offspring. When both the age-specific 

reproductive effort and the age-specific dispersal rate are allowed to evolve, we found that 

age-specific reproductive effort becomes more similar to that expected in a well-mixed 

population. This happens because informed dispersal makes the reproductive value of 

philopatric offspring more similar across sites. We thus expect extinction-recolonization 

dynamics to leave a stronger signature on the evolution of age-specific reproductive effort in 

those species where constraints prevent a perfect adjustment of dispersal to local recruitment 

opportunities.  

Our study is the first to explore the evolution of age-specific reproductive effort in a 

metapopulation. Moreover it complements the study of Ronce et al. (1998) investigating how 

offspring should disperse according to their mother's age in a system with kin competition. In 

the wild, many species live in metapopulation. Metapopulation dynamics can be a source of 

variation in reproductive effort and hence in aging patterns. The main conclusions are that i) 

transient dynamics following colonization need to be considered when investigating the 
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evolution of life histories ii) the dynamics of a metapopulation may shape the age-specific 

reproductive effort and the age-specific dispersal rate.  

 

3.4.2 Age-specific dispersal syndrome 

 

Article 3: Optimal life history strategy differs between philopatric and dispersing individuals 

in a metapopulation. Cotto, Kubisch and Ronce. Manuscript in revision for The American 

Naturalist.  

 

Summary 

 

The previous article illustrated how the metapopulation dynamics can affect the evolution of 

age-specific reproductive effort and dispersal rate. We considered an “average” life-history, 

which means that all individuals with the same age were assumed to be similar. There is 

however evidence that, in a metapopulation, dispersing and philopatric individuals can have 

different traits (e.g. Clobert et al. 2009, Ronce and Clobert 2012). The association of dispersal 

with specific traits is called a dispersal syndrome.  

The main difference between this study and the previous study is that we now consider 

separately the age-specific reproductive effort of dispersing and philopatric individuals. In 

this model, any difference in reproductive effort between philopatric and dispersing 

individuals is plastic. Moreover, the reproductive value of a juvenile depends on the age of its 

mother and on her dispersal status. In particular, because only dispersing juveniles colonize 

empty sites, in a new population, dispersing adults lay the first cohort of philopatric 

individuals. As previously there is a correlation between the age-structure of individuals and 

the age of the population; and the intraspecific competition changes with the age of the 

population. In this study, however, the correlation between the age of individuals and the age 

of the population is different for dispersing and philopatric individuals. Dispersing adults tend 

to be in younger populations than philopatric adults, and so they benefit mostly from low 

competition in young populations. As a consequence, we predict that young dispersing 

individuals should have a higher reproductive effort than young philopatric individuals (figure 

4). The difference between both types should increase when the dispersal rate decreases. 

When the dispersal rate is low, only few juveniles colonize empty patches so that competition 

is low in recent populations. This favors a high reproductive effort in young dispersing 

individuals. 
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Figure 4: Proportional difference ( , , ,/d x p x d xR R R −  ) in age-specific reproductive effort 

between dispersing (Rd,x) and philopatric (Rp,x) adults of age x for various dispersal rates (A), 

costs of dispersal – the proportion of juveniles dying during dispersal (B) and extinction rates 

(C). When not specified the dispersal rate d is 0.1, the dispersal cost c is 0.5 and the extinction 

rate e is 0.1.  

 

Previous theoretical studies about dispersal syndromes showed that dispersing 

individuals should have a different morphology (Kisdi et al. 2012) and altruistic (El Mouden 

and Gardner 2008) behavior than philopatric individuals. This study is the first to provide 

predictions about age-specific dispersal life-history syndromes. Moreover, it shows that the 

dispersal status is a source of heterogeneity in aging among individuals of the same 

metapopulation. Differences in life history between dispersing and philopatric individuals are 

often understood as resulting from dispersal costs (Bonte et al. 2012). Our study shows that 
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differences in aging between both types could also be due to different strategies of resource 

allocations.  

 

3.5 EVOLUTION OF AGE-SPECIFIC REPRODUCTIVE EFFORT I N A 

METAPOPULATION WITH KIN COMPETITION 

 

3.5.1 Brief review of previous theory on the role of kin selection in the evolution of aging 

 

Previous models investigating how kin selection may affect aging pattern can be categorised 

in two classes (Bourke 2007). The first class considers the role of intergenerational transfers 

(for example parental care). For example, Lee (2003) showed that transfers can to some extent 

explain menopause and increased lifespan. The second class considers kin competition. For 

example, Travis (see also Dytham and Travis 2006) showed that limited dispersal increases 

aging because of kin competition and can even select for a determinate lifespan. The 

following model forms part of in this second class. 

 

3.5.2 Age, reproductive effort, dispersal and kin competition 

 Loïc Lebreton. Master 1 thesis 2011. Unpublished results. 

 

In section 3.4, we investigated how age-specific reproductive effort may evolve in response to 

a metapopulation dynamics but we ignored kin competition. In this section, we focus on the 

role of kin competition in shaping age-specific reproductive effort. In a metapopulation, 

density in local populations is likely to be sufficiently low to make kin competition a major 

selective force. For example, Pen (2000) showed that reproductive effort decreases when 

dispersal increases (see Lion 2010 for a different conclusion - but with different assumptions 

about the population dynamics). For a low dispersal rate there is a lot of kin competition, 

among philopatric juveniles and with their mother. The idea is that because competition is 

stronger between a mother and her offspring than among related juveniles, then, increasing 

her reproductive effort (hence decreasing her survival) is the best strategy to reduce kin 

competition. This effect is reduced when the size of local population increases because the 

relatedness between juveniles and adults decreases. Pen’s model (2000) assumes that 

reproductive effort does not change with age. We were interested in how kin selection may 

affect the evolution of age-specific reproductive effort.  
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 Ronce and Promislow (2010) investigated the force of selection on a mutation 

affecting age-specific mortality and age-specific fecundity in a metapopulation with local sites 

occupied by a single adult and with juvenile dispersal. The main assumptions are that i) the 

population is composed of an infinite number of territories with each territory occupied by a 

single adult, ii) reproduction is asexual iii) there is a proportion d of dispersing offspring, and 

iv)  it is an island model of dispersion (dispersing offspring are spread randomly in the 

landscape). Juveniles are competing with other juveniles and adults to establish in a site. Only 

juveniles suffer from competition. A juvenile can establish in a site only if the territorial adult 

dies. In such a system, the intensity of kin competition is given by the proportion of juveniles 

related with the local adult, h(x): 

(1 )
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where m is the average fecundity and c is the cost of dispersal. The effect of a mutation 

affecting survival at age x is (see Ronce and Promislow 2010 for details): 
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The selection gradient of this mutation is composed of a term related to reproductive value if 

the individual survives but also a term describing how this mutation affects the offspring 

related to the focal individual (the term h(x)v1). The effect of a mutation affecting fecundity at 

age x is: 
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where ( )g x is the probability for a juvenile to establish in a site occupied by an adult with age 

x and g is the mean establishment probability. The selection on a mutation affecting fecundity 

at age x drops to zero if there is no dispersal (h(x) = 1 for d = 0). Indeed, if there is no 

dispersal, an adult can only be replaced by a related offspring with the same genotype; there 

can be no change in the local phenotype. Ronce and Promislow (2010) found that for a low 

dispersal rate, selection tends to increase lifespan and spread fecundity over life. They 

however did not assume a trade-off between reproduction and fecundity.  

Loic Lebreton (Master 1 thesis, 2011) introduced different trade-offs between 

reproduction and survival in the previous model, and used adaptive dynamics to find the 

optimal strategy of age-specific resource allocation to reproduction. A necessary condition for 

age-specific resource allocation to be optimal is given by: 
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From equation 12, we did not manage to provide analytical predictions about the role of 

dispersal on age-specific resource allocation. We investigated this effect numerically.  

 In this model, as in previous models without kin competition, reproductive effort 

increases with age, and is maximal once the maximal age (fixed) is reached. Our specific 

interest was in describing how the optimal age-specific reproductive effort changes with the 

dispersal rate of the metapopulation. We found that in the simplest case, the reproductive 

effort increases with decreasing dispersal, consistently with Pen's results (figure 5A). 

However, depending on how the maximal fecundity varies with age, the age-specific 

reproductive effort may vary non-monotonically with the dispersal rate (figure 5B). The effect 

of dispersal on age-specific reproductive effort moreover varies depending on age (figure 5B). 

Interestingly, depending on the pattern of age-specific fecundity, investment in reproduction 

is maximal before the fixed maximal age is reached (not shown). The results are overall 

difficult to interpret. This study deserves further investigation. 

 

 

Figure 5: Reproductive effort as a function of age for different dispersal rate when there is kin 

competition. A: Constant maximal fecundity. B:.Maximal fecundity linearly increasing with 

age (for example because the capacity to acquire resources increases with age).  
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3.6 WHAT DO DATA SAY ABOUT AGE-SPECIFIC REPRODUCTIV E EFFORT? 

 

3.6.1 Measure of reproductive effort 

 

Williams (1966b) said that the reproductive effort can be quantified in a quasi-objective 

manner. Estimating reproductive effort is actually of formidable difficulty. Indeed, the 

measure of fitness components such as age-specific fecundity and age-specific survival can 

poorly reflect how individuals share their resources (see the discussion in Clutton-Brock 

1984, and Descamps et al. 2007). 

Reproductive effort is often measured as the clutch weight relative to the total body 

weight (Roff 2002). Resource intake and somatic needs may however not be a linear function 

of body weight, meaning that this measure is reliable only in species in which the allometric 

relation between body weight and resource acquisition rate is known (Clutton-Brock 1984). In 

species with indeterminate growth, the reproductive effort can also be measured as the 

residual from the regression between body size and litter size (e.g. Massot et al. 2011). When 

the relation between body size and expected fecundity is not known, estimating reproductive 

effort is challenging (Clutton-Brock 1984, Descamps et al. 2007). In such cases, multiple 

traits related to reproductive effort are measured in order to have a as complete as possible 

description of reproductive effort. For example, Clutton-Brock (1984) measured the birth 

weight, the probability to survive summer after birth and winter, the suckling duration, the 

kidney fat index and calves condition relative to mother condition as a function of the 

mother's age in red deer. A last method to measure reproductive effort is to measure 

physiological values, such as the titer of hormones associated with reproductive behavior 

(Angelier et al. 2007) or the rate of antioxidant protections (Fletcher et al. 2013). This last 

approach is promising because it is at the root of the trade-off between survival and fecundity.  

 

3.6.2 Reproductive effort increasing with age? 

 

There have been many empirical tests of the broad prediction that reproductive effort should 

increase with age. Based on the predictions of Charlesworth and Leon (1976), Rose (2002) 

predicted that most vertebrate species with indeterminate growth (reptiles and fishes) should 

have a reproductive effort increasing with age. Studies investigating the relationship between 

reproductive effort and age in these indeterminate growth species however did not show a 

clear trend. Poizat et al. (1999) found that reproductive effort increases with age in a species 
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of stickleback. Johnston et al. (2012) found evidence for a reproductive effort increasing with 

age in a species of fish (Coregonus clupeaformis) but not in another (Sander vitreus). Tedesco 

et al. (2008) found no evidence for an increase in reproductive effort with age in a mosquito 

fish species. In the garter snake, Sparkman et al. (2007) did not find evidence for increasing 

reproductive effort with age. In contrast, Massot et al. (2011) found that reproductive effort 

increases at the end of life in the common lizard. There is however a consistent trend for an 

increase in reproductive effort in mollusks (Roff 2002). In determinate growth species, most 

studies support the prediction that reproductive effort should increase at the end of life. 

Evidence for an increasing reproductive effort with age has been found, e.g. in the red deer 

(Clutton-Brock 1984), in the American red squirrel (Descamps et al. 2007, Fletcher et al. 

2013), in the southern elephant seal (Galimberti et al. 2007), in the brushtail possum (Isaac 

and Johnson 2005), in the snow petrel (Angelier et al. 2007) and in burying beetles (Creighton 

et al. 2009, Benowitz et al. 2013). In several studies on determinate growth species, no 

relationship between reproductive effort and age has been found (e.g. in tse tse flies Langley 

and Clutton Brock 1998, in elephant seals,Crocker et al. 2001).  

Overall, it is not clear whether reproductive effort increases with age in natural 

populations. I think that investigating the pattern of reproductive effort at the end of life may 

be misleading. The first reason is that there is no clear prediction about how reproductive 

effort varies with age. As explained above, the result depends on the trade-off assumed 

between reproduction and survival. The second reason is that, because the strength of 

selection declines with age, it may be difficult to detect any adaptive pattern at the end of life.  

 

3.6.3 Dispersal as a source of heterogeneity in strategies of resource allocation to 

reproduction 

 

Instead, investigating empirically how age-specific resource allocation to reproduction varies 

depending on a given source of heterogeneity could be promising. Any differences observed 

in young ages are likely to be adaptive. Moreover, it provides a direct insight to understand 

life history diversity in natural populations. 

Dispersal is a straightforward source of heterogeneity among individuals in spatially 

structured populations. Many studies investigated differences in fitness components between 

dispersing and philopatric individuals. The direction of the difference varies however between 

studies and the cause is often not identified (Belichon et al. 1996). From our theoretical 

results, we suggest that, in a metapopulation with extinction-recolonization and juvenile 
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dispersal, dispersing and philopatric individuals should have different age-specific 

reproductive effort. Dispersing individuals should invest more in reproduction at the 

beginning of their life than philopatric individuals. Moreover, the difference in reproductive 

effort may not translate into a corresponding difference in survival or fecundity. There is no 

investigation of whether dispersing and philopatric individuals have different reproductive 

effort. More generally, there is no empirical study investigating a dispersal syndrome for 

aging.  

We investigated this question in three species: the common lizard (Zootoca vivipara), 

the cabbage butterfly Pieris brassicae and the blue tit Cyanistes caeruleus. The study of the 

common lizard has resulted in a manuscript (chapter 4) which I summarize briefly. The results 

on Pieris brassicae and blue tits were more exploratory. Below, I give further details on these 

studies.  

 

Article 4: A dispersal syndrome of aging in the common lizard Lacerta vivipara. Cotto, 

Massot, Ronce and Clobert. In preparation.    

 

The population studied is located on the Mont Lozère (France). The population has been 

monitored using capture-recapture since 1988. There is only a slight migration flow in this 

population meaning that apparent survival is close to the effective survival. There are two 

capture sessions, before and after reproduction. During the first session, gravid females are 

kept and transferred to the lab where they are kept until parturition. The location where 

females are collected is referenced using high precision GPS. Offspring and their mother are 

later released where the female was captured. The second session allows assigning a dispersal 

status to juveniles. At the end of the season, we know the age, sex, morphology, fecundity (for 

adult females) and dispersal status of individuals. Massot et al. (2011) conducted an 

integrative study of aging in this species. They used the residuals of the regression between 

body size and fecundity as a measure of reproductive effort. Fecundity in reptiles is 

proportional to body size. Massot et al. (2011) did not distinguish between dispersing and 

philopatric individuals. I investigated differences in aging between both dispersal statuses and 

used the same measure of reproductive effort as Massot et al. (2011). The aim of this 

investigation was in part to test the prediction of our model of dispersal syndrome. The result 

of our model depends on the fact that individuals disperse to sites with low intraspecific 

competition. Therefore, I tried to link the dispersal syndrome to densities in the natal and 
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breeding sites for philopatric and dispersing individuals. Densities are calculated over two 

periods of 7 years to have reliable estimations. 

 This dataset on common lizards is suitable to test our predictions. The habitat presents 

a microhabitat structure composed of shelters (rocks and trees) and foraging habitat (grass). 

Each shelter can be seen as a local population, surrounded by unsuitable habitat. Moreover, 

the long term monitoring suggests that local densities vary across years. The system can then 

be considered as a metapopulation with extinction-recolonization. Another advantage of this 

species is that dispersal events occur within the scale of the monitoring so that there is 

potentially information about the causes of dispersal and settlement. These characteristics 

allow expecting our predictions to hold in this species.  

We found that young dispersing individuals invest more in reproduction than young 

philopatric individuals. Reproductive effort increases with age in philopatric individuals but 

not in dispersing individuals. Survival probabilities drop more rapidly with age in dispersing 

than in philopatric individuals. The reproductive strategy of dispersing individuals is 

associated with higher clutch size and smaller juveniles, though we did not find an effect of 

age on these variables. Moreover, we found that dispersing individuals breed in patches where 

density is lower compared to their natal patch. The density in the breeding site of dispersing 

individuals is however not different from the density in the breeding site of philopatric 

individuals, which is not consistent with our expectations. We did not manage to have 

estimations of densities at a finer time-scale.  

We then for the first time showed an aging dispersal syndrome in a natural population. 

This syndrome is associated with two different reproductive strategies for dispersing and 

philopatric individuals. We tried to link these results to our theoretical model (article 3).The 

available data are insufficient to meet all the main assumptions of the model. In particular, we 

were not able to provide, at the scale of a reproductive season, whether philopatric and 

dispersing individuals in average reproduce in different environments.  

 

Dispersal syndrome of aging in Pieris brassicae.  

Data kindly provided by Simon Ducatez and Michel Baguette 

 

Pieris brassicae is a common butterfly in Europe. Its caterpillar is specialized in Brassica 

plant species. It is a migratory butterfly. After mating, females lay eggs in several batches.  

I analyzed data from an experiment (Ducatez et al. 2012) where butterflies had 

undergone a test to assess their flight capacity and were then followed until death in a semi-
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natural environment (the Metatron Legrand et al. 2012). During the test for flying 

performances, a butterfly is introduced into a vortex, which is then agitated. The butterfly flies 

in the vortex or land despite agitation. The flying time in the vortex is an indicator of the 

butterfly flying performance. Flying performance is well correlated with dispersal ability 

(Michel Baguette pers. comm.). At the end of the experiment, the different laying dates and 

clutch sizes are known as well as the developmental time and lifespan.  

I did not find that flying performance explains a significant part of the variation in age-

specific fecundity (table 1). Rather, I found that a good flying performance is associated with 

a long lifespan and a high total fecundity (table 2). I finally found that fecundity marginally 

decreases with age (table 1). 

There are difficulties in interpreting this pattern as a dispersal syndrome. First, these 

results can be interpreted as the flying test being stressful and inducing a cost (Ducatez et al. 

2012). Individuals with a good flying performance resist better the flying test. The flying test 

may generate a cost on survival and reproduction, which is elevated in individuals with a bad 

flying performance. Second, the flying test is not a direct characterization of the dispersal 

status. For example, the age-specific resource allocation could be plastic, based on cues 

involving the settlement decision. Dispersing individuals may decide to settle on average in 

low-density sites and use this cue to shift toward a “dispersing” age-specific reproductive 

effort. Finally, as explained above, fecundity is often a poor proxy of reproductive effort. 

However, there were no other variable that I could have used as a proxy for reproductive 

effort.  

 

number_eggs ~ age + flying_perf + age:flying perf + (individual) 

Random effect  variance   

individual 0.86   

Fixed effect estimate (sd) z  p 

age -0.01 (0.006) -1.75 0.08 

flying_perf -0.004 (0.004) -0.96 0.33 

age:flying perf 6e-5 (1e-4) 0.515 0.60 

 

Table 1: number of eggs function of age, flying performance and the interaction in Pieris 

brassicae. It is a generalized linear mixed model, assuming a Poisson distribution with 

individuals included as a random factor. Number of observations: 572, with 186 individuals. 
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flying performance ~ F P 

total fecundity F1,220 = 3.02 0.08 

lifespan F1,217 = 4.98 0.02 

 

Table 2: Anova for the regression of flying performance with total fecundity and lifespan.  

 

Dispersal syndrome of aging in Cyanistes caeruleus 

Data kindly provided by Anne Charmantier and colleagues.  

 

The blue tit is a common passerine in Europe which lives in many habitats. The data I 

analyzed are from the holly oak forest of La Rouvière, close to Montpellier. As this this forest 

is surrounded by unsuitable habitats it can be considered as an island. Nest boxes were settled 

in the early 90’s and the population has since been monitored with capture-recapture. The 

dispersal status (native or immigrant) of birds is then known as well as morphological and 

reproductive information.  

Reproductive effort is divided in the different stages of reproduction (explaining the 

need for multiple measurements, e.g. Descamps et al. 2007). In birds, these stages are clearly 

differentiated (nest construction, laying, incubation, feeding until autonomy). Age-specific 

differences in reproductive effort between dispersing and philopatric individuals can occur in 

each of these stages.  

I investigated differences in clutch size, number of hatchlings and fledglings, and in 

rearing effort (defined as the number of fledglings over clutch size) according to the dispersal 

status and age of the mother. The age of immigrant cannot, most of the time, be determined 

precisely. Feathers allow distinguishing one-year old individual only. Therefore, the age 

measure we have is the minimum age possible. Auld and Charmantier (2011, see also Clobert 

et al. 1988) showed that, in a Corsican population of blue tits, native individuals have a bigger 

clutch size and that clutch size increases with age in both immigrant and philopatric 

individuals. I found a marginally significant effect of age on the number of hatchlings and on 

the number of fledglings, which is consistent with the result of Auld and Charmantier (2011). 

I found no other significant effect (table 3).  

We found no difference in age-specific reproductive effort between immigrant and 

philopatric individuals. However, previous results oppose to our predictions (Clobert et al. 

1988, Auld and Charmantier 2011). Immigrants seem to invest less resource in reproduction 

than native individuals, with a similar age-specific strategy. The population under study is 
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saturated almost every year. Moreover, there is no information about the origin of immigrants. 

Numerous factors may be involved in the dispersal decision and hence there are many factors 

involved in the decision to settle. The consequence is that there may be different kinds of 

dispersing individuals (Clobert et al. 2009). Immigrants in our population might choose to 

settle for a reason other than density, whereas there may be other types of dispersing 

individuals settling in low-density sites. Overall, there is no information about the 

metapopulation, implying that there is no information about dispersal motivation. 

 

clutch_size ~ age + dispersal + age:dispersal + (individuals) 

Random effect variance   

individuals 0   

Fixed effects estimate(sd) z p 

age 0.02(0.06) 0.98 0.32 

dispersal -0.01(0.02) -0.23 0.82 

age:dispersal -0.007(0.02) -0.4 0.69 

 

number_hatchlings ~ age + dispersal + age:dispersal + (individuals) 

Random effect variance   

individuals 0   

Fixed effects estimate(sd) z p 

age 0.05(0.02) 1.81 0.07 

dispersal 0.03 0.05 0.53 

age:dispersal -0.02(0.02) -1.221 0.22 

 

number_fledglings ~ age + dispersal + age:dispersal + (individuals) 

Random effect variance   

individuals 1e-15   

Fixed effects estimate(sd) z p 

age 0.06(0.03) 2.05 0.04* 

dispersal 0.02(0.05) 0.46 0.64 

age:dispersal -0.03(0.022) -1.636 0.10 

 

rearing_effort ~ age + dispersal + age:dispersal + (individuals) 



45 

 

Random effect variance   

individuals 1.12   

Fixed effects estimate(sd) z p 

age 0.07(0.1) 0.66 0.5 

dispersal 0.12(0.18) 0.68 0.5 

age:dispersal -0.11(0.7) -1.45 0.14 

 

Table 3: Models testing for an effect of age, dispersal status and the interaction at different 

stage of the reproductive cycle in the blue tit. GLMM, Poisson distribution for clutch size, 

number of fledglings and hatchlings ; Binomial distribution for rearing success ; Individuals 

as a random effect. Number of observations: 795, number of individuals: 529.  

  

3.7 CONCLUSION 

 

The theoretical study of age-specific reproductive effort has been mostly developed in the 

context of a unique population. The main prediction is that in most cases reproductive effort 

should increase with age, at least at the end of life. As a consequence, many empirical studies 

tested this prediction with various results. Our current understanding of the evolution of age-

specific reproductive effort mostly comes from studies where species are not considered 

within their ecological context (but see Reznick et al. 2004). Our work aimed at investigating 

how metapopulation dynamics may affect the evolution of age-specific reproductive effort. 

We showed that metapopulation dynamics lead to different age-specific reproductive efforts 

than in a single well mixed population. Moreover, in a metapopulation, dispersal is a source 

of heterogeneity among individuals. We showed that dispersing and philopatric individuals 

should have different age-specific reproductive effort and consequently different aging 

patterns.  

 It is important to keep in mind that all our results on age-specific reproductive effort in 

metapopulations rely on the correlation between the age of individuals and the level of 

competition in the population. The core assumption generating this correlation is that 

dispersal occurs early in life and that dispersing individuals colonize sites where competition 

is lower than the average competition in the metapopulation. The selection pressure on age-

specific reproductive effort arises because of the correlation between competition and age. 

Individuals can also directly use information from their environment, but this would not 

change the results if this correlation exists.  
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 Another important point is that our models mostly ignore kin competition. The model 

of kin competition we used does not assume that there are extinction-recolonization dynamics 

and so is not comparable with the other models. However, in a metapopulation with 

extinction-recolonization dynamics, if the dispersal rate is low, relatedness following 

colonization may be high. Kin competition produces a selective force that tends to reduce 

reproductive effort. It is difficult to disentangle analytically (and numerically) the effect of kin 

and intraspecific competition. Preliminary simulations with both effects suggest that the 

pattern of age-specific reproductive effort should hold even when there is kin competition 

(providing that the size of local population is not too small).  

 In theoretical models, individuals often all have the same dispersal rate. Moreover, 

dispersal is often assumed to be constant and random. There is evidence that there are 

different types of dispersing individuals, depending on the cause of dispersal (Clobert et al. 

2009). An individual dispersing to avoid inbreeding may be different from an individual 

dispersing because of competition. The different types of dispersing individuals can differ in 

their morphology, settlement decision and life history. In the models I used, I assume that 

dispersal is fixed and random. The results of my model may be accurate if competition is the 

main source of dispersal. If the primary cause of dispersal in the population studied is not 

competition our predictions do not hold. It would be interesting to include different types of 

dispersing individuals in theoretical models. In particular, the different types of dispersing 

individuals can have different age-specific reproductive effort, and then different patterns of 

aging.  

 Empirical studies investigating age-specific reproductive effort in metapopulation are 

scarce, maybe because there was a lack of theoretical predictions. Most studies investigated 

differences in fitness components between dispersing and philopatric individuals. Often 

differences were thought in term of dispersal cost and not in term of reproductive strategy. 

We explored age-specific variation of reproductive effort and life-history traits in dispersing 

and philopatric individuals in three species. The results we found in lizards are consistent with 

our predictions. We were not able, however, to show that the cause of the pattern is similar to 

what we described in our theoretical model. In the two other species we did not find results 

consistent with our predictions, but with potentially major violations of the assumptions of the 

model. The main conclusion that can be drawn from these empirical results is that comparing 

models and empirical data is tricky. It is often difficult to have sufficient information to know 

whether the assumptions of the theory are met in the empirical system. We hope that these 
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studies will stimulate other investigations into the role of metapopulation dynamics in shaping 

age-specific reproductive effort.  

Finally, we used optimization models. The essential weakness of these models resides 

in the fact that the shape of the (functional) trade-off between survival and fecundity is often 

not known. This problem is pointed out in almost all studies concerned with the optimization 

of reproductive effort with age. Indeed, as discussed above, the outcome of the model depends 

on the way the trade-off between reproduction and survival is modeled. Currently, there is no 

solution to this problem.  
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4.  

Perspectives 
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In this thesis, I explored the consequences of environmental complexity on the evolution of 

aging. I first investigated how environmental variability and heterogeneity can affect the 

evolution of aging. I assumed that mutations affect age-specific fitness components depending 

on the environment. This allows investigating the evolution of senescence when the optimal 

phenotype is age-specific and varies with time and space. I then investigated the 

consequences of metapopulation dynamics on the age-specific allocation of resources to 

survival (or reproduction). I first used a model to illustrate how the optimal age-specific 

strategy of reproductive effort varies between a single population and a metapopulation. I then 

distinguished between dispersing and philopatric individuals, and found that dispersal is a 

source of heterogeneity in aging patterns. I finally used data from natural populations to 

investigate whether dispersing and philopatric individuals have different strategies of age-

specific reproductive effort.  

 In part 3, I was mostly interested in reproductive effort at younger ages. I found in all 

models that reproductive effort increases at the end of life. This result comes from the 

assumption that lifespan is finite (arising from numerical constraints). If the lifespan is finite, 

reproductive values must decline at the end of life. This result is a border effect. Without any 

assumption about lifespan, it is possible to select for a non-senescing life (e.g. constant age-

specific reproductive effort). Senescence is however ubiquitous (Jones et al. 2008). Actually, 

assuming a finite lifespan is tacitly assuming that there is another source of senescence than 

reproductive effort (see discussion in Charlesworth and Leon 1976). The other source of 

senescence is the decline in the strength of selection with age that I described in part 2. The 

moulding of aging patterns in nature is the result of both the optimization of life histories and 

the declining strength of selection with age. Both processes are not mutually exclusive. The 

optimization of reproductive effort influences survival, in turn influencing the strength of 

selection. Conversely, the decline in survival with age due to senescence influences the 

optimization of age-specific reproductive effort.  

 

4.1 TESTING MODELS 

 

I believe that such theoretical models investigating the evolution of aging in complex 

environments are conceptually useful. However there is very little evidence supporting the 

assumptions and results of these models. I think that most important perspectives for this 

work concerns empirical exploration, in lab and natural populations.   
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 Importantly, testing predictions on the evolution of senescence is a difficult task. In 

particular because the number of individuals per age-class declines dramatically with age, it is 

hard to have reliable statistical estimations of parameters in later age-classes. As a 

consequence, in natural populations, only long term monitoring programs potentially provide 

sufficient data. Lab populations of species with short generation times are an alternative, 

though the ultimate goal is to explain life history diversity and identify ultimate factors in 

natural populations. There are of course constraints for the choice of the species because of 

the necessity to easily identify age-classes. I think that arthropods with relatively short 

generation times, such as mites, brine shrimps or fruit flies, could be appropriate to test our 

predictions.  

 

4.1.1 Environment changing with space and time 

 

Our model is based on the assumption that mutations have an age and environment specific 

effect. I found little evidence demonstrating that such mutations happen. It would be 

interesting to investigate whether an identified aging gene in a given environment still has a 

major effect in another environment. 

Our model of evolution of senescence provides clear qualitative predictions about age-

specific survival in variable environments. These predictions can be tested. In experimental 

evolution, one can for example transfer individuals from an ancestor environment to a new 

environment (e.g. Magalhaes et al. 2007). Additive genetic variances in age-specific trait need 

to be measured in the ancestral and new environments. Measuring age-specific survival and 

fecundity at different times after transfer should inform about the age-specific dynamic of 

adaptation. According to our predictions, survival and fecundity should adapt faster in young 

age-classes than in late age-classes. After reciprocal transfers, local adaptation should be 

higher for early survival than for late survival. Similarly, it would be possible to create a 

system with two populations in two different environments where migration is controlled. The 

main limitation of this kind of approach is that it is hard to know a priori whether the 

environmental change will affect all age-classes (but this can also be quantified by measuring 

selection gradient on late and early traits).  

In natural populations, it would be much more complicated to observe such situations 

even though they may be common. Climate warming is a full-scale experiment of 

environmental change. In populations which are not able, for any reason, to follow the niche 

displacement due to climate warming, one would expect adaptation and/or extinction. With 
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our model, if the environmental change affects all age-classes, we expect the rate of 

senescence to be higher than before climate warming. However, there may be few datasets in 

a long enough timeframe to allow such a test. Resurrection ecology can be an alternative 

(Rode et al. 2011). This approach is based on the revival of dormant eggs and allows studying 

the short and long term adaptation of natural populations. For example, Rode et al. (in prep) 

studied the adaptation of Artemia franciscana to high temperature over more than 100 

generations in natura. It would be interesting to investigate age-specific adaptation in this 

species. Lastly, local adaptation has been demonstrated using reciprocal transfers in natural 

populations, where migration naturally occurs (Westley et al. 2013). It should be possible to 

test whether the migration load is higher in early age-classes than in late age-classes.  

 

4.1.2 Metapopulation dynamics 

 

Even though our investigations of aging in dispersing and philopatric lizards was not a direct 

test of our predictions, we tried to see if the causality of the pattern observed was similar to 

what we described in our model. This dataset on lizard has many qualities regarding the 

possibility to investigate age variations in relation to population dynamics. The duration of the 

monitoring is long enough to have reasonably good statistical power in late-age classes for 

both types of individuals. The main quality of these data resides in that fact that the spatial 

scale of the monitoring is larger than the dispersal range, so that the system can be described 

as a metapopulation. Despite these qualities, we were not able to verify that the assumptions 

of the model were fulfilled. I think that there should be other investigations, similar to what 

we did in lizards, to validate the predictions of our model. However, I think that dataset such 

as the one we used are rare, limiting the number of potential tests.  

 

4.2 FURTHER MODELING 

 

4.2.1 Parameterizing models 

 

The models we propose are quite general and provide mostly qualitative predictions. A 

possibility to go further is to apply these models to specific case studies. It would be 

interesting to parameterize the model as precisely as possible in order to make quantitative 

prediction on how demography and adaptation would respond to an environmental change. In 

order to do so, it would be necessary to identify if age-specific traits are of primary 
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importance in adaptation to the new environment, and to measure the genetic variance 

available for these traits.   

 

4.2.2 Stochastic environments 

 

We used deterministic models. However, most organisms live to some extent in stochastic 

environment. Environmental stochasticity can affect the evolution of life-histories (Orzack 

2003). It would be interesting to investigate the evolution of traits affecting age-specific 

survival (or fecundity) in a stochastic environment. The model would be quite different 

because in stochastic environment, evolution does not maximize the asymptotic growth rate. 

Using the asymptotic growth rate supposes that the population remains close to its stable age-

distribution, an assumption that is not respected in a stochastic environment. In an age-

structured population submitted to environmental stochasticity, evolution maximizes the total 

reproductive value (Engen et al. 2009). The gene frequencies are calculated by weighting 

individuals by their reproductive value, here defined as the stochastic contribution of an 

individual to the total reproductive value of the population the next year. Engen et al. (2011) 

developed a model of evolution of a quantitative character in an age-structured population in a 

fluctuating environment. In this model plasticity is included by assuming that the character 

responds to the environment during the first year of life before selection. They moreover 

assume that all vital rates (age-specific survival and fecundity) depend on this same character. 

It would be interesting to investigate cases where the character affects survival or fecundity in 

a range of age-classes to investigate how senescence evolve in a fluctuating environment.  

 Finally, the results of deterministic models are often independent of population sizes. 

However, senescence could result from genetic drift in old age-classes, so that the population 

size is an important parameter in investigating the evolution of senescence. For example, Lohr 

et al. (in prep.) showed that the rate of senescence is higher in small populations due to 

genetic drift. It would be interesting to go further in this direction, as genetic drift may be of 

importance in the variability of aging patterns in the wild.  

 

4.3 INTEGRATING MOLECULAR AND THEORETICAL STUDIES 

 

Beside research for an evolutionary explanation of aging there has also been an interest in the 

mechanisms of aging. The molecular study of aging has focused on two main aspects, which 

are the identification of proximate mechanisms and the identification of genes with major 
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effect on lifespan. The main proximal mechanisms currently identified are the telomere 

shortening and the DNA damages due to oxidation. Though these mechanisms have a role at 

the cellular level, the link between cellular aging and organismal aging is not clear (van 

Leeuwen et al. 2010). The research for aging genes has received considerable interest in the 

last few years. A classic method is to induce and identify mutations in the laboratory 

environment. This method has been successful in lab model species, where genes with major 

effect in aging have been identified. The limit of these studies is that genes identified are often 

involved in key cellular pathways. Therefore, it is unlikely that they present a high degree of 

polymorphism in natural populations. It is unclear to what extent the identified aging genes 

contribute to genetic variance in natural populations. More generally, it is questionable 

whether genomic investigations in the lab are relevant in the wild.  

 Since the aim of this thesis, and more generally of the study of life history evolution, is 

to explain the diversity of life history in the wild, we need to integrate the results of molecular 

investigations in wild populations into models. Recent molecular techniques allow the 

identification of candidate genes with major effect on aging in wild population as well as their 

level of polymorphism. These methods have been applied to natural population of model 

species. Roughly a method is to find QTL involved in aging and to induce mutation in a 

single gene contained in this QTL. The comparison of the wild type with the mutant permits 

identification of the effect of the gene. Sequencing genes in several individuals allows having 

an estimation of the polymorphism. De Luca et al. (2003) found that in Drosophila 

melanogaster, there is polymorphism in aging genes. I think that it would be interesting to 

investigate the function of these genes and to compare the level of polymorphism between the 

different functions. I further think that characterizing the age-specificity of these genes may 

be useful to better understand the genetic mechanisms of aging in the wild and then to 

improve our theory on the evolution of aging. 

 Investigating the genetics and proximal mechanisms of aging can allow understanding 

how mutations affect survival and fecundity in the different age-classes. Moreover, a better 

understanding of aging at the molecular level could help to refine models of aging in order to 

provide more quantitative predictions. Dynamic energy budget (DEB) models (Sousa et al. 

2010) can be appropriate to link more accurately molecular data on aging and theoretical 

predictions. These models claim to be physiologically realistic regarding the flow of resource 

from intake to structural build-up and reproduction. With such models, one can introduce age-

specific mutations affecting specific steps in the resource flow. Indeed, the strength of 
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selection on age-specific mutations may vary depending on the metabolic chain affected by 

the mutation.  
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Résumé des articles  

 

Article 1: La maladaptation est une source de sénescence dans les habitats qui varient dans le 

temps et dans l'espace 

 

Dans cette étude, nous utilisons un modèle de population structurée pour étudier comment la 

sénescence évolue dans un environnement variable. L'adaptation à l'environnement local 

dépend de traits phénotypiques dont la valeur optimale varie avec l'âge et avec 

l'environnement. Nous nous sommes intéressés à différents scénarios, où l'environnement 

varie dans le temps et dans l'espace. La force de la sélection décline avec l'âge, entrainant 

l'adaptation plus lente des traits qui s'expriment tard dans la vie. Ainsi, la variation de 

l'environnement dans le temps et dans l'espace peut générer de la sénescence. Cet attendu est 

compliqué par le fait que la variance génétique augmente aussi avec l'âge. Avec des calculs 

numériques, nous trouvons que le taux de sénescence augmente en général lorsque 

l'environnement varie. En particulier, la migration entre différents habitats est une source de 

sénescence quand l'environnement est hétérogène. Nous montrons aussi que le taux de 

sénescence peut transitoirement varier quand la population n'est pas à l'équilibre, ce qui a des 

implications en évolution expérimentale et pour l'étude des espèces invasives. Nos résultats 

montrent qu'il est nécessaire d'étudier l'adaptation dans les différentes classes d'âge, d'autant 

plus que les changements d'environnement peuvent les affecter différemment.  

 

Article 2: Histoire de vie optimale dans une métapopulation où les jeunes dispersent 

 

Les modèles théoriques précédents prédisent que lorsque la mortalité augmente avec l'âge, les 

individus devraient investir en vieillissant  plus de ressources dans la reproduction et produire 

moins de juvéniles dispersant. Dans ce cas, en effet, leur valeur reproductive et les chances 

d'entrer en compétition avec leur progéniture déclinent avec l'âge. Ces modèles font 

l'hypothèse que la taille de la population est stable. Nous nous intéressons ici pour la première 

fois à l'évolution de l'effort de reproduction âge-spécifique et de la dispersion des jeunes en 

fonction de l'âge de leur mère dans une métapopulation avec des extinctions-recolonisations, 

où seuls les juvéniles dispersent. Notre modèle explore les conséquences évolutives du 

déséquilibre de la structure en âge des individus dans les populations locales, engendré par les 

perturbations. La manière dont les traits d’histoire de vie (effort de reproduction et dispersion 
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des jeunes) varient avec l’âge maternel dépend à la fois des changements de performance des 

individus avec l'âge et des changements des conditions écologiques dans lesquelles ils vivent. 

Les jeunes et les vieux individus vivent en effet en moyenne dans des environnements 

différents dans une métapopulation. Dans une métapopulation avec des extinctions-

recolonisations, un taux de dispersion faible favorise une reproduction accrue des jeunes 

adultes par rapport à ce qui est attendu dans une metapopulation où le taux de dispersion est 

élevé. De plus, contrairement à ce qui est attendu lorsque les populations sont stables, nous 

trouvons que le taux de dispersion des jeunes devrait augmenter en fonction de l'âge de leur 

mère. Les jeunes adultes, surreprésentés dans les sites récemment colonisés, devraient donc 

allouer plus de ressources à leur reproduction et moins à la dispersion pour tirer parti des 

opportunités de recrutement pour leur progéniture dans ces sites.  

 

Article 3: Dans une métapopulation, la stratégie d'histoire de vie optimale des dispersants et 

des philopatriques diffère.  

 

L'abondance des études empiriques qui montrent des syndromes de dispersion contraste avec 

les rares études théoriques sur l'évolution d'histoires de vie différentes chez les dispersants et 

les philopatriques. Nous avons utilisé un modèle d'évolution pour prédire les stratégies 

optimale d'effort de reproduction chez des individus dispersants et philopatriques habitant la 

même métapopulation. Dans notre modèle, seuls les juvéniles dispersent. La stratégie 

d’allocation des ressources à la reproduction varie en fonction de l’histoire de dispersion d’un 

individu. La survie des jeunes diminue quand la densité d'adultes et de jeunes augmente. Nous 

faisons l'hypothèse qu'il y a un compromis entre la reproduction et la survie, de sorte que 

différents patrons d'effort de reproduction conduisent à différents patrons de vieillissement. 

Nous trouvons que les jeunes mères qui viennent de disperser devraient allouer plus de 

ressource à la reproduction que les jeunes mère philopatriques. Cette différence devrait 

disparaître à mesure que les individus vieillissent. Si le coût de la dispersion est important, 

l'effort de reproduction plus élevé chez les jeunes dispersants ne se traduit pas toujours par 

une fécondité plus élevée. Les dispersants ont de plus une espérance de vie réduite. La cause 

ultime de cette différence d'effort de reproduction entre jeunes philopatriques et dispersant est 

que les jeunes dispersants vivent plus souvent dans des sites récemment colonisés où la 

compétition est faible, et donc la survie de leur progéniture plus élevée.  
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Article 4: Syndrome de dispersion âge-spécifique chez un lézard.  

 

Les syndromes de dispersion décrivent l'association de traits morphologiques, 

comportementaux et d'histoire de vie avec la dispersion. De nombreuses études décrivent des 

différences de traits d'histoire de vie entre les dispersants et les philopatriques. Ces différences 

peuvent être le résultat de stratégies différentes pour le partage des ressources entre les 

différentes composantes de la valeur sélective. Nous avons cherché à savoir si chez le lézard 

vivipare les individus dispersants et philopatriques ont des stratégies différentes d'allocation 

de ressource en fonction de leur âge. Nous avons comparé nos résultats à la prédiction 

théorique que les jeunes dispersants devraient allouer plus de ressource à leur reproduction 

que le jeunes philopatriques. Nous trouvons qu'en effet, chez le lézard vivipare, les jeunes 

dispersants allouent plus de ressource à la reproduction que les jeunes philopatriques. Cette 

stratégie est associée à une chute plus rapide des probabilités de survie avec l'âge et à la 

production de jeunes plus petits chez les dispersants. Nous n'avons pas pu vérifier que les 

hypothèses du modèle théorique étaient respectées dans notre population d'étude. Nos 

résultats décrivent un syndrome de dispersion dépendant de l'âge des individus.  
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ARTICLE 1 

 

MALADAPTATION AS A SOURCE OF SENESCENCE IN HABITATS VARIABLE IN 

SPACE AND TIME 

Olivier Cotto and Ophélie Ronce 
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ABSTRACT 

In this study, we use a quantitative genetics model of structured populations to investigate the 

evolution of senescence in a variable environment. Adaptation to local environments depends 

on phenotypic traits whose optimal values vary with age and with environmental conditions. 

We study different scenarios of environmental heterogeneity, where the environment changes 

abruptly, gradually or cyclically with time and where the environment is heterogeneous in 

space with different populations connected by migration. The strength of selection decreases 

with age, which predicts slower adaptation of traits expressed late in the life cycle, potentially 

generating stronger senescence in habitats where selection changes in space or in time. This 

prediction is however complicated by the fact that the genetic variance also increases with 

age. Using numerical calculations, we found that the rate of senescence is generally enhanced 

when the environment varies. In particular, migration between different habitats is a source of 

senescence in heterogeneous landscapes. We also show that the rate of senescence can vary 

transiently when the population is not at equilibrium, with possible implications for 

experimental evolution and the study of invasive species. Our results highlight the need to 

study age-specific adaptation, as a changing environment can impact different age-classes 

differently.            

 

Keywords: Age, Local adaptation, Migration, Heterogeneous environment, Life-history.  
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INTRODUCTION 

Senescence describes the nearly ubiquitous decline in survival and fertility at older ages. Why 

organisms senesce despite evidence for abundant genetic variation in the rate of senescence 

has puzzled evolutionary biologist since the origin of the Darwinian theory (reviewed in Rose 

1991). Senescence can be thought of as the result of the declining force of selection with 

increasing age, an idea first introduced by Haldane (1941), Medawar (1952) and Williams 

(1957). This idea led these authors to propose two theories of senescence. The first one 

proposes that senescence results from the inefficiency of selection at eliminating mutations 

with deleterious effect only in late ages (the theory of mutations accumulation, Haldane 1941, 

Medawar 1952). The second one proposes that senescence is explained by the selection of 

genes with positive effects at young ages even though they are deleterious later in life (the 

antagonistic pleiotropy theory, Williams 1957). The idea that the strength of selection 

declines with age was later formalized in a population genetics context by Hamilton (1966) 

and, building upon these premises, an evolutionary theory of senescence was further 

developed by Charlesworth (1980, 1994, 2001). Both the mutation accumulation and the 

antagonistic pleiotropy theories have found support from empirical investigations in the lab 

(see a review in Rose 1991) and in wild populations (e.g. Charmantier et al. 2006, Escobar et 

al. 2008). Recent theoretical studies have refined Hamilton's original model, especially with 

alternative assumptions about the age-specific effect of mutations (Baudish 2005, Moorad and 

Promislow 2008, 2011). The current theory of senescence assumes that mutations have an 

age-specific effect only. This assumption constrains the area of investigation because it does 

not consider the effect of a complex ecological context, where the environment varies in space 

and time, on the evolution of senescence. 

 The increasing attention devoted to global changes, such as climate warming, habitat 

fragmentation or exotic species introduction has renewed interest for theoretical studies about 

adaptation to variable environments in time and space. Quantitative genetics models showed 

that adaptation can be constrained in variable environments. In a temporally changing 

environment, populations adapt with a lag depending on the genetic variability available 

(Lande and Shannon 1996). If the lag is important, the population size may fall under a 

threshold where the risk of extinction is severe (Gomulkiewicz and Houle 2009). In a 

heterogeneous environment migration can prevent perfect local adaptation and lead to 

suboptimally adapted local populations (e.g. Tufto 2000, Hendry et al. 2001, Huisman and 
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Tufto 2012, Blanquart et al. 2012). The reduction in local adaptation due to migration is 

called a migration load (Lenormand 2002, see Bolnick et al. 2008 for an empirical testing). A 

major limitation of these studies is that they assume that mutations have an environment 

dependent effect but ignore the age-structure of populations (but see Barfield et al. 2011, 

Engen et al. 2011).  

 The classic theory of senescence focuses only on the age-specific effect of mutations, 

whereas the theory on adaptation to variable environment focuses only on the environmental 

effect of mutations. There is, however, evidence supporting the age-specificity and 

environmental specificity of gene action. For example, Pijpe et al. (2010) found that the 

expression of candidate genes involved in aging varied with the food regime in the butterfly 

Bicyclus anynana and therefore provide an example of age- and environmental-specific gene 

action. Virtually all populations are age-structured and live in a variable environment. 

Ignoring the age-specificity or the environmental-specificity of mutations is thus likely to 

limit our understanding of the evolution of age-specific characters in natural populations. 

Interestingly, a parallel can be drawn between the evolution of senescence and the evolution 

of the ecological niche (Holt 1996), both ultimately resulting from demographic asymmetries, 

with a larger contribution to fitness of young individuals and source habitats respectively. 

However, the interactions between evolution of aging and local adaptation in the same 

populations have not been explored theoretically. 

Our aim in this study is to integrate the theory of senescence and the theory of 

adaptation to heterogeneous environments. For this purpose, an important assumption in our 

model is that mutations have different effects on fitness components depending on age and 

environment. With this assumption, and based on previous models of evolution of quantitative 

characters in age and stage-structured populations (see Barfield et al. 2011), we built a model 

describing the dynamics of adaptation of quantitative traits acting on age-specific fitness 

characters when the environment varies in space and time. This model allows us to study the 

evolution of senescence in a more realistic ecological context, with spatial and environmental 

heterogeneity. We simulate environmental variation in space and time, by assuming that 

optimal phenotypic values vary with both age and environment. We first show a general 

version of our model, and then we illustrate numerically its predictions when age-specific 

mortality evolves but fecundity stays constant. Our model allows decomposing the inflation of 

the mean mortality rates with age in two types of genetic load: (i) the variance load due to the 

segregation in the population of maladapted phenotypes is higher for traits affecting late 

mortality, but was found to be relatively insensitive to environmental change; (ii) the 
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contribution to late mortality of the evolutionary load, due to the inability of the population’s 

mean phenotype to track the environmental changes in optimal phenotype, is also higher and 

increases in changing environments. We thus found that maladaptation can be an additional 

source of senescence when the environment changes in time or in space.  

 

THE MODEL 

Our model tracks the change in demography, genotypes and phenotypes of an age-structured 

population in an environment varying in both time and space. It is based on quantitative 

genetics models in age and stage-structured populations (Lande 1982, Barfield et al. 2011). In 

particular, we use the general development of Barfield et al. (2011) in order to relax the 

assumption of constant genetic variance often made in quantitative genetics (see appendix B). 

Relaxing this assumption allows us to make more accurate predictions when studying the 

effect of migration (Tufto 2000, Huisman and Tufto 2012) and age-specific trait evolution 

(Charlesworth and Hughes 1996, and see below).  

 

Landscape 

We consider two scenarios. In the first one, the species stays in the same habitat but the 

environment varies with time. In the second scenario, the species lives in a patchy landscape 

with two habitats connected by migration. For simplicity, we denote as i the index 

characterizing either age (age i) or a combination of age and habitat (stage i) depending on the 

scenario investigated. Without loss of generality, in the following we will refer to i as a stage.  

 

Relation of traits with demographic parameters 

Consider a multivariate phenotypic trait z. We assume that the probability of an individual 

transitioning from stage i to stage j is a Gaussian function of z: 

[ ] [ ] [ ]( ) [ ] [ ]( )11
( ) exp '

2ij ij ij ij ija t A t t t t− = − − −  
z z θ W z θ ,     (1) 

where the prime indicates transpose. The scalar Aij is the maximal transition rate from stage i 

to stage j regardless of the phenotype (assumed constant over time), [ ]ij tθ  is a vector 

describing the optimal multivariate phenotype that maximizes the transition rate from i to j at 

time t and W ij is a positive matrix describing the pattern of multivariate selection (here 

assumed to be constant over time). A similar approach was used by Moorad & Promislow 

(2008) to model the varying effects of mutations on vital rates with increasing age. We 



77 

 

introduce spatial and temporally varying selection in our model by assuming that optimal 

phenotypes vary in space and/or time.  

 In the following, it will be necessary to distinguish between the transitions describing 

changes in state of the same individual from i to j, tij, from those transitions implying 

reproduction (and thus the production of new individuals), fij (see Barfield et al. 2011). 

Moreover, tij and fij are the net contribution of i to j after migration and recruitment (i.e. 

survival between age 0 and 1).  

 

Demography 

The square matrix A[t] describes the mean transitions between stages at time t (Lefkovitch 

matrix, Caswell 2001). We note N[t] = {Ni[t]} the vector of the number of individuals per 

stage at time t. Ignoring stochasticity, the demography is then described by the deterministic 

equation: 

[ ] [ ] [ ]1t t t+ =N A N ,          (2) 

where A  contains the average transition ija over all phenotypes in the population. 

            

Trait genetic architecture 

We consider that the traits of interest have a polygenic inheritance (quantitative genetics 

model). We also investigated the case where the trait is under the control of a single locus and 

found similar qualitative conclusions (see appendix A). We assume that the trait value of an 

individual can be decomposed as the sum of a genetic component (g) and an environmental 

deviation (e). The environmental deviation follows a multivariate Gaussian distribution with 

mean zero and variance-covariance matrix E.  

 

Evolution 

We used three levels of simplifying assumptions in order to study the evolution of age-

specific traits in a variable and heterogeneous environment.  

 In the most general model, we follow the joint probability density functions of 

genotypes and phenotypes within each stage at each time. This model is based on the 

developments of Barfield et al. (2011) and is described in appendix B. The distribution of 

genotypic values of newborns is calculated using the infinitesimal model of inheritance. This 

model assumes that traits are under the control of an infinite number of loci with additive 

effects only, each of them having an infinitesimal effect (Bulmer 1980). With this assumption, 
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the genetic value of an offspring conditional on those of its parents follows a normal 

distribution with fixed variance (the additive genetic variance at linkage equilibrium, VLE) and 

a mean equal to the average genetic values of the parents (Bulmer 1980, Turelli and Barton 

1994, Tufto 2000, Barfield at al. 2011 and see appendix B).  

 In a second version of this model, we further assume that the joint genotype-phenotype 

distribution in stage i is Gaussian, with mean ig and iz  and fixed variance Gi and Pi. With this 

assumption, following Barfield et al. (2011), we have: 

[ ] [ ] [ ]
[ ] [ ]( )

[ ] [ ]
[ ] [ ] [ ]

1 ln
1

1 ( )
1

j
i ij j j ij

j i

j
i j ij j ij j ij j ij

j i

N t
t a t t a

N t

N t
t t t t f t f

N t

+ = + ∇
+

+ = + + ∇ + ∇
+

∑

∑

g g G

z z g P G

,     (3) 

where ∇ is the operator { }1 2, ... nz z z∂ ∂ ∂ ∂ ∂ ∂ . Moreover, the mean transition rate from stage i 

to stage j (from equation 1 and see Gomulkiewicz and Houle 2009) is: 

[ ] ( ) [ ] [ ]( ) [ ] [ ]( )1/2
1 11

exp '
2ij ij ij ij i ij ij i ija t A t t t t− − = − − −  

V W z θ V z θ ,   (4) 

where V ij = W ij + Pi. With a logarithmic transformation equation 4 becomes: 

[ ] ( ) [ ] [ ]( ) [ ] [ ]( )1 11 1
ln ln ln '

2 2ij ij ij ij i ij ij i ija t A t t t t− −  = + − − −  V W z θ V z θ     (5) 

Equation 5 enables us to distinguish various types of genetic loads affecting demographic 

parameters. The last part of the right hand side in equation 5 is the evolutionary load and 

results from the difference between the optimal and mean phenotype of the population. The 

second term in the right hand side of equation 5 represents the decrease in the transition rate 

due to the variance of the phenotypic distribution. This corresponds to what has been called 

the variance load (Lande and Shannon 1996). For a population whose mean phenotype 

perfectly matches the local optimum, the evolutionary load is null. In this same population 

however, the variance load is not null if there is some phenotypic variance: a fraction of the 

individuals deviates from the average phenotype and hence decreases the average transition 

rate between i and j. The variance load increases when the genetic and the environmental 

variances increase. From equation 5, any reduction in mean fecundity or survival at a given 

age can be decomposed into changes in variance or evolutionary load. 

 In a third version of this model, we further assume that the system is at its stable stage 

distribution and that the genetic variance is the same in all stages (weak selection). Barfield et 
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al. (2011) showed that, in this case, it is possible to use Lande’s equation (Lande 1982) to 

describe the evolution of the mean phenotypic and genotypic values in the system studied: 

[ ] [ ]1 lni i i it t λ∆ = + − = ∆ = ∇z z z g G         (6) 

where, λ is the asymptotic growth rate of the system at the mean phenotype. Equation 6 

shows that under these assumptions, traits evolve at the same rate in all stages. 

 We investigate in detail the case where the traits affect age-specific survival in 

different environments. Similarly to Hamilton (1966), we first consider genetic variation 

affecting only survival from age x to age x + 1 and give analytical expressions for the 

evolutionary load depressing mean survival rate in various scenarios of environment changing 

in time or space. We show how this load varies with age x. Then, in numerical applications, 

we allow the whole survival curve to evolve as a function of age. We employ the approach 

used by Gomulkiewicz and Kirkpatrick (1992) to model the evolution of reaction norms to 

follow the evolution of a multivariate trait. Each component of this trait affects survival 

between different ages i and i + 1. The reaction norm describes the value of the different 

components of this trait in each stage. Then, this reaction norm of phenotypes translates into a 

reaction norm of age-specific survival rates. We follow the evolution of this reaction norm 

over time. We similarly investigated the case where the traits affect age-specific fecundity in 

different environments and found similar results (not shown). 

 

RESULTS 

We investigated the evolution of the reaction norm in different scenarios where the 

environment varies in space and time. We first investigate the case where the environment 

changes gradually with time (e.g. climate warming). We then study the case of a cyclically 

varying environment (e.g. seasonal variations) and, last, of an abrupt environmental change 

(e.g. host shifts). We finally investigate the case of spatial heterogeneity with two habitats 

connected by migration. The evolutionary and variance loads are calculated using equation 5 

with the output (variances and trait values) as predicted by the infinitesimal model. Appendix 

D shows that mortality rates calculated with equation 5 and obtained directly with the 

infinitesimal model are very similar. 

 

 Gradual environmental change 

Analytical predictions 
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We assume that the joint distribution of phenotypes and genotypes is Gaussian and that the 

population is at the stable stage distribution. We further assume that z affects only survival at 

age x. Substituting equation 4 in equation 6 then gives: 

1ln ( )x x x x x x xH s H −∆ = ∇ = −z G G V θ z  ,        (7) 

where 1
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k k
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lk is the probability of survival from birth to age k, fk is the fecundity at age k, and the 

generation time T = 
1
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k

k l fλ
∞

−

=
∑ . Hx is a measure of the force of selection on a mutation of 

little effect affecting survival at age x (Hamilton 1966). Hx is a declining function of x, so that, 

everything else being equal across ages, the per-generation change in the mean phenotype 

decreases with age. 

 We investigate here the case where the environment changes gradually with time, 

corresponding for instance to a gradual increase in the local temperature. At each generation, 

the local optimum increases by a factor k: 

[ ] [ ]0x xt t= +θ θ k ,          (8) 

 We substitute equation 8 in equation 7. Asymptotically, the mean trait value follows 

the optimal phenotype with a lag equal to (Lynch et al. 1991, Lande and Shannon 1996, 

Gomulkiewicz and Houle 2009): 

[ ] 1 /x x x xt H−− =z θ kV G ɶ  ,         (9) 

where xHɶ  is the asymptotic value of Hx. Equation 9 describes the lag at equilibrium only 

implicitly because Hx depends on the value of the lag. There is then a feedback between the 

lag and the age-structure. When the asymptotic lag is very important, the expected survival 

rate at age x is low and so is the value ofxHɶ . With V and G constant across ages, the lag 

should be more important for traits acting on late survival, generating senescence. 

Charlesworth and Hughes (1996) however showed that the genetic variance is expected to 

increase with the age of expression of the trait. It is then not clear whether the increase in the 

genetic variance compensates for the decrease in the strength of selection with age, resulting 

in a greater or lower lag for early or late traits. 

 

Numerical exploration 
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We now let evolve the entire age-specific survival curve, assuming the optimal phenotype at 

each age is shifted by the same amount every generation. Additional senescence is generated 

when the environment changes continuously (figure 1). Both the evolutionary load and the 

variance load evolve under the assumptions of the infinitesimal model. Before the 

environment starts to change, mortality is higher in older age-classes (figure 1 for k = 0 and 

figure 2). This is because there is more genetic variance, and thus more variance load, in traits 

acting on late survival than in traits acting earlier in life (figure 2), consistently with previous 

theoretical predictions (Charlesworth and Hughes 1996). Continuous change in the 

environment increases the mortality rate, in particular in late age-classes (figures 1 and 2). 

This increase in the mortality rate is caused by the evolutionary load only (figure 2). Indeed 

the genetic variance was found to be relatively insensitive to the environmental change (figure 

2). The evolutionary load results from the fact that the population follows the environment 

with a lag (equation 9). The lag increases with the age at which the trait acts on survival 

(figure 2). In the set of parameters we tested, the differences in genetic variance between ages 

thus do not compensate entirely for the decrease in the strength of selection (see equation 9). 

The lag stabilizes for all age-classes when the environment changes slowly (figure 2, A B and 

C). If the environment changes rapidly (figure 2, D E and F and see figure 1), the lag grows 

very large in older age classes, resulting in some age-classes becoming vanishingly rare.  

 

 Cyclic environmental change 

Numerical exploration 

Here we investigate the case where the environment changes cyclically i.e. ( )sint tθ γ ϕ= , 

where γ  and ϕ  are the amplitude and the period of the oscillations. Analytical expressions 

for the phenotypic lag are then hard to obtain in our discrete-time model, so we only present 

numerical results in this section. When the period of the oscillations is long compared with 

the generation time, the mortality rate fluctuates only in late age-classes (figure 3A) because 

evolution is too slow for these traits to match environmental fluctuations. In this case, the rate 

of senescence oscillates through time (not shown). When the period of the cycle is short, the 

mortality rate oscillates in all age-classes, but the amplitude of the oscillations is higher in 

early age-classes (figure 3B). This happens because traits expressed early in life track the 

phenotypic optimum more closely, but thus have a higher phenotypic distance to cover when 

the optimal phenotype changes a lot from one generation to the next, as it does in figure 3B. 

Conversely, the slow response of late expressed traits mean that they show intermediate trait 
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values and a less variable level of maladaptation when the environment changes fast (see 

Lande & Shannon 1996 for similar arguments explaining why slow adaptation can be 

advantageous in fast-changing environments).   

 

Abrupt environmental change 

Analytical predictions 

We now assume that the optimal phenotype is shifted abruptly to a new value (as when 

colonizing a new host plant) but then stays constant while different age classes adapt to the 

modified environment. Equation 7 predicts that, if the genetic variance is constant with age, 

an abrupt environmental change would generate transient senescence because the decline in 

survival probabilities (evolutionary load) following the disturbance should disappear more 

slowly in late ages than in early ages.  

 

Numerical exploration  

Allowing both the variance and the evolutionary load to evolve as a function of age and time 

spent in the new environment, we found that after the environment changes, the mortality 

raises for all age-classes (figure 4). This increase in the mortality rate is mostly due to the 

evolutionary load following the environmental change (figure 4). For the parameter sets that 

we explored, we found that variance increased only slightly after the perturbation (figure 4). 

The speed of decline in mortality rate is slower for late age-classes than for early age-classes, 

which transiently generates senescence (figure 4 and 5).   A special case of an abrupt 

environmental change is the colonization of a new environment by a few individuals. If the 

age-structure of the colonizers is far from the stable age-structure, there are fluctuations in 

age-structure following colonization. We found that these fluctuations in turn generate 

fluctuations in the rate of senescence (figure 6). In figure 6, only individuals with age 1 

colonize the new habitat and form the first cohort of individuals. The second cohort of 

individuals is from the reproduction of individuals with age 2 from the colonizing cohort. 

Hence this cohort has an improved survival at age 1, but not at age 2. The third cohort of 

individuals is from the reproduction of individuals with age 3 from the first cohort (there is no 

individual with age 2 at this time), which were selected for survival at age 1 and 2. There is 

therefore a change in genetic composition between the second and third cohort, as their 

parents have been selected for their survival at different ages. Offspring born to parents of age 

2 do not survive necessarily very well when they reach older ages.  The following cohorts 

descend from these two cohorts with alternately a greater contribution to the production of 
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juveniles from the best adapted and the less adapted one. Such fluctuations in the rate of 

adaptation of the different age-classes occur as soon as a single age-class colonizes a new 

environment and do not depend on the number of age-classes. These fluctuations in the rate of 

mortality following colonization could mask adaptation in an age-structured population. 

Indeed, comparing mortality rates between age 2 and 3 in generation 2 and 6 in the scenario 

described in figure 3, one would see little progress.  

 

 Habitat varies in space 

Analytical predictions 

We here still assume that mutations affects only survival at age x and consider a mainland-

island system, where the optimal phenotype differs between the island and the mainland, and 

where migration occurs only from the mainland to the island. We further assume that the age 

structure of individuals dispersing from the mainland is not far from the stable age-structure 

in the island so that it is possible to use equation 7. The indices Is and M refer to the island 

and mainland respectively. We derive here the expression of the evolutionary load at 

equilibrium after migration. After selection the change in the mean phenotype is: 
1( )s t x x Is tH −− = −z z G V θ z  ,          (11) 

where sz  is the mean phenotype after selection. The phenotypic value after migration is:  

1 (1 )t s Mm m+ = − +z z θ ,           (12) 

where, m is the proportion of the population after migration originating from the mainland, Isθ  

is the optimal phenotype in the island and Mθ  is the mean phenotype in the mainland assumed 

to be at optimum. With equations 11 and 12, the migration load at equilibrium ( 0∆ =z ) is: 

( )

(1 )
M Is

Is
x x x

m

m m H
θ −− =

+ − -1

θ θ
z

G V
         (13) 

Again, the evolutionary load due to migration (equation 13) varies depending on the age at 

which z affects survival. Similarly with equation 7, the migration load increases with age if G 

and V are independent of age. If G and V change with age, it is harder to conclude about how 

the migration load varies with age. Importantly, G likely varies with m because migration 

increases genetic variance via the introduction of new phenotypes (e.g. Tufto 2000, Huisman 

and Tufto 2012). Migration then also modifies potentially the age-specific variance load. 

 

Numerical exploration 
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We consider the same case as in equation 13. Migration introduces maladapted alleles, and 

thereby increases the evolutionary load. The evolutionary load increases with migration faster 

for traits acting on late survival (figure 7). The genetic variance here increases only slightly 

with the rate of migration (figure 7). Hence, through an increase in the evolutionary load, 

migration is an additional source of senescence (figure 8A and B). The rate of senescence 

increases with migration from low to intermediate migration rates. For high migration rate, 

the rate of senescence slightly decreases as the migration rate increases (figure 8B) because 

mortality is high in all age-classes (figure 8A).  

 

DISCUSSION 

Our study shows that local adaptation can contribute to shaping senescence in 

organisms living in variable environments in time and space, even though the processes 

studied here do not explain senescence in general. We distinguish between senescence 

generated by the variance load and by the evolutionary load (Lande and Shannon 1996). 

When the characters affecting survival are controlled by many loci, the variance load is an 

important source of senescence. In particular, in stable environments, all senescence in our 

model is generated by higher genetic variance of traits expressed late in life. In our numerical 

examples, the variance load was not very sensitive to variation in the environment. In 

contrast, when the number of loci is reduced, changes in allele frequency in the course of 

adaptation results in large change in genetic variance (appendix A). The evolutionary load 

superimposes on the variance load when the environment changes in space and time, 

transiently when the environment changes abruptly and lastingly when the environment 

changes continuously or when individuals disperse between habitats. The evolutionary load is 

due to the slower evolution of late fitness characters in response to environmental change and 

ultimately results from the decreasing strength of selection with age (also observed when a 

small number of loci is involved in adaptation, Appendix A). The slower evolution of late 

traits was not a straightforward prediction because the response to selection is proportional to 

the selection gradient but also to the additive genetic variance, which increases with age. In 

the cases we investigated numerically, the strength of selection decreases faster with age than 

the additive genetic variance increases with age. Our results moreover suggest that cyclical 

environmental variation can generate oscillations in the rate of senescence if the period of the 

cycle is sufficiently long. Similarly with previous theoretical studies on life history traits 

evolution in variable environments (e.g. Cotto et al. 2013), our results also emphasize the 
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need to take into account transient demography when investigating adaptation. Our study 

contrasts with previous investigation of life-history evolution in variable environments. The 

study of life-history evolution in variable environments has mostly focused on stochasticity 

and predictability (see a review in Roff 2001). In a temporally stochastic environment, theory 

predicts that individuals should adopt a bet-hedging strategy with reduced investment in each 

reproductive event and a longer lifespan (Wilbur and Rudolf 2006, Morris et al. 2008 but see 

Shpak 2007). The study of the evolution of bet-hedging strategies assumes that the vital rates 

of all genotypes are affected in the same way by environmental fluctuations (no local 

adaptation). In contrast with this assumption, our model assumes that the environment has 

different effects on age-specific vital rates of individuals with different genotypes. This 

assumption is a key feature of our model, allowing linking the question of local adaptation to 

aging.   

We are not aware of any empirical study investigating directly the role of local 

adaptation in shaping senescence or more generally how age-specific survival rates and 

fecundities evolve in response to an environmental change. In wild populations, such 

investigations may be challenging and fitness characters are often averaged over adult lifetime 

(e.g. Westley et al. 2013) in order to maximize the power of statistical tests. An experimental 

evolution approach could be used to test our theoretical predictions, in measuring for example 

changes in age-specific fitness characters in population under different regimes of 

environmental variation. For instance, Magalhaes et al. (2007) transferred spider mites to new 

hosts plants, after evolving them for a long time on a single host plant. Taking into account 

the effect of the new host plant on the vital rates of different age classes, we would expect 

survival and fecundity to improve more rapidly in young age-classes. Similarly, manipulating 

the migration in heterogeneous microcosms could allow testing our prediction that the rate of 

senescence increases with migration between environments. In our model, individuals 

disperse regardless of their genotype. During dispersal, individuals often gather information 

from their environment (Clobert et al. 2009) and tend to settle in habitats that match their 

phenotype (matching habitat choice, Edelaar et al. 2008, Edelaar and Bolnick 2012). In 

species where matching habitat choice is strong we do not expect migration to strongly impact 

the rate of senescence. However, in some cases matching habitat-choice may be age-specific, 

where for example juveniles settle in patches matching their current state, but without 

information about whether the patch will fit their future state as adults. How widespread 

matching habitat choice is in the wild is not known (Edelaar and Bolnick 2012). Yet there are 

many species where the ability of dispersers to control their settlement is reduced, such as 
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sessile organisms (e.g. plants, mollusks). In these species, migration between habitats can be 

an additional source of senescence. 

For the sake of simplicity, in our numerical illustrations, we assumed that the change 

in the optimal phenotype is similar for all age-classes. The long term monitoring of wild 

populations however shows that selective pressures due to an environmental change can differ 

between age-classes (Coulson et al. 2001, Pardo et al. 2013). For example, Pardo et al. (2013) 

showed that in warm sea surface temperatures young and old Black-browed Albatrosses 

survive better than middle aged individuals. Our model shows that adaptation to a changing 

environment would be faster if the environmental change affects mostly young individuals. 

This result is of importance in the study of evolutionary responses to global warming or in the 

study of biological invasions. For example the expected changes in a species range due to an 

evolutionary response to global warming will be different whether juveniles or adults are 

mainly affected. We expect this result to be particularly relevant in organisms where the 

different age-classes live in different environments, like many insects and amphibians. 

 One can draw a parallel between the mechanism generating senescence in our model 

and the theory of mutation accumulation (Medawar 1952). Favorable alleles spread slower 

when they affect late survival, so that there is an "accumulation of maladaptation" in late age-

classes. In the mutation accumulation theory, deleterious mutations are eliminated more 

slowly in late acting loci. We showed that migration can play a role similar to mutation in the 

mutation accumulation theory. Migration introduces deleterious alleles in the population, 

which are eliminated more slowly if they affect late survival. Similarly with mutation 

accumulation, senescence could, in part, be the consequence of the changing migration-

selection equilibrium with age. Antagonistic pleiotropy, resulting in negative genetic 

correlations between traits affecting survival at different ages, can easily be introduced in our 

model. In appendix C, we investigated the case where the traits in the multivariate phenotype 

are genetically correlated. Antagonistic pleiotropy acting on traits involved in age-specific 

adaptation increases the amount of senescence generated by environmental variation. In the 

case of an abrupt environmental change, genetic correlations delay adaptation of late traits but 

do not ultimately prevent adaptation. The trade-off generated is then soft as there is genetic 

variation in all directions of the phenotypic space (but in unequal quantities). Negative genetic 

correlations however increase the rate of senescence generated by migration (see appendix C). 

We did not investigate cases where the trade-off is hard (no variation is some directions of the 

phenotypic space), for example when senescence is the result of selection on genes favoring 
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reproduction in early ages, but generating oxidative damage deleterious later in life 

(Kirkwood 1977). 

 

 CONCLUSION 

The present study is to our knowledge the first to integrate theoretical results on local 

adaptation and on the evolution of senescence. Our results highlight how including age in 

demographic and evolutionary models can help to understand the response of population to 

changing environments. The main assumption of our model, the age and environment 

specificity of genes action is supported by experimental evidence. However, the extent to 

which environmental variation contributes to the molding of senescence in wild and 

laboratory populations remains to be investigated empirically.  
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FIGURE LEGENDS: 

 

Figure 1: Instantaneous mortality rate as a function of age  after 500 generations for different 

rates of environmental change. The environment changes follows: 1t t kθ θ −= + . Fecundity at 

age 1 is 0 and 50 at ages 2, 3 and 4 (maximal lifespan). All maximal survival rates are set to 1. 

VLE = 10, W = 1, E = 0. 

 

Figure 2: Changes in instantaneous mortality rate for individuals of age 1 (A - D), 2 (B - E) 

and 3 (C - F) when the environment changes gradually. The instantaneous mortality rate at 

age x is calculated as - log (sx), using equation 5 and the variance and trait values obtained 

with the infinitesimal model (see appendix D). The vertical line denotes the point in time 

when the optimal phenotypic value for each age-class starts to shift at a constant speed. The 

mortality is decomposed using equation 5 as mortality due to the variance load (light grey) 

and to the evolutionary load (dark grey).  The optimal phenotype before change is 0. From 

time 10, in A, B and C the optimum follows 1 0.05t tθ θ −= +  and in D, E and F the optimum 

follows 1 0.07t tθ θ −= + . Fecundity at age 1 is 0 and 50 at ages 2, 3 and 4 (maximal lifespan). 

All maximal survival rates are set to 1. VLE = 10, W = 1, E = 0. 

 

Figure 3: Changes in instantaneous mortality rate when the environment changes cyclically. 

The mortality rate at age x is calculated as - log (sx), using equation 5 and the variance and 

trait values obtained with the infinitesimal model (see appendix D). The optimal phenotype is 

given by: 2( ) sin( )10t tπθ = for A and by 2( ) sin( )100t tπθ =  for B. Fecundity at age 1 is 0 and 

50 at ages 2, 3 and 4 (maximal lifespan). All maximal survival rates are set to 1. VLE = 10, W 

= 1, E = 0. 

 

Figure 4: Changes in instantaneous mortality rate for individuals with age 1 (A), 2 (B) and 3 

(C) when an abrupt environmental change occurs. The mortality rate at age x is calculated as - 

log (sx), using equation 5 and the variance and trait values obtained with the infinitesimal 

model (see appendix D). The mortality is decomposed using equation 5 in mortality due to the 

variance load (light grey) and to the evolutionary load (dark grey). The initial optimal 

phenotype is 0 and is shifted to 3 at time 50. Fecundity at age 1 is 0 and 50 at ages 2, 3 and 4 

(maximal lifespan). All maximal survival rates are set to 1. VLE = 10, W = 1, E = 0. 
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Figure 5: Changes in the rate of senescence between age 1 and 3 corresponding to figure 4. 

The rate of senescence is calculated as: log(s1) - log(s3) where sx is the survival rate at age x.  

 

Figure 6: Changes in instantaneous mortality rate age 1, 2 and 3 after the colonization of a 

new environment. The mortality rate at age x is calculated as - log (sx), using equation 5 and 

the variance and trait values obtained with the infinitesimal model (see appendix D). 10 

individuals with age 1 colonize a site at t = 0. The optimum phenotypes in the source habitat 

and in the colonized habitat are respectively 0 and 3. Fecundity at age 1 is 0 and 50 at ages 2, 

3 and 4 (maximal lifespan). All maximal survival rates are set to 1. VLE = 10, W = 1, E = 0. 

 

Figure 7: changes in instantaneous mortality rate in the island function of the rate of 

immigration from the mainland. The mortality rate at age x is calculated as - log (sx), using 

equation 5 and the variance and trait values obtained with the infinitesimal model (see 

appendix D). The mortality is decomposed using equation 5 in mortality due to the variance 

load (light grey) and to the evolutionary load (dark grey). The optimal phenotype in the 

mainland is 1, the optimal phenotype in the island is 4. Fecundity at age 1 is 0 and 50 at ages 

2, 3 and 4 (maximal lifespan). All maximal survival rates are set to 0.9. VLE = 10, W = 1, E = 

0.  

 

Figure 8: A) Instantaneous mortality rate in the island as a function of age for different 

migration rates and B) Senescence rate in the island as a function of migration from the 

mainland. The rate of senescence is calculated as: log(s1) - log(s3), where sx is the survival rate 

at age x. Parameters as in figure 7. 
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APPENDIX A: POPULATION GENETICS MODEL 

 

In this model, we assume that the trait z is under the control of a single locus in a diploid 

species. We further assume that there are two alleles A and a at this locus, with three 

genotypes AA, Aa and aa and potentially three phenotypes (depending on dominance). The 

transition rate from stage x to y is a Gaussian function of the phenotype (equation 1). The 

model is deterministic. We further assume that individuals mate randomly relatively to age 

and phenotypes, but mate within their habitat only. We then track the evolution of the allele 

frequencies in both habitats. As with the infinitesimal model of inheritance, this model allows 

us to track the mean and variance of the traits (though not independently here).  

 We examine a case where the locus affects only survival at age 1 (with other survival 

rates constant) and contrast this situation with the case when it affects only survival at age 2. 

The results are qualitatively identical with those obtained with the quantitative genetic model. 

In the case of an abrupt environmental change, the change in allele frequency is faster when 

the locus is involved in survival at age 1 than when the locus is involved in survival at age 2 

(figure A1). The genetic variance decreases with time, and ultimately vanishes with the 

fixation of the favorable allele. The spread of the favorable allele is slower when the locus 

affects survival at age 2. In the case of migration from a source to an island population, the 

migration load is higher when the locus affects survival at age 2; selection is less efficient at 

eliminating the maladapted alleles (figure A2). It follows that the genetic variance available is 

higher for locus involved in late survival.  
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Figure A1: Evolution of frequency of allele A (p), survival rate and additive genetic variance 

after an abrupt environmental change. The initial frequency of A is 0.1, AA has phenotype 3, 

Aa has phenotype 5 and aa has phenotype 7. W = 7. Optimal phenotype after the change is 3.  
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Figure A2: Evolution of frequency of allele A (p), survival rate and additive genetic variance 

when individuals disperse into the focal population from a source with probability 0.1. The 

connection between the source and the island occurs at time 0. W = 7. The optimal phenotype 

in the mainland is 7, the optimal phenotype in the island is 3. 
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APPENDIX B: INFINITESIMAL MODEL OF INHERITANCE 

 

We recall here some results of Barfield et al. (2011) that we used in our numerical 

calculations.  

Transitions describing change in state of the same individual 

 The joint PDF of all individuals that transition to stage i is: 

( ) ( , )
( , ) ij j j ij

i
j ij j ij

j

t z p g z N t
T g z

t N t
=∑

∑
,         (B1) 

Where pj(g,z) is the joint PDF of genotypes and phenotypes in stage j.  

 

Transitions implying reproduction 

The distribution of the genotypic values among parents of stage i newborns is: 

( ) ( , )

( )
j ij j

j
i

j ij
j

N f z p g z dz

g
N f

Φ =
∑ ∫

∑
.         (B2) 

The distribution of genotypic values of newborns is calculated using the infinitesimal model 

of inheritance. This model assumes that traits are under the control of an infinite number of 

loci, each of them having an additive and infinitesimal effect (Bulmer 1980). With this 

assumption, the genetic value of an offspring follows a normal distribution with fixed 

variance (the additive genetic variance at linkage equilibrium, VLE) and mean equal to the 

average genetic values of the parents (Bulmer 1980, Turelli and Barton 1994, Tufto 2000, 

Barfield at al. 2011, Huisman and Tufto 2012). If there is no difference between sexes and if 

parents mate at random, the genotypic value among offspring in stage i is given by the 

convolution product: 

21
( ) ( ) * ( ) * exp

2 2 22
i i i

LELE

g g g
g

VV
φ

π
 −= Φ Φ  
 

.       (B3) 

The joint PDF of genotypes and phenotypes among offspring in stage i is: 

( , ) ( ) ( | )i i iz g g g zφ φ φ= ,         (B4) 

where  ( | )i g zφ follows a Gaussian distribution with mean g and variance E.    
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 The joint PDF of genotypes and phenotypes in stage i is the weighted sum of the PDF 

of individuals that transition to stage i and of newborns in stage i (see Barfield et al. 2011): 

'( , ) ( , ) ( , )
' '

ij j ij j
j j

i i i
i i

t N f N

p g z T g z g z s
N N

φ= +
∑ ∑

,       (B5) 

With this model, we were particularly interested in the evolution of genetic variance in each 

age-class. Genetic variance is an important feature of the evolution of senescence as variance 

increases with the age at which the trait is expressed (Charlesworth and Hughes 1996). 
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APPENDIX C: GENETIC CORRELATIONS 

 

We used equation 3 to investigate the case of genetic correlations when the environment 

changes abruptly. Genetic correlations could be generated by some pleiotropy (the same locus 

affects several characters). In figure C1b we investigated the case where the trait affecting 

survival at age 1 is negatively correlated with the traits affecting survival at age 2 and 3. This 

could correspond to a case of antagonistic pleiotropy. When traits affecting survival at early 

ages and late ages are negatively correlated, the decline in mortality rate in late age-classes 

following the environmental change is slower than when there is no genetic correlation (figure 

C1, compare panels A and B). In contrast, positive genetic correlations result in faster decline 

in mortality in late age-classes and almost no generation of additional senescence in the new 

environment (figure C1, compare panels A and C). 
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Figure C1: Influence of genetic correlations on the evolution of mortality after an abrupt 

environmental change. The optimal phenotype before change is 1 and 4 after change. z = {z1, 

z2, z3}. z1, z2 and z3 respectively affect survival at age 1, 2 and 3. We used equation 3 for 

this numerical example. A) No genetic correlation. B) Negative genetic correlations: ρ(z1, z2) 

= - 0.3; ρ(z1, z3) = - 0.5, the other possible correlations are set to 0. C) Positive genetic 

correlations: ρ(z1, z2) = 0.3; ρ(z1, z3) = 0.5. Fecundity is 0 at age 1 and 50 at ages 2 to 4. 

Maximal survival is 0.9 for all age-classes. Genetic variance at age 1, 2 and 3 are respectively 

5.32, 7.89, 9.42 (variance at equilibrium obtained with the infinitesimal model). W = 1, E = 0. 
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Figure C2: Influence of genetic correlations on the evolution of mortality when there is 

migration from a mainland to an island. The optimal phenotypes are 1 and 4 in the mainland 

and the island, respectively, for all age-classes. Negative genetic correlations: ρ(z1, z2) = - 

0.3; ρ(z1, z3) = - 0.5. Only juveniles disperse from the mainland to the island with probability 

0.1.  Maximal survival is 0.9 for all age-classes. Genetic variance at age 1, 2 and 3 are 

respectively 5.32, 7.89, 9.42 (variance at equilibrium obtained with the infinitesimal model). 

W = 1, E = 0. 
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APPENDIX D: COMPARISON OF THE MORTALITY RATE OBTAINED WITH THE 

INFINITESIMAL MODEL AND WITH THE GAUSSIAN ASSUMPTION (EQUATION 5).  

Figures D1 and D2 show comparisons of the mortality rates observed with the infinitesimal 

model and calculated from equation 5 (with the variances and the trait values obtained with 

the Infinitesimal model), for a gradual environmental change and for the effect of migration, 

respectively. Assuming that the distribution of the breeding values is Gaussian leads to a 

slight underestimation of the evolutionary load. This does not affect our main conclusions.  

 

  

Figure D1: Comparison of the mortality rate obtained with the infinitesimal model and with 

the Gaussian assumption corresponding to figure 1A, B and C. The mortality rate for the 

Gaussian model is calculated using equation 5 with the variances and the trait values obtained 
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with the Infinitesimal model. The optimal phenotype before change is 0, from time 10, in A B 

and C the optimum follows 1 0.05t tθ θ −= + . Fecundity at age 1 is 0 and 50 at ages 2, 3 and 4 

(maximal lifespan). All maximal survival rates are set to 1. VLE = 10, W = 1, E = 0. 

 

 

Figure D2: Comparison of the mortality rate obtained with the infinitesimal model and with 

the Gaussian assumption corresponding to figure 6A, B and C. The mortality rate for the 

Gaussian model is calculated using equation 5 with the variances and the trait values obtained 

with the Infinitesimal model. The optimal phenotype in the mainland is 1, the optimal 

phenotype in the island is 4. Fecundity at age 1 is 0 and 50 at ages 2, 3 and 4 (maximal 

lifespan). All maximal survival rates are set to 0.9. VLE = 10, W = 1, E = 0. 
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Abstract  (200 words) 

Previous models have predicted that when mortality increases with age, older individuals 

should invest more of their resources in reproduction and produce less dispersive offspring, as 

both their future reproductive value and their prospect of competing with their own sib 

decline. Those models assumed stable population sizes. We here study for the first time the 

evolution of age-specific reproductive effort and of age-specific offspring dispersal rate in a 

metapopulation with extinction-recolonization dynamics and juvenile dispersal. Our model 

explores the evolutionary consequences of disequilibrium in age structure of individuals 

generated by disturbances. Life history decisions are then shaped both by changes with age in 

individual performances, and by changes in ecological conditions, as young and old 

individuals do not live on average in the same environments. Lower juvenile dispersal favours 

the evolution of higher reproductive effort in young adults in a metapopulation with 

extinction-recolonization compared to a stable well-mixed population. Contrary to previous 

predictions for stable structured populations, we find that offspring dispersal should generally 

increase with maternal age. This is because young individuals, which are overrepresented in 

recently colonized populations, should allocate more to reproduction and less to dispersal as a 

strategy to exploit abundant recruitment opportunities in such populations.  

 

Keywords: reproductive effort, dispersal, life-history theory, age structure, colonization, 

disturbance.  
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INTRODUCTION 

Age is a major source of phenotypic variation among individuals in a population, strongly 

affecting survival (e.g. Hegazy, 1992; Baker & Thompson, 2007; Toigo et al., 2007), 

fecundity (e.g. Hegazy, 1992; Proffitt et al., 2007), as well as offspring phenotype (Burns & 

Mery, 2010). Life history theory aims at understanding the evolutionary processes shaping 

age schedules of birth and death. Both reproductive effort, i.e. the fraction of resource 

allocated to reproduction instead of maintenance and growth (e.g. Clutton-Brock, 1984; 

Descamps et al.; Mason et al., 2011), and juvenile dispersal (MacKay & Wellington, 1977; 

Ronce et al., 1998) are key life history traits varying with maternal age. In this paper we 

examine how extinction-colonization dynamics shapes selection on variation of reproductive 

effort and offspring dispersal with maternal age. 

Williams (1966) predicted that individuals should invest more of their resource in 

reproduction as they age, because their future residual reproductive value declines. Further 

theory showed that more complex patterns of age-specific reproductive effort could be 

selected for, depending on how allocation decisions affect survival and fecundity at different 

ages and on population growth (Williams, 1966; Gadgil & Bossert, 1970; Schaffer, 1974; 

Charlesworth & Leon, 1976; Stearns, 1992). Ronce et al. (1998) predicted that in stable, 

spatially structured populations with strong parent-offspring competition, older mothers with 

lower survival prospects should produce offspring with lower tendency to disperse. The 

predictions that older, senescent mothers should invest more of their resource and energy into 

reproduction and produce less dispersive offspring have received some empirical support 

(Ronce et al., 1998; Descamps et al., 2007), but observed patterns of individual variation with 

age vary widely both among and within species (MacKay & Wellington, 1977; Mason et al., 

2011). 

 As in most classical life theory, the existing predictions ignore demographic 

disturbances. Many populations, as parasites, ruderal species, or species with strong 

demographic cycles, exploit ephemeral and patchy habitats, experience frequent disturbances, 

population crashes and recolonization, and thus evolve in local demographic conditions that 

are generally far from equilibrium (Olivieri et al., 1990). The metapopulation concept, i.e. a 

population of populations submitted to local extinctions and connected by migration (Levins, 

1969), has proven very successful in describing the genetics and demography of species living 

in such conditions (Hanski & Gilpin, 1997; Hanski & Gaggiotti, 2004). In particular, it allows 
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studying the evolutionary and ecological consequences of disequilibrium caused by 

disturbances at the local scale, while assuming equilibrium at the scale of the metapopulation. 

Evaluating how life history evolution in metapopulations may deviate from classical 

predictions is necessary to improve our understanding of the diversity of life histories in 

nature (Ronce & Olivieri, 2004). Extinction-recolonization dynamics have been predicted to 

alter significantly the evolution of several life history traits, including reproductive effort and 

dispersal (e.g. Ronce et al., 2000; Crowley & McLetchie, 2002). How aging of individuals 

should affect patterns of allocation to reproduction, survival and dispersal in a metapopulation 

is however largely unexplored (see Ronce & Olivieri, 2004). 

 Caswell (1982) investigated the selection on age-specific life history traits in non-

equilibrium populations. He found that, in phases of population expansion, there is strong 

selection favoring high survival and fecundity in young ages, even if implying high costs later 

in life, while the reverse holds in declining populations. Caswell’s model considers a single 

population with episodic bottlenecks and ignores dispersal between populations. In a 

metapopulation with extinction-recolonization dynamics, colonizers are often a non random 

subset of the population (Clobert, 2004), which could further alter selection on age-specific 

life history traits. In particular, drastic changes in the age structure may occur during the 

transient phase following recolonization, especially in those species where the age structure of 

migrants does not reflect the stable age structure of local populations (see for instance Joly & 

Grolet, 1996). This is in particular the case for plants where recolonization is achieved 

through seeds, and in animals when the young age classes are the most dispersive. As a result, 

in a metapopulation, young and old individuals do not live on average in the same 

environments. With increasing time elapsed since colonization, the age structure of 

populations may indeed covary with changes in ecological conditions (e.g. density, 

recruitment probability, probability of disturbance), which affect the reproductive value of 

young and old individuals. Age-specific selective pressures on reproduction, survival and 

dispersal in a metapopulation would thus depend on the interaction between landscape 

dynamics, demography and ecology. 

 Here we study the evolution of the age-specific reproductive effort and offspring 

dispersal in a metapopulation with extinction-recolonization dynamics. In our model, 

reproductive effort affects the trade-off between survival and reproduction. Only young 

individuals disperse and recolonize after disturbance, generating large disequilibrium in the 

age structure of populations, as is the case in many plant and animal systems. We explore how 
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juvenile dispersal shapes the optimal variation of reproductive effort with maternal age. We 

examine situations when the offspring dispersal rate is fixed, and when it evolves as a 

function of maternal age jointly with the reproductive effort. We find that higher reproductive 

efforts are selected for in young adults in a metapopulation compared to a well-mixed 

population, especially when the juvenile dispersal rate is low. Offspring dispersal probability 

is further predicted to increase with maternal age in a metapopulation with extinction-

recolonization dynamics, contrary to predictions for stable habitats. Our model illustrates how 

age-specific life history decisions might be shaped by changes in reproductive values, due not 

only to changes in individual intrinsic performances, but also to changing ecological 

conditions with age, as young and old individuals may not live on average in the same 

environments. 

 

METHODS 

We used a deterministic metapopulation model similar to the one described in Ronce et al. 

(2005, see also Olivieri et al., 1995; Ronce & Olivieri, 1997; Ronce et al., 2000). In our 

model, extinction occurs independently of the local dynamics. All disturbed sites are 

recolonized. The metapopulation consists of sites that have been last disturbed for different 

times.  Individuals are thus characterized by their age, but also by the age of the population in 

which they reside, i.e. the time elapsed since the last disturbance. We ignore both 

demographic stochasticity and genetic drift. Appendix A gives the main notations and their 

definitions. We use adaptive dynamics to find optimal life-history strategies, toward which 

evolution should converge through the fixation of successive beneficial mutations (Geritz et 

al., 1998). We derive analytical conditions characterizing such a strategy for the age-specific 

reproductive effort and the age-specific dispersal rate (see Analytical Results), under the 

general assumptions of our model (see Model Assumptions). As an illustration, we then 

explore numerically several more specific scenarios (see Numerical Results). We first recall 

the expected patterns of evolution of age-specific reproductive effort in a single stable 

population, with otherwise the same life cycle as assumed in the metapopulation. This case is 

used as a reference, to which the evolution of age-specific reproductive effort in a 

metapopulation is compared. We first examine the evolution of age-specific reproductive 

effort when the juvenile dispersal rate is fixed, and then when it evolves jointly as a function 

of maternal age. 
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MODEL ASSUMPTIONS 

Life history  

1) Resource allocation 

Trade-offs between resource allocation to maintenance, storage, growth and reproduction can 

result in complex patterns of covariation between life history traits at different ages (Abrams 

& Ludwig, 1995; Seymour & Doncaster, 2007). We assume that allocation decisions at age x 

affect survival and fecundity at this age but do not carry over on later ages (“income breeder” 

life cycle, Drent & Daan, 1980). For instance, depletion of fat reserves during reproduction 

could compromise survival during the bad season following the reproductive season. 

Different assumptions about trade-offs affected the evolution of age-specific reproductive 

effort, but the qualitative effect of metapopulation extinction-recolonization dynamics on this 

trait remained the same (results not shown). Reproductive effort, rx, describes the fraction of 

resource allocated by an individual with age x to reproduction, increasing its number of viable 

offspring ( )x x xf f r=  at the cost of a diminished survival probability ( )x x xs s r= . 

2) life cycle 

The life cycle is as follows: 1) reproduction, 2) juvenile dispersal, 3) death of established 

adults, 4) juvenile recruitment and 5) growth. Individuals reproduce asexually and start to 

reproduce after one year. Adult lifetime is limited to xmax. The number of individuals in the 

metapopulation is regulated through juvenile survival. Adults are not affected by competition 

(e.g. Massot et al., 1992; Descamps et al., 2007). Only juveniles disperse, adults are sessile or 

territorial as in plants and many other animal species. A mother of age x produces a fraction dx 

of dispersing juveniles. As reproduction is asexual in our model, it does not matter whether 

the mother controls her offspring dispersal or the offspring take the decision to disperse. 

Viable offspring born to mothers of different ages are assumed to be otherwise identical, as is 

classically assumed in modeling age-structured populations. Dispersal is costly; a fraction c of 

juveniles die when dispersing. Extinction caused by extrinsic disturbance occurs after juvenile 

dispersal. The number of individuals in each age class in each population is calculated as in 

Ronce et al. (2005).  

Landscape dynamics  
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The landscape is composed of an infinite number of patches. Each population is characterized 

by its age i, the time passed since its founding. In particular, the probability of extinction, ei, 

varies with the age of the population. When an extinction event occurs, the species of interest 

disappears from the patch (no resting stage). The patch remains empty and is available for 

colonization. Only juveniles colonize empty patches, through migration (island model of 

dispersal). We assume that the lifetime of a population is limited. When a population reaches 

its maximal age imax, it goes extinct and the patch remains uncolonizable until it is disturbed 

again. This simulates the fact that habitats are available for a finite time (because of 

successional processes, or finite host lifetime in the case of parasites). The metapopulation at 

equilibrium is characterized by a stable population age structure (Olivieri et al., 1995) where 

Vi, the frequency of populations of age i, is constant in time (see Ronce et al., 2005 appendix 

A).  

 

ANALYTICAL RESULTS 

Evolution of reproductive effort as a function of maternal age in a single stable population 

We first recall the analysis for a single population (for similar arguments see Schaffer, 1974; 

Stearns, 1992), which will be used as a reference. A necessary condition for an intermediate 

reproductive effort (0 1xr< < ) at age x to be evolutionarily stable is: 

1

0

x x

x

f v

s v
+∂ = −

∂
 ,           (1) 

where v0 the reproductive value of a newly produced viable juvenile and vx+1 the reproductive 

value of an adult of age x+1. In other words, when the reproductive effort strategy at age x is 

optimal, any gain in reproductive value due to the production of extra offspring will be 

exactly offset by the loss of expected future reproductive value as a surviving adult. Equation 

(1) allows a graphical interpretation of how reproductive effort evolves with age (see Stearns, 

1992 for similar arguments). The singular strategy is found at the point where the trade-off 

curve between survival and fecundity at age x has a slope equal to 1

0

xv

v
+−  (figure 1A). If the 

trade-off between fecundity and survival does not change with age, higher fecundity versus 

survival is favored when this slope is shallower, i.e. when the reproductive value of the 

surviving adult (vx+1) decreases relatively to that of a juvenile (v0). Decreasing reproductive 



119 

 

value with increasing age thus favors higher relative investment into reproduction (figure 1A). 

In particular, when the future reproductive value of an individual becomes null, selection 

favors a maximal investment into reproduction (terminal investment, Clutton-Brock, 1984). 

Before that age however, changes in the trade-off between survival and fecundity may also 

alter the optimal allocation of resources. 

 

Evolution of reproductive effort as a function of maternal age in a metapopulation 

In a metapopulation, reproductive values of young and old individuals depend both on their 

age x and the age of the population, i, in which they are found. A necessary condition for an 

intermediate reproductive effort (0 1xr< < ) at age x to be evolutionarily stable can then be 

similarly written as in equation (1) by replacing v0 and vx+1 respectively by the average 

reproductive value of adults with age x+1 and average reproductive value of new-born 

juveniles (see appendix B for complete proof). The former can be expressed as:  

max 1

1 1, 1
1

( ; ) (1 ) 
i

x i i x
i

v P i x e v
−

+ + +
=

= −∑ɶ

,        (2) 

where ,( ; ) /i i x xP i x V n n=          (3) 

is the probability that an individual is in a population of age i, knowing that the individual has 

age x, with ni,x the number of individuals of age x living in a population of age i, and 

,x i i x
i

n V n=∑ , the average number of individuals with age x per patch in the metapopulation. 

In a metapopulation, the average reproductive value of adults with age x + 1 (equation 2) 

depends on the probability of escaping a disturbance in a population of age i, 1 - ei, and on the 

reproductive value of the surviving individuals in this population (now of age i + 1), 
1, 1i xv + + , 

weighted by the probability of an individual with age x being initially in a population of age i, 

P(i; x). The average reproductive value of adults with age x+1 is thus potentially influenced 

by any disequilibrium in the age structure of local populations. For instance, if old individuals 

are on average mostly in old populations with higher extinction probability, they should invest 

less in maintenance. 
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Differently from what is expected in a single population with our reference model, in a 

metapopulation the average reproductive value of a viable new born depends on maternal age:  

0 ( ) (1 ) ( )x philo x dispv x d v x d v= − +ɶ ɶ ɶ ,        (4) 

where ( )philov xɶ

 
is the average reproductive value of a philopatric juvenile produced by an adult 

of age x and 
d ispvɶ  is the average reproductive value of a dispersing juvenile. The contribution 

of each type of offspring depends on the dispersal rate of juvenile born to a mother with age x. 

The average reproductive value of a dispersing juvenile can be written as: 

max 1
*

1,1
0

(1 ) (1 )
i

disp i i i i
i

v c V e g v
−

+
=

= − −∑ɶ .        (5) 

The average reproductive value of dispersing juveniles depends on i) the probability that they 

survive dispersal, 1 - c, ii) the probability that the population of type i where they immigrated 

in (with probability Vi
*) does not go extinct, 1 - ei, iii) the probability that they survive the 

density-dependent recruitment phase, gi, and finally iv) their reproductive value once 

established in this new patch, vi+ 1,1. The recruitment rate in a population with age i depends 

only on the age of the population because all populations with age i have the same age-

structure and density and thus the same recruitment rate. Note that Vi
* can differ from the 

frequency Vi
 of populations with age i in the landscape if dispersing juveniles immigrate 

preferentially in specific types of sites. In any case, in our model, the average reproductive 

value of a dispersing juvenile 
d ispvɶ  does not depend on maternal age because its destination 

site depends neither on the age of their mother nor on the age of the population where she 

reproduced. 

The average reproductive value of philopatric juveniles is: 

max 1

1,1
0

( ) ( ; )(1 )
i

philo i i i
i

v x P i x e g v
−

+
=

= −∑ɶ         (6) 

The survival of these philopatric juveniles depends on the recruitment and extinction 

probabilities in their natal patch. When populations founded for different times do not have 

the same age structure, P(i ; x) varies with maternal age x (see equation 3), and so does the 

average reproductive value of her philopatric offspring. For this reason ( )philov xɶ  
is likely to be 

affected by any individual age disequilibrium in the metapopulation, especially when 

extinction or recruitment probabilities vary with the age of the population. If young 
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individuals are mostly in young populations with high recruitment opportunities, philopatric 

offspring born from young mothers may have on average a higher reproductive value than 

philopatric offspring born from old mothers.  

Potentially, metapopulation structure could thus alter both the intensity of selection on 

survival at age x, through the reproductive value of adults (equation 2), and the intensity of 

selection on reproduction at age x, through the reproductive value of philopatric offspring 

(equation 4). It is however hard to predict a priori the relative strength of the two effects 

(figure 1B). 

 

Evolution of dispersal rate of juveniles as a function of maternal age 

Now consider a mutation affecting dispersal rate of offspring born to a mother with age x. A 

necessary condition for an intermediate offspring dispersal rate (0 1xd< < ) at age x to be 

evolutionarily stable is (see appendix B): 

( )disp philov v x=ɶ ɶ  
          (7) 

Variation in juvenile dispersal rate with maternal age thus depends entirely on how the 

average reproductive value of philopatric offspring varies with individual age. Adults 

producing philopatric offspring with high average reproductive value should produce less 

dispersing offspring. As explained above, the average reproductive value of philopatric 

juveniles varies with maternal age only when (i) mothers with different ages are differently 

distributed in populations funded for different times, (ii) recruitment prospects and future 

reproductive value vary with time since foundation (see equation 6).  

Interestingly, if the intermediate dispersal strategy at age x is evolutionarily stable, the 

average reproductive value of a viable new-born offspring becomes independent of maternal 

age, as it is in a single stable population. Indeed, when replacing equation (7) into (4), one 

obtains 
0 ( ) dispv x v=ɶ ɶ . This suggests that, when offspring dispersal evolves jointly with 

reproductive effort, optimal age-specific allocation to reproduction should resemble more the 

patterns expected in a single population. 

  

NUMERICAL EXPLORATION 
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Equations (1-7) define singular life history strategies only implicitly as reproductive values 

and demography depend on reproductive effort and dispersal at all ages. These equations were 

solved numerically (see appendix C for the algorithm used) in specific scenarios. 

Assumptions of the numerical study 

We here make further assumptions to find numerically the singular strategy of age-specific 

reproductive effort and dispersal rate. These assumptions are detailed in Appendix A. Briefly, 

we suppose that survival probabilities, sx, and fecundities, fx, at age x depend both on resource 

allocation strategy, reflected by the reproductive effort rx, and on the ability of individuals 

with age x to acquire and monopolize resources. Resource acquisition impacts the maximal 

fecundity Fx and maximal survival Sx, which can be achieved at age x if all resources were 

invested in either reproduction or maintenance. The trade-off between fecundity and survival 

is assumed to be concave upward (as in figure 1) at each age, allowing the selection of 

intermediate reproductive effort (Schaffer, 1974). Finally, for simplicity, we assume that 

dispersing juveniles are distributed randomly across the landscape (e.g., no habitat selection), 

the latter assumption not affecting our qualitative conclusions (results not shown). We model 

extinction probability varying with the age of the population. For example in some 

environments, build-up of biomass could lead to an increase in the probability of fire, 

increasing the probability of disturbance with time since founding. Conversely, a dense 

vegetation cover could protect against landslides, making disturbance less likely when 

populations are older. Variation of host mortality with time since infection provides another 

example where the extinction probability of the parasite population varies through time. 

Evolution of reproductive effort as a function of maternal age in a single stable population 

We found that reproductive effort should always increase at the end of life (figure 2) in a 

single population. This is due to the decreasing reproductive values when approaching the 

maximal life-span xmax, as predicted by classical life history models (Gadgil & Bossert, 1970; 

Schaffer, 1974 ). Reproductive effort in young age classes can however increase, decrease or 

stay constant with increasing age, depending on assumptions concerning variation of resource 

acquisition with age (see Appendix D, figure C1). The qualitative effects of extinction-

recolonization dynamics did not depend on the scenario used for variation of resource 

acquisition with age (see Appendix D, figure C2). Therefore we present results only for the 

simple case of constant acquisition throughout life (figure 2).  
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Demography and age-structure in a metapopulation 

In our metapopulation model, demographic equilibrium is not reached immediately after 

colonization. Density typically increases with time since founding (figure 3A, continuous 

line). Intensity of competition negatively affecting the recruitment of juveniles thus increases 

with increasing time after foundation (figure 3A, dashed line). Populations are founded by 

juveniles only, which leads to a disequilibrium in individual age structure. In particular, in 

young populations, young individuals tend to be overrepresented, whatever the disturbance 

regime. Moreover this disequilibrium is accentuated by the fact that young populations are 

growing. Thus, an individual’s age could be a cue for the age of the population where it lives 

(figure 3B). This cue is not perfect, as several age-classes generally coexist in a population. 

Nevertheless, according to our analytical predictions, the joint existence of variation in age 

structure and density with time since foundation suggests that selective pressures on age-

specific life history traits may be shaped by the change in ecological conditions in populations 

with time since recolonization, as such changes affect the reproductive value of young and old 

individuals (see equations 2 and 4). 

 

Age-specific reproductive effort in a metapopulation: effect of the dispersal regime  

In the following, we have used the pattern of age-specific reproductive effort selected for in a 

well-mixed population as a reference to which patterns favored in a metapopulation with 

partial dispersal were compared. This was computed by assuming that all juveniles disperse 

(dx = 1 for all x). In such well-mixed system, the recruitment probability of all juveniles 

depends on the average probability of survival of adults, as it would in a single population. 

Extrinsic mortality in a metapopulation with extinction-recolonization dynamics is augmented 

due to the destruction of whole local populations. Our reference allows us to account for this 

increased mortality and make the comparison of life histories more meaningful. In that 

reference case with total dispersal, there is no difference between the life history evolving in a 

metapopulation and in a single population with the same average age-specific mortality 

(results not shown). 

In all cases examined, the age-specific reproductive effort at the very end of life is 

identical in a well-mixed population and in a metapopulation (figure 4, Appendix D and E for 
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non-standardized results), corresponding to maximal investment into reproduction (see figure 

2). Extinction-recolonization dynamics however affects the evolution of reproductive effort 

before this final bout of reproduction (figure 4). In all cases, we found that lower juvenile 

dispersal favored the evolution of higher reproductive effort in young adults compared with 

what we expect in a well mixed population (figure 4A, Appendix D). When the dispersal rate 

is low, most of the juveniles produced are philopatric and benefit from the conditions where 

their mother lives. Young mothers produce offspring in young populations (figure 3B) where 

recruitment probability is high (figure 3A), which favors increased investment in 

reproduction, consistently with our analytical predictions. This qualitative effect of juvenile 

dispersal rate on age-specific reproductive effort is robust to variations in the maximal 

lifespan of populations, in the lifespan of individuals or in the competitive value of juveniles 

(results not shown). The intensity of the cost of dispersal modulates the previous pattern. A 

high cost of dispersal favors higher reproductive effort at the beginning of life (results not 

shown, see Appendix A for range of parameters explored) because the number of colonizers is 

reduced and the recruitment prospects are increased in young populations.  

 

Age-specific reproductive effort in a metapopulation: effect of the landscape dynamics  

The mean reproductive effort increases with the mean extinction probability (results not 

shown), consistently with previous results (Ronce & Olivieri, 1997; Crowley & McLetchie, 

2002). Variation in the extinction probability with the age of the population furthermore 

affects the pattern of age-specific reproductive effort. When the extinction probability is 

constant, the selected reproductive effort in a metapopulation deviates most strikingly in 

younger age classes from that expected in a stable well-mixed population (figure 4A). When 

the extinction probability varies with the age of the population, optimal reproductive effort 

differs from that expected in a well-mixed population for most of the lifespan of individuals. 

In particular, allocation to reproduction in midlife can be much lower in a metapopulation 

than in a well-mixed population when most disturbances occur in young populations (figure 

4B). Conversely, higher reproductive efforts are selected throughout life in a metapopulation 

when old populations are more likely to go extinct (figure 4C). The correlation between the 

age of the individual and the age of the population where it lives explains these patterns (see 

equation 2). For example, when the extinction rate decreases with the age of the population, 

middle-aged individuals tend to be in middle-aged populations with a lower extinction rate: 
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they therefore increase their investment in maintenance due to their higher survival prospects 

and future reproductive value.  

 

Joint evolution of reproductive effort and juvenile dispersal as a function of age 

We found strong variation in optimal offspring dispersal rate depending on maternal age 

(figure 5). Offspring dispersal rate is generally low at the beginning of life and increases with 

maternal age (figure 5A). For a large range of age-classes, mothers disperse either none of 

their offspring or all of them (bang-bang strategy, Hamilton & May, 1977). The dispersal rate 

is low at the beginning of life for the same reasons that the reproductive effort is increased. A 

young mother produces mostly philopatric juveniles because they will be on average in 

favorable conditions for recruitment. Thus, for a female, changing her reproductive effort or 

the dispersal rate of her offspring are two alternative responses to the changing ecological 

conditions with time since founding. Offspring dispersal rate decreases at the end of life only 

when the extinction probability decreases with the age of the population (figure 5B). In that 

case, even if the recruitment probability is low in old populations, the survival probability of 

future recruits in these populations is high enough to increase the reproductive value of 

philopatric juveniles. Finally, when the age-specific offspring dispersal rate evolves jointly 

with the reproductive effort, the pattern of age-specific reproductive effort remains 

qualitatively the same but variation at the beginning of life is attenuated compared to when 

juvenile dispersal is fixed as predicted by our analytical model (figure 6 and Appendix E for 

non-standardized results).  

 

DISCUSSION 

Evolution far from equilibrium.  

Little attention has been devoted to optimal age-specific life history traits in species exploiting 

ephemeral patches of habitats, with frequent extinction, migration and colonization. Many 

organisms living in metapopulations however reproduce several times in their life time before 

the patch of resource that they exploit disappears; e.g. in pea aphids exploiting ephemeral 

crops, fecundity, survival (Morgan et al., 2001) and production of winged offspring (MacKay 

& Wellington, 1977) vary with age. Life history theory has largely been derived by assuming 

demographic equilibrium, and thus may not adequately describe the variation of selection 
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pressures with age for a large fraction of biodiversity, including the myriads of insect species 

living on plants and parasitic worms in various hosts (Dobson, 2003). Caswell (1982) 

investigated the effect of phases of population growth and collapse on the evolution of aging. 

Here we have extended his findings by examining the evolutionary consequences of migration 

and disequilibrium in local age structure of individuals generated by extinction-recolonization 

dynamics. We more precisely explored the evolution of individual age-specific reproductive 

effort and offspring dispersal in a network of populations exploiting ephemeral resources.  

In our model, disturbance generates disequilibrium in the age structure of individuals in the 

local populations because only juveniles disperse and colonize empty patches. This 

disequilibrium in age structure can be accentuated when recruitment opportunities become 

severely limited after recolonization. In agreement with our model prediction, young 

individuals are overrepresented among colonizers of new ponds in the newt Triturus alpestris 

(Joly & Grolet, 1996), as well as in recently open forest gaps in the perennial herb Primula 

vulgaris (Valverde & Silvertown, 1998); finally, in fire-adapted species like Banksia, the age 

of adult plants in a population corresponds to time elapsed since the last disturbance (Enright 

et al., 1998). The age of an individual can then be used as a cue to the age of the local 

population where it lives.  

Age-specific reproductive effort. In a metapopulation with partial dispersal of juveniles, we 

found that young adults should increase their reproductive effort compared to what we expect 

in a well-mixed population. Higher reproductive effort at the beginning of life allows 

individuals to benefit from the favorable recruitment conditions in young populations. Our 

predictions rely on the assumption that competition affects mostly juveniles, a common 

situation in natural populations.  Valverde and Silvertown (1998) indeed found that fecundity 

contributes largely to the growth rate of populations in recent patches of the forest gap species 

P. vulgaris whereas survival is more important in older patches. As younger individuals are 

overrepresented in the former type of patches (Valverde & Silvertown, 1998), on average 

young individuals undergo a high selection on reproduction, whereas older individuals 

undergo mostly selection on survival, a situation that would lead to variations in age-specific 

reproductive effort according to our modeling.  

Our model predicts that variations in the extinction rate with the age of the population should 

affect the optimal age-specific reproductive effort. In particular, we found that if the 

extinction rate decreases with time since foundation, reproductive effort in middle-aged adults 
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should be much lower than expected in a well-mixed population. The reverse pattern is 

expected when disturbance probability increases with time since foundation, as is typically the 

case with fire outbreaks (e.g. Johnson, 1979). Changes in disturbance probability with 

increasing age are therefore not simply equivalent to changes in adult mortality because they 

affect not only the future survival prospects of reproducing adults but also those of their future 

philopatric offspring. Our model could therefore help understanding how age-specific 

reproductive effort varies among host races of generalist species of aphids or mites, adapted to 

crops with different persistence and rotation dynamics (Frantz et al., 2006).  

 Juvenile dispersal conditional on maternal age. Offspring dispersal was previously 

predicted to decrease with increasing maternal age in stable habitats, as higher mortality of 

senescent mothers releases their offspring from kin competition (Ronce et al., 1998). A 

concomitant increase in offspring philopatry and adult mortality with maternal age were 

indeed observed in the common lizard, which lives in peat bogs with few disturbances (Ronce 

et al., 1998). Decreasing offspring dispersal in older mothers could also be predicted in the 

present model, but only in specific instances, when disturbance probability decreased with 

time since founding. Higher philopatry of offspring born from older adults then allows 

establishment in populations with good prospects of persistence. The same pattern as 

predicted by Ronce et al. (1998) was therefore obtained, but for different reasons, since kin 

competition does not occur in the present model.  

In most cases however, our model predicts that the dispersal rate of juveniles should increase 

with the age of their mother, contrary to predictions based on a kin selection argument (Ronce 

et al., 1998). Higher dispersal of offspring born to old mothers is selected for in our model 

because old individuals are found in older populations with deteriorated ecological conditions 

(see also Ronce & Olivieri, 2004). Previous studies on the evolution of conditional dispersal 

strategies in metapopulations similarly predicted that dispersal should increase with the local 

density or with time since colonization, as a strategy to escape patches of habitat of poor 

quality (Poethke & Hovestadt, 2002; Ronce et al., 2005). In pea aphids, winged females 

colonize new patches of host plants, and the quality of such patches deteriorates quickly with 

time. Such winged females produce mostly apterous grand-offspring at the beginning of their 

life (MacKay & Wellington, 1977; MacKay & Lamb, 1979), in agreement with the present 

prediction.  
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Interestingly, when offspring dispersal conditional on maternal age is allowed to evolve, 

selection on age-specific reproductive effort becomes more similar to that expected in a well-

mixed population. This happens because informed dispersal makes the reproductive value of 

philopatric offspring more similar across sites. We thus expect extinction-recolonization 

dynamics to leave a stronger signature on the evolution of age-specific reproductive effort in 

those species where constraints prevent a perfect adjustment of dispersal to local recruitment 

opportunities.  

 Limits of the present approach and perspectives. The present deterministic model 

ignores the effect of kin selection on life history evolution, by assuming that all populations 

that were founded at the same time have a similar genetic composition. Several recent studies 

have shown that kin selection could shape aging patterns in genetically structured populations 

(see review in Bourke, 2007; e.g. Ronce & Promislow 2010). Analysis of kin selection 

models with complex demographic dynamics is difficult (Rousset & Ronce, 2004), especially 

when combining non-equilibrium dynamics and age structure of individuals. Interactions 

between local demographic disequilibrium and kin structure in the moulding of aging by 

natural selection remains to be explored (but see Mitteldorf, 2006). 

Finally, our model assumes that only juveniles disperse and colonize empty patches. 

We can conjecture that most qualitative predictions would still hold if the age structure of 

colonizers was biased toward young age classes (e.g. Joly & Grolet, 1996), including when 

recolonization is achieved by dormant seeds or diapausing eggs, or if there was an excess of 

young adults in recent population for other demographic reasons such as rapid population 

growth. Although dispersal of young individuals is the most common pattern in the wild, in 

some species, older adult dispersal cannot be neglected. For instance, senescent individuals 

sometimes leave a good quality habitat to their offspring and disperse (e.g. Descamps et al., 

2007). The effect of variation in age of dispersal on the evolution of life histories requires 

further theoretical investigation.  

 

Conclusion: 

This study shows how metapopulation dynamics might shape age-specific life history 

strategies. In our model, disturbance generates disequilibrium in the age structure of 

individuals within populations. Young and old adults live on average in different 
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environments, with different prospects of disturbance and recruitment for their young. Aging 

patterns are then shaped both by trade-offs in individual intrinsic performances and by the 

aging of their environment. More generally, the present study encourages us to further explore 

how ecology alters the evolution of aging. Finally, we hope that our study will stimulate new 

empirical research on the interplay between demographic disequilibrium and life-history in 

those numerous species evolving as metapopulations. 
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 FIGURE CAPTIONS 

Figure 1:  

Graphical condition to find a singular strategy for reproductive effort at age x. A: Singular 

strategy in a single population. The singular strategy for age x (sx*, fx* ) is found at the point 

where the trade-off curve between survival and fecundity at age x has a slope equal to 1

0

xv

v
+−  

with v0 the reproductive value of a newly produced viable juvenile and vx+1 the reproductive 

value of an adult of age x+1. Similarly the singular strategy for age y, (sy*, fy*) is found at the 

point where the trade-off curve has a slope equal to 1

0

yv

v
+− . For y > x the slope is less steep 

when reproductive values decline with age (vy + 1 < vx + 1), so that there is more resource 
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allocated to reproduction with increasing age. B: Singular strategy in a metapopulation: the 

average reproductive values 1xv +ɶ
 
and 0( )v xɶ  can both change with maternal age. It is therefore 

difficult to predict a priori the change of the slope with age. Fixed maximal fecundity and 

survival of 50 and 0.9 respectively for all ages. 

 

Figure 2: 

Optimal age-specific reproductive effort in a single population in the case of constant resource 

acquisition with age. Full line: standard parameters (see Appendix A); Dashed line: Fmin = 

500; Dotted line: Smin = 0.3. 

 

Figure 3: 

Demographic characteristics of a population as a function of its age, i. A) Full line: number of 

adults; dotted line: juvenile recruitment probability. B) Probability for an individual of age 2 

(full line) and age 10 (dotted line) of being in a population of age i. For both panels: see 

Appendix A for default values. 

 

Figure 4: 

Variation of age-specific reproductive effort in a metapopulation relative to that expected in a 

well-mixed population for: A) different dispersal rates, constant extinction rate e = 0.2 ;  B) 

decreasing extinction rate  with the age of the population and constant extinction rate with the 

same mean (e = 0.48) , d = 0.1; C) increasing extinction rate with the age of the population 

and constant extinction rate of the same mean (e = 0.1), d = 0.1. For all panels: default values 

of other parameters (Appendix A).  

 

Figure 5: 

Optimal age-specific dispersal rate when evolving jointly with reproductive effort. A) 

Increasing extinction rate and constant extinction rate of the same mean (e = 0.1), as in Fig. 
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4C. B) Decreasing extinction rate and constant extinction rate of the same mean (e = 0.48), as 

in Fig. 4B. For all panels, see Appendix A for default values.  

 

Figure 6: 

Variation of optimal age-specific reproductive effort in a metapopulation relative to that 

expected in a well-mixed population when dispersal is fixed and when dispersal evolves 

jointly with age-specific reproductive effort. Dotted line: Metapopulation with joint evolution 

(mean dispersal rate d = 0.37). Full line: Metapopulation with fixed dispersal (d = 0.37). See 

Appendix A for default values. 
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Figure 5: 
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APPENDIX S1: MAIN NOTATIONS AND ASSUMPTIONS FOR NUMERICAL STUDIES 

Definition Expression Default value [ Range explored]**  

Reproductive effort at age x 
xr  

 

Fraction of dispersing juveniles born to a 

mother of age x 

dx dx : [0.01-1] when fixed 

Mean reproductive value of a juvenile in a 

metapopulation born to a mother of age x 
0( ) ( )philo dispv x v x v= +ɶ ɶ ɶ

 
 

Mean reproductive value of an individual of 

age x in a metapopulation 
xvɶ
 

 

Reproductive value of an individual of age x 

living in a population of age i 
,i xv

 
 

Number of individuals of age x living in a 

population of age i 
,i xn

 
 

Proportion of populations of age i in the 

metapopulation 

Vi  

Probability for an individual of age x to live in 

a population of age i 

( ; )P i x   

Competitive weight of juveniles k0 k0 : 0.71 [0.01 - 1] 

Competitive weight of adults of age x Constant: (default) 

xk K=
 

Increasing with age: 

1

1 kx x
k

k
e αβ −=

+
 

Dome-shaped: 

k kx
x k k kk e eω θµ γ δ −= − −  

 

[ ]: 0.71 0.01 10K −
 

 

0.19kβ =  

0.9kα =  

0.999kµ = , 0.001kγ =  

0.69kω = , 0.65k kδ θ= =  

 

Survival probability from age x to age x + 1 (1 )x x xs S r β= −  β  = 0.5  [0.1-0.9] 

Fecundity at age x 
x x xf F r β=  β  = 0.5  [0.1-0.9] 

Maximal fecundity at age x 
minx F xF F kφ= +  [ ]: 40 1 1000Fφ −  

[ ]min :10 1 1000F −  

Maximal survival probability from age x to 
minx s xS S kφ= +

 [ ]: 0.5 0.01 0.99sφ −  
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*survival and growth occur before juvenile recruitment 

** We tested the effect of varying each parameter separately as well as some interactions 

between parameters (even though these interactions were not explored systematically) 

  

age x + 1 [ ]min : 0.49 0.01 0.99S −  

Cost of dispersal c c : 0.5 [0.001 - 0.99] 

Recruitment rate in a population of age i * 

 

0
max

0 ,0 1,
2

1
i x

i x i x
x

g
g

k n k n+
=

=
+ + ∑

 
g0 : 0.9 [0. 1 - 1] 

 

Extinction rate of a population of age i  constant extinction rate (default)

 increasing 

extinction rate

 decreasing 

extinction rate

i e e

i e e

e

e i

e i

α β

α δ

= +

= − +
 

e : 0.2 [0.0001 - 0.9] 

 

0.016, 0.01e eα β= =
 

 

0.5eδ =
 

 

Maximal age of populations imax imax : 30 [10-50] 

Maximal age of individuals xmax xmax : 10 [5-40] 
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APPENDIX S2: CONDITION FOR SINGULAR STRATEGIES AND CALCULATION OF 

REPRODUCTIVE VALUES 

The wild type individuals of age x are characterized by a trait (or strategy) zx. In our model zx 

can be either the offspring dispersal rate dx or the reproductive effort rx. A mutation of weak 

effect occurs on this trait and mutants have the phenotype xz δ+ . We note as λ the initial 

growth rate of the mutant when confronted to the wild-type population. The derivative of λ  

can be taken as an indicator of the force of the selection on the mutation. In our age-structured 

metapopulation, this indicator can be written as (following Taylor and Frank 1986, Caswell 

2001): 

, , , ,

T

0

( )
u v
i x j y i x j y

z
i x j y

u v w
G x

δ

λ
δ δ

→

=

∂∂= =
∂ ∂∑∑∑∑        (B1) 

where u and v are, respectively, the vector of asymptotic frequencies and the vector of 

reproductive values for the different age classes in the wild type metapopulation, and , ,i x j yw →

is the contribution of an individual of age x in a population of age i with the mutant allele to 

the production of individuals of age y in a population of age j with the mutant allele. Note that 

classes of individuals are defined by their age x and by the age of their population i. The sign 

of G predicts whether selection favors the mutant allele over the wild-type allele. When G > 

0, the mutant allele with positive δ has a higher probability of fixation than the wild-type 

(conversely when G < 0 the mutant allele with negative δ has a higher probability of fixation). 

When G = 0, the wild-type strategy is called singular (Geritz et al. 1998). 

Calculation of contributions  

One individual can contribute to the next generation only through reproduction and survival. 

Thus non-zero contributions are: 

, 1, 1 (1 )i x i x x iw s e→ + + = −                                                                                                              (B2) 

when an individual survives in a population that does not go extinct. 

( )*
, 1,1 (1 ) 1 (1 )i x i i i x x i xw e g d c d V f→ + = − − + −                                                                            (B3) 

when an individual produces philopatric juveniles or juveniles immigrating in a population of 

age i and, 
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*
, 1,1 1 1(1 ) (1 )i x j i j j j x xw V e g d c f→ ≠ + − −= − −                                                                                     (B4) 

when an individual produces juveniles immigrating in a population of age j-1. The probability 

to immigrate in a patch of type i is Vi
* and can differ from the frequency of such type of 

patches in the landscape if dispersing offspring express some preferences for different type of 

sites. 

Singular strategy for reproductive effort 

Both sx and fx are affected by a mutation on rx, then taking derivative of the contribution 

gives: 

, 1, 1 (1 )i x i x x
i

w s
e

δ δ
→ + +∂ ∂= −
∂ ∂

 

( ), 1,1 (1 ) 1 (1 )i x i x
i i x x i

w f
e g d c d V

δ δ
→ +∂ ∂= − − + −

∂ ∂
       (B5) 

, 1,1
1 1(1 ) (1 )i x j i x

j j j x

w f
V e g d c

δ δ
→ ≠ +

− −

∂ ∂= − −
∂ ∂

 

Replacing terms in equation (B1) by their expression in (B5), the force of selection on 

reproductive effort at age x can then be decomposed in two terms: 

0 1( ) ( )x x
r x x

x x

f s
G x n v x v

r r +

 ∂ ∂= + ∂ ∂ 
ɶ ɶ

, where,       (B6) 

 

max
i ,

1 1, 1
1

 (1 ) 
i

i x
x i i x

i x

V n
v e v

n+ + +
=

= −∑ɶ

        (B7) 

 
0 ( ) (1 ) ( )x philo x dispv x d v x d v= − +ɶ ɶ ɶ ,       (B8) 

 

max 1
,

1,1
0

( ) (1 )
i

i i x
philo i i i

i x

V n
v x g e v

n

−

+
=

= −∑ɶ

,       (B9) 

 

max 1
*

1,1
0

(1 ) (1 )
i

disp i i i i
i

v c V e g v
−

+
=

= − −∑ɶ

,       (B10) 

Using the property of singular strategy ( Gr(x) = 0) we obtain : 
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1

0( )
x x

x

f v

s v x
+∂ = −

∂
ɶ

ɶ , 

corresponding to equations (1) to (6) in the main text.
. 

Singular strategies for dispersal  

Similarly, using the derivative of the contributions (B3) and (B4) relative to the effect of a 

mutation on the dispersal rate, and combining them with equation (B1) with the singular 

strategy property (Gd(x) = 0) we obtain: 

( )disp philov v x=ɶ ɶ  

corresponding to equation (7) in the main text. 

 

Reproductive values 

Let an individual settle on a patch and start to reproduce (age 1) in a population of age i. 

When the individual reaches age x, the age of the population is 1i x+ − . The reproductive 

value of this individual is: 

max max
1

1, ,1 1, ,1
1 1

i x
i a a

i x x j i a a j
j a x i x x

L l
v v w

L l
+ −

+ − + − →
= = + −

=∑ ∑ ,                    (B11) 

where Li is the probability that the population persists to reach age i (
1

0

(1 )
i

i j
j

L e
−

=

= −∏ ) and lx is 

the probability that the individual survives to age x (
1

1

x

x y
y

l s
−

=

= ∏ ). In particular, the 

reproductive value of an individual who has just settled is: 

max max
1

,1 1, 1 ,1
1 1

i x
i a a

i j i a j
j a i

L l
v v w

L
+ −

+ − →
= =

=∑ ∑ .        (B12) 

Reproductive values of adults with age 1 are computed as in Ronce et al. (2005, Appendix B). 

Using equation (B11) the reproductive value of older individuals are then computed from 

those of individuals with age 1. 
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APPENDIX S3: SEARCH FOR SINGULAR STRATEGIES 

We use the following algorithm to numerically search for convergence stable strategies, using 

Mathematica 4.0 (Wolfram Research Inc.). The convergence stability is the ability of a 

singular strategy to invade the population, through a series of small evolutionary steps (Geritz 

et al. 1998). Z can here represent either the vector of age-specific reproductive effort (R), or 

the vector of age-specific dispersal rate (D). 

1. We use an arbitrary vector for resident strategy of Z. 

2. The age structure of the metapopulation (populations and individuals, see Ronce et al. 

2005 appendix A) and reproductive values are computed. 

3. dispvɶ and ( )philov xɶ are calculated. 

4. The vector of the resident strategy  Z is saved in a temporary memory. 

5. A new vector of phenotypes is created using the sign of Gz (x) for all ages, we note it 

Z' :  

 if ( ) 0zG x > , 'x xz z δ= −  unless zx = 0  

 if ( ) 0zG x < , 'x xz z δ= +  unless zx = 1,  

 otherwise, 'x xz z=  

6. Z' becomes the new vector for the resident strategy. 

Steps 2 to 6 are iterated until convergence to a fixed Z. The calculation stops when Z' is 

sufficiently close to Z with a precision of 0.001. 

We used δ =0.001 for the mutation on dispersal rate and resource allocation. As we use the 

value of the gradient to compute the new age-specific vector and converge to the singular 

strategy, the strategy we find is also convergence stable (Geritz et al. 1998). We numerically 

verified that the convergence stable strategy we obtained was also evolutionary stable. We 

calculated the value of λ for strategies surrounding the convergence stable strategy previously 

obtained. The convergence stable strategies we found were always close to fitness maximum 

and we did not find any case corresponding to a branching point. The fitness landscapes 

around such fitness maximum were always parabolic. 
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Joint evolution  

 For joint evolution of dispersal and reproductive effort, each step is completed for both traits 

before moving to the next steps. For example when step 2 is completed for reproductive effort 

and dispersal, calculations for step 3 are initiated. Steps 2 to 6 are iterated until convergence 

to a fixed value of D and R. Thus age-specific dispersal rate and reproductive effort are 

searched simultaneously.  
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APPENDIX S4. EFFECT OF VARIATION IN RESOURCE ACQUISITION WITH AGE 

Resource acquisition impacts the maximal fecundity Fx and maximal survival Sx which can be 

achieved at age x if all resources were invested in either reproduction or maintenance 

(appendix S1). Variation of resource acquisition with age also affects how the density of 

adults of different ages lowers the juvenile survival probability (appendix S1). We examined 

three contrasted scenarios (see appendix S1 and figure S1) about the variation of resource 

acquisition with age (measured by the competitive weight kx of an adult with age x): (i) 

constant acquisition capacities throughout the adult life, (ii) increasing resource level with 

age, such as in species where increasing size and experience ameliorate performances 

throughout life, (iii) a dome-shape pattern where maximal performances peak in prime age 

and then decline due to senescence. Results about the first scenario (constant acquisition) are 

presented in the main text. We here present a few results with the two other scenarios. 

Evolution of reproductive effort as a function of maternal age in a single stable population 

We found that reproductive effort should always increase at the end of life (figure S1) in a 

single population. Reproductive effort in young age classes can however increase, decrease or 

stay constant with increasing age (figure S1), depending on assumptions concerning variation 

of resource acquisition with age. Because the maximal fecundity varies with age, the number 

of viable offspring produced by mothers of different ages reflects poorly patterns of variation 

of reproductive effort with age (compare panels B and C in figure S1, see more general 

discussion in Clutton-Brock 1984). 

Age-specific reproductive effort in a metapopulation: effect of the dispersal regime  

Whatever the pattern of resource acquisition with age, lower juvenile dispersal favored the 

evolution of higher reproductive effort in young adults compared with what we expect in a 

single population (figure S2). Qualitative conclusions about the effect of metapopulation 

dynamics on the evolution of age-specific reproductive effort are robust to variation of 

assumptions about patterns of resource acquisition with age. 
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Figure S1: Age-specific maximal fecundity, reproductive effort and realized fecundity in a 

single population. A) Three possible trajectories for maximal fecundity as a function of age; 

constant (continuous line), increasing with age (dotted line), dome shaped (dashed line). B) 

Optimal age-specific reproductive effort and C) and corresponding realized age-specific 

fecundity for each of these 3 scenarios. See appendix S1 for the relationships between 

maximal fecundity, reproductive effort and realized fecundity. 
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Figure S2: Variation of age-specific reproductive effort in a metapopulation relative to that 

expected in a single population. A) Dome shaped competitive weight; B) competitive weight 

increasing with age. For both panels, d =0.1. See appendix S1 for the relationships between 

maximal fecundity, reproductive effort and realized fecundity. and other parameter values.  
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APPENDIX S5: AGE SPECIFIC REPRODUCTIVE EFFORT CORRESPONDING TO 

FIGURES 4 AND 6 

 

 

 

 

Figure S3: Variation of the age specific reproductive effort. Panels A, B and C correspond to 

figure 4A, B and C respectively and panel C corresponds to figure 6. A) different dispersal 

rates, constant extinction rate e = 0.2 ;  B) decreasing extinction rate  with the age of the 

population and constant extinction rate with the same mean (e = 0.48) , d = 0.1; C) increasing 

extinction rate with the age of the population and constant extinction rate of the same mean (e 

= 0.1), d = 0.1. D) Variation of optimal age-specific reproductive effort in a metapopulation  

and in a well-mixed population when dispersal is fixed and when dispersal evolves jointly 

with age-specific reproductive effort. Dotted line: Metapopulation with joint evolution (mean 

dispersal rate d = 0.37). Full line: Metapopulation with fixed dispersal (d = 0.37). For all 

panels see appendix S1 for default values. 
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Abstract: Abundant empirical evidence for dispersal syndromes contrasts with the rarity of 

theoretical predictions about the evolution of life history divergence between dispersing and 

philopatric individuals. We use an evolutionary model to predict optimal differences in age 

specific reproductive effort between dispersing and philopatric individuals inhabiting the 

same metapopulation. In our model, only young individuals disperse and their lifelong 

reproductive decisions are potentially affected by this initial event. Juvenile survival declines 

as density of adults and other juveniles increases. We assume a trade-off between 

reproduction and survival, so that different patterns of age-specific reproductive effort lead to 

different patterns of aging. We find that young immigrant mothers should allocate more 

resources to reproduction than young philopatric mothers but these life history differences 

vanish as immigrant and philopatric individuals get older. However whether the higher early 

reproductive effort of immigrants results in higher fecundity depends on the post immigration 

cost on fecundity. Dispersing individuals have consequently a shorter life span. Ultimately, 

these life history differences are due to the fact that young dispersing individuals most often 

live in recently founded populations, where competition is relaxed and juvenile survival 

higher, favoring larger investment in offspring production at the expense of survival.  

 

Keywords: dispersal syndromes, aging, reproductive effort, colonizer 
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INTRODUCTION 

Dispersal is a major trait for the evolution and dynamics of spatially structured populations 

(Benton and Bowler 2012). A better understanding of dispersal processes is in particular 

critical for the forecasting of the consequences of habitat fragmentation, global warming and 

exotic species introduction (Baguette et al. 2012, Le Galliard et al. 2012, Travis and Dytham 

2012). Empirical studies show that dispersers are not a random subset of their source 

population, differing from philopatric individuals in morphology, behavior, physiology and 

life history (add ref). Phenotypic differences between dispersers and philopatric individuals 

can strongly alter the consequences of dispersal for population dynamics, range expansion, 

community dynamics, effective gene flow and its fitness consequences. However, predicting 

the phenotypes associated with dispersal is not an easy task, given the high variability in 

dispersal syndromes (see reviews about dispersal syndromes in Clobert et al. 2009, Bonte et 

al. 2012, Ronce and Clobert 2012).  

In this paper, our aim is to better understand the evolutionary forces that shape life 

history differences between dispersers and philopatric individuals. Dispersers often exhibit 

different life history traits than philopatric individuals, but the sign and magnitude of 

correlations between dispersal and life history traits vary widely both between and within 

species (Belichon et al. 1996, Ronce and Clobert 2012). For example, dispersers have a higher 

survival rate than residents in the great tit (Parus major, Clobert et al. 1988) but a lower 

survival rate in the damselfly Calopteryx splendens (Chaput-Bardy et al. 2010). Part of such 

inconsistency may be explained by the many methodological issues affecting the estimation 

of fitness components of philopatric and dispersing individuals in nature (Belichon et al. 

1996, Doligez and Part 2008).Variation in dispersal syndromes might also be due to the fact 

that differences in life history traits between dispersing and philopatric individuals vary with 

age. For instance, in water striders winged females have a shorter pre-oviposition period than 

wingless females before diapause, but the trend reverses after diapause (Fairbairn 1988). In 

the Glanvillle fritillary butterfly (Melitaea cinxia), lifetime reproductive success is similar for 

females originating from recently founded and longer established populations, despite their 

marked difference in mobility (Saastamoinen 2007). However, clutch size early in life is 

higher for females from recent populations, while the reverse trend is observed for older 

females (Hanski et al. 2006, Bonte and Saastamoinen 2012).  

 The interpretation of dispersal syndromes is also complicated by their multiple 

proximal and ultimate causes (Clobert et al. 2009, Ronce and Clobert 2012). In particular, life 
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history differences between philopatric and dispersing individuals could be explained because 

(i) energetic investment in dispersal trades-off with energetic allocation to other traits, and 

more generally dispersal is a costly, time-consuming, risky behavior (Bonte et al. 2012), (ii) 

selection on dispersers’ life history traits differs from that on philopatric individuals. During 

each stage of the dispersal process, i.e. departure, transience and settlement, dispersers are 

indeed likely to experience new environments and thus different selective pressures than 

residents. Several theoretical studies have explored how divergent selection could shape 

phenotypes of philopatric and dispersing individuals. For example, Kisdi et al. (2012) 

predicted that different body size would be optimal on dispersing and philopatric individuals 

when transience is costly (see also Bonte and de la Peña 2009). Dispersing individuals are in 

average less related to other individuals in their breeding patch than philopatric individuals 

are, which selects for higher aggressiveness and less cooperation in dispersers (Perrin and 

Lehmann 2001, El Mouden and Gardner 2008, Wild and Fernandes 2009), as well as for less 

female-biased (Taylor and Crespi 1994) and less dispersive offspring in the progeny of 

dispersing parents (Asaduzzaman & Wild 2012). These predictions have been supported by 

data (e.g. Duckworth 2008 for aggressiveness, Taylor and Crespi 1994 for sex ratio, MacKay 

and Wellington 1977 for offspring dispersal). Empirical evidence for association between 

dispersal and survival and fecundity however contrasts with the rarity of theoretical 

predictions about the evolution of life-history divergence between dispersing and philopatric 

individuals (Ronce and Clobert 2012). Lemel et al. (1997) investigated the consequences of 

different life histories for residents and dispersers on the evolution of dispersal in a two patch 

system and found that higher dispersal rates evolved when dispersing individuals have a 

higher survival compensating for the fecundity cost due to transience. However, which life 

history strategy was optimal in dispersing and philopatric individuals was not explored.  

Avoidance of high densities is one of the major drivers of dispersal, both from a 

proximate and evolutionary point-of-view (Lambin et al. 2001, Clobert et al. 2004; Ronce 

2007). Dispersing and philopatric individuals are then likely to experience different levels of 

intra-specific competition. In particular, when dispersal leads to the colonization of new sites, 

as in a metapopulation with frequent patch turn-over, dispersing individuals may encounter 

very different demographic conditions in newly colonized sites, favoring the emergence of a 

“colonizer syndrome” associating high mobility to rapid development, early reproduction and 

high fecundity (Baker and Stebbins 1965, Ronce and Olivieri 2004). To our knowledge, no 

study has investigated whether different life history strategies would be favored by selection 

in dispersing and philopatric individuals depending on the level of intra-specific competition 
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experienced after dispersal. Most theoretical studies about colonizer syndromes due to intra-

specific competition instead examined covariation between mean dispersal rate and mean 

survival or fecundity at the scale of the whole metapopulation, reaching widely different 

conclusions (Ronce and Olivieri 2004, Clobert et al. 2009, Ronce and Clobert 2012). For 

instance, Ronce and Olivieri (1997) predict a positive correlation between lifespan and 

dispersal, while Crowley & McLetchie (2002) predict a negative correlation between these 

two traits.  

 

Our aim here is to derive theoretical predictions about life history differences between 

philopatric and dispersing individuals in the same metapopulation, as empirical data on 

dispersal syndromes is generally documented at this scale. We are particularly interested in 

the variation of dispersal syndromes with age and focus on the case of metapopulations with 

relatively frequent extinction and recolonization, as is the case in Glanville fritillary butterfly. 

We build on recent theoretical work on the evolution of age-specific reproductive effort in a 

metapopulation (Cotto et al. 2013), modifying our model to allow dispersing and philopatric 

individuals to express different reproductive tactics. In our model, only young individuals 

disperse and their lifelong reproductive decisions are potentially affected by this initial event. 

We assume a trade-off between reproduction and survival, so that different patterns of age-

specific reproductive effort lead to different patterns of aging. Juvenile survival declines as 

density of adults and other juveniles increases. We investigate if dispersers and residents 

should have a different optimal strategy of age-specific reproductive effort, resulting in 

different age-specific fecundity and survival.  

 

METHODS 

The model is an extension of that of Cotto et al. (2013). For simplicity, we assume that 

reproduction is asexual. We used adaptive dynamics methods to find the optimal strategy of 

resource allocation to reproduction at each age for philopatric and dispersing individuals, as in 

Cotto et al. (2013), but we allow reproductive effort to vary not only with age but also with 

migratory status. Detailed derivations are given in appendices A&B and we just recall here 

the main assumptions (see Ronce and Olivieri 1997, Ronce et al. 2000, Ronce et al. 2005 for 

details). The model is spatially implicit. We consider a metapopulation composed of an 

infinite number of patches. Each population is characterized by its age i, the time spent since 

its foundation. At each time step, a population has a probability e to go extinct. When an 

extinction event occurs, the species of interest disappears from the patch. The patch is empty 
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and is available for colonization. Only juveniles colonize empty patches where they can settle 

and reproduce if no extinction event occurs. We assume that the lifetime of a population is 

limited, for example because of successional replacement or any other type of ephemeral 

habitat. When a population reaches its maximal age imax, it goes extinct and the patch remains 

uncolonizable until it is disturbed again with a probability eimax+1. The metapopulation at 

equilibrium is characterized by a stable age structure (Olivieri et al. 1995).  

 The life cycle is as follows: 1) reproduction, 2) juvenile dispersal, 3) death of 

established adults, 4) juvenile recruitment. Only juveniles disperse according to an island 

model of migration, each offspring having a probability d to disperse, with a fraction c dying 

during migration. Surviving dispersers immigrate in empty and occupied patches with a 

probability equal to the respective frequency of the different types of patches in the 

metapopulation. In the present version of the model, this dispersal rate is fixed. First 

reproduction occurs after one time step and, for convenience of numerical computations, 

lifespan is limited to xmax. We checked that none of our qualitative conclusions were affected 

when varying the maximum lifespan of individuals or populations. The demography of 

populations is regulated through juvenile survival, which declines as the local density of other 

juveniles and adults in the patch increases (see appendix A). Adult survival and fecundity are 

not affected by local density.  

 We assume that the decision to disperse when juvenile affects all subsequent 

reproductive decisions in an individual’s lifetime. Among reproductive adults, we therefore 

distinguish immigrant individuals, which have dispersed when juvenile and established in a 

different patch from their natal patch, and philopatric individuals, which stayed in their natal 

patch. The offspring, whether dispersing or philopatric, and their mother have then the same 

genotype (asexual reproduction). Consequently, any phenotypic difference between 

dispersing and philopatric offspring born to the same mother results from phenotypic 

plasticity only, juveniles alternatively developing into either disperser or philopatric 

phenotypes. We look for the optimal phenotypic combinations that maximize the transmission 

of genotypes producing such two types of offspring. 

  Let index m denote the migratory status of an individual, with m = p for philopatric 

individuals and m = d for dispersing individuals. Life history is modeled through the 

allocation of resources to reproduction versus maintenance. We note Rm,x the proportion of 

resources allocated to reproduction (reproductive effort) at age x by an individual with the 

migratory status m. Reciprocally, the proportion allocated to maintenance is 1 - Rm,x. The 
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allocation of resource determines the fecundity at age x, fm,x, and the probability of survival 

from age x to age x + 1, sm,x : 

, , ,(1 )m x m x m xs S R β= −            (1) 

, , ,m x m x m xf F R β= ,           (2) 

where Sm,x is the maximal survival probability at age x and Fm,x  is the maximal fertility at age 

x for individuals with the migratory status m. The effect of resource allocation at age x does 

not affect life history traits at later ages ('income breeder’ life cycle, Drent and Daan 1980). 

Alternative assumptions about the trade-offs between survival and fecundity affected the 

optimal pattern of age-specific reproductive effort, but without affecting qualitatively our 

results. The coefficient β determines the shape of the trade-off curve between survival and 

fecundity at age x. In numerical explorations, this coefficient is smaller than one, so that the 

trade-off between reproduction and survival is concave allowing the selection of intermediate 

reproductive effort (Schaffer 1974, Cotto et al. 2013). We assume that the maximal fecundity 

and maximal survival rate of philopatric individuals, which we note Fp and Sp respectively, 

are constant with age. We further assume that immigrant individuals can have reduced 

maximal fecundity and/or survival with respect to philopatric individuals, and allow such a 

cost of dispersal to vanish with increasing age. Transience could reduce the capacity of recent 

immigrants to survive or reproduce after their settlement. The maximal survival rate of an 

immigrant with age x is:  

[ ]( ), 1 1/ expd x p sS S xγ= − ,  

where sγ  is a parameter regulating the duration and intensity of this dispersal cost (see Figure 

2). Similarly, the maximal fecundity of an immigrant at age x is: 

 [ ]( ), 1 1 / expd x p fF F xγ= − . 

 

ANALYTICAL RESULTS 

When the reproductive effort strategy at age x is optimal, any gain in reproductive value due 

to the production of extra offspring will be exactly offset by the loss of expected future 

reproductive value as a surviving adult. A strategy of intermediate reproductive effort 

expressed by individual with migratory status m and age x corresponds to such a singular 

evolutionary point if (see appendix B): 

, ,

, ,

(1 ) ( , ) ( 1, ) 0m x m x
philo disp

m x m x

df ds
d v x m dv v x m

dR dR
 − + + + = ɶ ɶ ɶ .     (3) 
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where ( 1, )v x m+ɶ is the average reproductive value of an adult with age x + 1 and with 

migratory status m, ( , )philov x mɶ  is the average reproductive value of a philopatric juvenile born 

to a mother with age x and with migratory status m, dispvɶ  is the average reproductive value of 

dispersing offspring. The first two quantities differ between philopatric and immigrant 

mothers. In particular, the reproductive value of a philopatric offspring born to an individual 

with migratory status m and age x depends on the age the population where such an adult 

reproduces. Reproductive value of a philopatric offspring should in particular be higher if its 

parent reproduces in a patch with a low number of competitors, where juvenile survival is 

high. The average reproductive value of a philopatric offspring thus depends on the 

distribution of adults across populations with different ages (see appendix B). This 

distribution varies depending on both the age of the adult and its migratory status (appendices 

A, B). The reproductive values in equation (3) were computed numerically, following the 

same procedure as in Cotto et al. (2013), until we found a set of reproductive efforts satisfying 

equation (3) for each age and migratory type. The numeric procedure we used ensures that the 

strategies found are also convergence stable (see Cotto et al. 2013) and we verified that these 

strategies corresponded to fitness maxima.  

 

NUMERICAL RESULTS 

 

Figure 1: Number of individuals (a) and recruitment rate (b) function of the age of the 

population. Number of dispersing individuals (striped) and philopatric individuals (unstriped); 
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tones represent the age-classes. The brighter tone is the age class 1, followed by the age-class 

2, 3 and older than 3 (darkest tone). The full line represents change in the juvenile survival 

rate with the age of the population. Other parameters: d = 0.1, e = 0.1, Sm = 0.9, Fm = 20, k0 

= kx = 0.1, c = 0.5, 
0σ  = 0.9, imax = 20, xmax = 10, no post-immigration cost 100s fγ γ= = . 

 

Figure 1 shows that there are more dispersing adults in young populations than in old 

populations. In particular, adults that did not disperse when juvenile necessarily reproduce in 

populations that have been founded for at least two time steps, while only young dispersers 

reproduce in populations founded for only one time step. The number of philopatric 

individuals increases with the time since colonization (figure 1a). The age-structure of 

individuals also changes with the age of the population. Young individuals are more 

numerous in recently founded populations whereas old individuals prevail in older 

populations. This is due to our assumption of juvenile dispersal but also to the fact that 

juvenile survival rate is higher in recently founded populations where density is lower and the 

population is growing. Indeed, when the number of founders is small, the juvenile survival 

rate is high in young populations and rapidly decreases in older populations (figure 1b). The 

changes in juvenile survival with the age of the population are negatively correlated with the 

changes in density. This effect can be exaggerated when older individuals monopolize more 

resources reducing juvenile survival (not shown). 

 Only young immigrant adults  benefit from these favorable ecological conditions 

following colonization because they are frequent in such populations. Philopatric individuals 

start to reproduce in populations where juvenile survival rate is already much lower, due to 

growing density and live on average in populations with a lot of competition. In consequence, 

according to equation (3), we would expect young immigrants to invest more energy in 

production of juveniles than young philopatric adults do. 
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Figure 2: Age–specific reproductive effort (A and B), fecundity (C and D) and fraction 

surviving (E and F) of dispersing and philopatric individuals. A, C and E: no post-

immigration cost 100s fγ γ= = . B, D and F: Transience reduces individual reproductive 

performances 1fγ = but not survival after immigration 100sγ = . Other parameters: d = 0.1, e 

= 0.1, Sm = 0.9, Fm = 20, k0 = kx = 0.1, c = 0.5, 
0σ  = 0.9, imax = 20, xmax = 10. 

 

In accordance with our expectation, immigrant and philopatric individuals have different 

optimal age-specific reproductive effort at the beginning of their life. Dispersing individuals 

should spend most of their resources in reproduction when they are young contrarily to 



162 

 

philopatric individuals (figure 2A and B). The optimal reproductive effort increases at the end 

of life for both migratory types, consistently with previous results (Schaffer 1974). This 

difference in reproductive effort in early ages results in a lower average lifespan for 

immigrants (figure 2E and F). However, the difference in age-specific fecundity between 

immigrant and philopatric individuals depends on our assumptions about the cost of 

transience on life history traits. Young immigrant mothers have a higher fecundity than young 

philopatric mothers when dispersal has no or a small effect on the age-specific maximal 

fecundity (figure 2C). When dispersal reduces the reproductive performance of individuals 

after settlement, young philopatric mothers can have a higher fecundity than young immigrant 

mothers, despite a lower reproductive effort (figure 2B and D). Philopatric mothers then have 

higher lifetime reproductive success than immigrant mothers (higher fecundity and longer 

expected lifespan, figure 2F) whereas, in the absence of transience cost on fecundity, the 

reverse trend can be found (not shown). Depressed maximal survival of immigrants does not 

change qualitatively these predictions (not shown).  

Figure 3 shows the proportional differences in age-specific reproductive effort 

between immigrant and philopatric individuals of the same metapopulation for various 

dispersal rates, costs of dispersal and extinction rates. When the dispersal rate increases, the 

age-specific reproductive effort of dispersing and philopatric individuals converge (figure 

3A). The effect of high dispersal rate is twofold. First, when most juveniles disperse, the 

recruitment conditions in the parental patch do not matter much. The average recruitment 

prospects of (mostly dispersing) juveniles are then the same whatever the status of their 

parent. Second, when dispersing individuals are numerous, the number of founders 

recolonizing disturbed patches is large. The patches are then crowded immediately after 

colonization so that the juvenile survival rate is low in all populations. Therefore, the 

philopatric offspring of dispersing and philopatric individuals have similar recruitment rates.  

Conversely, when the dispersal rate is low, there are fewer juveniles colonizing empty patches 

so that the recruitment opportunities in young populations are higher, selecting for higher 

reproductive effort in young dispersing mothers. Accordingly, if a lot of juveniles die during 

dispersal, dispersing individuals invest more in reproduction relative to philopatric individuals 

(Figure 3B). The effect of increasing the cost of dispersal is lower than the effect of 

decreasing the dispersal rate, because the former affects the number of colonizers but not the 

number of philopatric offspring. Increasing the extinction rate also a twofold effect. On one 

hand, it increases the number of empty patches and hence decreases the number of colonizers 

per patch. On the other hand, high extinction rates increase extrinsic mortality for both 
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philopatric and immigrant adults, thus selecting for high reproductive effort (Ronce and 

Olivieri 1997, Cotto et al. 2013) in both types of individuals. The latter effect dominates and 

we find that high extinction rates reduce the difference in reproductive effort between the two 

migratory types (figure 3C).   

 

 

Figure 3: Proportional difference ( , , ,/d x p x d xR R R −  ) in age-specific reproductive effort 

between dispersing and philopatric adults for various dispersal rates (A), costs of dispersal (B) 

and extinction rates (C). When not specified, d = 0.1, e = 0.1, c = 0.5. Other parameters: Sm = 

0.9, Fm = 20, k0 = kx = 0.1,
0σ  = 0.9, no post-immigration cost 100s fγ γ= =  , xmax=10, 

imax=20. 
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DISCUSSION 

Differences in life history between dispersing and philopatric individuals are often understood 

as resulting from the costs of dispersal (Bonte et al. 2012, Ronce and Clobert 2012). Dispersal 

can be associated with lower or delayed fecundity and lower survival, which is interpreted to 

result from the cost of transience or developmental constraints (Bonte et al. 2012). However, 

in this study we show that differences in life-history between dispersing and philopatric 

individuals could also be selected for because both types do not live on average in the same 

environments.  

 We modeled a metapopulation with extinction-recolonization (Levins 1969) where 

only juveniles disperse and populations grow after foundation. Young individuals are then 

overrepresented in young populations. When the number of colonizers is low, recruitment 

opportunities are abundant for juveniles in young populations but not in old populations. 

Dispersing individuals start to reproduce in a favorable environment whereas philopatric 

individuals start to reproduce later in more crowded populations. Thus, depending on their age 

and dispersal history, individuals do not live on average in the same environment. As a result, 

dispersing adults should allocate more resource to reproduction at the beginning of their life, 

which allows exploiting favorable local opportunities following colonization. In this respect, 

the dispersal syndrome predicted by our model could be described as a colonizer syndrome 

(Baker and Stebbins 1965). Low dispersal, high cost of dispersal and low initial performances 

reduce the population size at foundation and consequently favor higher reproductive effort in 

young dispersing adults. However, as they age, immigrant and philopatric individuals live in 

similar environments. The differences in life history decisions between philopatric and 

dispersing thus vanish as individuals get older. 

 An interesting case is when dispersal entails a cost on initial individual performances 

due for example to transience (Belichon et al. 1996, Bonte et al. 2012). In this case, we found 

that philopatric individuals can have a higher average survival and fecundity than dispersing 

individuals despite the latter having a higher reproductive effort. This emphasizes the 

importance to distinguish fecundity from reproductive effort. For instance, even though the 

oogenesis-flight syndrome is widespread in insects (e.g. Roff and Fairbairn 2001), dispersing 

individuals sometimes re-allocate resource from flight muscles via histolysis after settlement 

(Harrison 1980, Derr et al. 1981 in Bonte and Saastamoinen 2012, see also a review in Rankin 

and Burchsted 1992 in favor of this idea). Measuring reproductive effort remains a challenge 

(Clutton-Brock 1984, Descamps et al. 2007, Fletcher et al. 2013). Measuring daily energy 

expenditure, oxidative damage and antioxidant protection, along with fitness components in 
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each age-class, could allow disentangling the role of constraints and life-history decisions in 

shaping dispersal syndromes. 

 Our model ignores kin competition, an important driver of dispersal in small 

populations (Frank 1986), predicted to affect the evolution of dispersal behavioral syndromes 

(El Mouden and Gardner 2008), as well as the evolution of reproductive effort (Pen 2000). 

Computing kin selection measures in structured metapopulations with a large number of 

demographic classes is technically difficult (Rousset & Ronce 2004), preventing a simple 

analytical approach of the question. We instead put emphasis on intraspecific competition 

avoidance as a driver of dispersal and, consequently, of dispersal syndromes. How 

competition with kin and non kin jointly shape dispersal syndromes in an age-structured 

metapopulation remains to be explored.  

  Few empirical studies investigating dispersal syndromes describe trait 

variation with age (see however Auld and Charmantier 2011), as most studies report the total 

number of offspring (Hansson et al. 2004), the average lifespan (Hansson et al. 2004) or 

average daily fecundity (Chaput-Bardy et al. 2010) of dispersing and philopatric individuals. 

Our model suggests that dispersal syndromes should vary with the age of individuals, which 

has been investigated in few empirical studies. Ignoring the variation of life histories with age 

could thus potentially obscure the detection of dispersal syndromes. 

 We here discuss those few empirical results  where age-specific variation in life 

history traits in immigrant and philopatric individuals has been described. We hope that the 

present study will stimulate the reanalysis of more data-sets of this kind. Our predictions 

should be more relevant for species living in metapopulations where at least some dispersers 

settle in patches with low competition. The Glanville fritillary living in the Aland islands 

system is a good example of such species. Each year many sites are colonized and go extinct 

(Bonte and Saastamoinen 2012). In new populations, there are mostly individuals with 

dispersing genotypes (Haag et al. 2005). Females from new populations initiate reproduction 

at younger age, have higher mating frequency and most importantly lay more eggs when they 

are young than females from old populations (Hanski et al. 2006). Conversely old females 

from old populations lay more eggs than old females from new populations. This pattern of 

variation in fecundity is consistent with the interaction between individual age and dispersal 

propensity predicted by our model when the cost of dispersal on fecundity is not too high. 

Finally, Glanville fritillary females from new populations have a lower lifespan than females 

from old populations (Hanski et al. 2006), which is also consistent with our predictions if we 

assume that most of these females are dispersers. Preliminary results indicate that common 
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lizards (Zootoca vivipara) having dispersed out of their mother territory as juveniles show 

higher early reproductive effort than philopatric individuals and that these differences vanish 

as they age (Cotto et al. unpublished), consistent with our predictions. There is further 

evidence that individuals dispersing because of kin competition in that species are larger and 

better colonizers than philopatric individuals or those individuals dispersing for other reasons 

(Le Galliard and Clobert 2003, Cote and Clobert 2007). 

 Dispersal phenotypes and syndromes often depend on the context and motivation for 

dispersal (Clobert et al. 2004), and more generally vary with habitat selection strategies (Le 

Galliard and Clobert 2003, Cote and Clobert 2007), with probably different optimal life-

histories after settlement. Our study suggests that we expect difference in life-histories 

between colonizers and philopatric individuals, but not necessarily between the latter and 

other types of dispersers. For instance, in great tits, immigrant females have a lower fecundity 

than resident females when they are young but they live on average longer (Clobert et al. 

1988, Auld and Charmantier 2011, Tully et al. 2004), which could be interpreted as young 

immigrant tits having a lower reproductive effort than residents, contrary to our prediction. In 

this last case study, the immigrant individuals had established in an already occupied and 

dense population: whether they are representative of other dispersing individuals (e.g. those 

colonizing empty habitats) is an open question.  

An interesting consequence of our findings is that the sign of the predicted covariation 

of life-history traits with dispersal changes depending on the scale of the study. When 

comparing different metapopulations with different dispersal rates but otherwise similar 

assumptions as in the present study, reproductive effort correlates negatively with dispersal 

(Ronce et al. 2000). This happens because higher dispersal results in higher density and lower 

juvenile survival after colonization, selecting for decreasing investment into reproduction. In 

the present study, we conversely found a positive correlation between dispersal and 

reproductive effort when contrasting life-history strategies of dispersing and philopatric 

individuals in the same metapopulation. This shift in the sign of the correlation between 

dispersal and reproductive effort across scales can be a source of inconsistency among 

empirical studies and between empirical studies and theoretical predictions interested in 

dispersal syndromes (Ronce and Clobert 2012).  

 Our study showed that, in a metapopulation with extinction-recolonization, dispersing 

and philopatric individuals should have a different schedule of resource allocation. This 

schedule of resource allocation is driven by the favorable ecological conditions encountered 

in recently colonized populations and by the fact that, depending on their dispersing status and 
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age, not all individuals encounter these conditions. Our model highlights the need to study 

dispersal syndromes at different scales both empirically and theoretically, considering 

explicitly how such syndromes vary with age. 
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APPENDIX A: DEMOGRAPHY  

The number of juveniles present after dispersal in a patch that was colonized i years ago, Ji, is 

the sum of the philopatric juveniles (JP(i)) and of the immigrant juveniles (JD). The latter 

quantity is assumed to be the same for all patches. Philopatric juveniles were produced by the 

local adults, which could themselves be either immigrants or born in the same patch: 

( 1)i D PJ J J i= + − .           (A1) 

max max

, , , , , ,
1 1

( ) (1 )
x x

P d i x d x p i x p x
x x

J i d n f n f
= =

 
= − + 

 
∑ ∑ ,       (A2) 

with nm,i,x is the number of individuals with the migratory status m, with age x in a population 

of age i.  

The computation of JD is similar to Ronce et al. (2005, see their appendix A) except 

that dispersers and residents have potentially different fecundities. The number of individuals 

in each age-class is computed by recurrence, by fixing an initial value for JD the number of 

immigrants in an empty patch and using the following relations: 

1,1 ,1,1 0d Dn n J g= =  and for all , ,1 0m i xx n> =       (A4) 

, , , 1 , 1, 1m i x m x m i xn s n− − −=           (A5) 

, , ,i x m i x
m

n n=∑            (A6) 

( 1)i D PJ J J i= + −           (A7) 

,1 1 1i i in J g− −=  ,          (A8) 

where gi  is the survival probability of juveniles in a population of age i. 

A new value for the number of immigrants  JD  can  then be computed from the nm,i,x 

max max

, , ,
, 1 1

(1 )
i x

D i m i x m x
m d p i x

J d c V n f
= = =

= − ∑ ∑∑         (A9) 

Such computation was iterated until we converged to a fixed value for JD.  

We assume that gi is the same for philopatric and immigrant juveniles as they compete 

(between juveniles and with adults) for recruitment in the same population. We used a 

Beverton-Holt function to model juvenile survival rate (Caswell 2001):  

0
max

0 1,
2

1
i x

i a i x
x

g
k J k n

σ

+
=

=
+ + ∑

          (A3) 
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with 
0σ the maximum survival rate, k0 the competitive value of juveniles, ka the competitive 

value of adults, Ji the total number of juveniles in a population of age i, and ni, x is the number 

of individuals with age x in a population of age i. 

Dispersal occurs only once in the lifetime at the juvenile stage. There is no change in 

migratory status when individuals age.  
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APPENDIX B : CONDITION FOR SINGULAR STRATEGIES AND CALCULATION 

OF REPRODUCTIVE VALUES  

 

1) Research for singular strategies 

We use adaptive dynamics to find singular strategies. The wild type of age x with migratory 

status m is characterized by the reproductive effort Rm,x. A mutation of weak effect occurs on 

this trait and mutants have the phenotype Rm,x + δ. We note λ the initial growth rate of the 

mutant in the wild population. The derivative of λ with respect to the phenotypic effect of the 

mutation can be taken as an indicator of the force of the selection acting on this mutation. The 

general expression of this indicator in our model is (Caswell 2001): 

, , , , , , , ,
, T

, , 0
u v

m i x n j y m i x n j y
m x

i x j y m d p n d p

u v w
G

δ

λ
δ δ

→

= = =

∂∂= =
∂ ∂∑∑∑∑ ∑ ∑      (B1) 

where u and v are, respectively, the vector of asymptotic frequencies and the vector of 

reproductive values for the different age classes in the wild type metapopulation, and 

, , , ,m i x n j yw → is the contribution of an individual of age x with the migratory status m in a 

population of age i with the mutant allele to the production of individuals of age y with the 

migratory status n in a population of age j with the mutant allele. Note that classes of 

individuals are defined by their age, the age of the population and their migratory status. The 

sign of G predicts whether the selection favor the mutant allele over the wild type allele. 

When G > 0, the mutant allele with higher δ has a higher probability of fixation (conversely 

when G < 0 the mutant allele with lower δ has a higher probability of fixation). When G = 0, 

the wild-type strategy is called singular (Geritz et al. 1998). 

 

Contributions: 

m designs the migratory status (m = p for philopatric individuals and m = d for dispersers). 

Each individual contribute to the next generation only through reproduction and survival. The 

non-zero contributions are: 

, , , 1, 1 , (1 )m i x m i x m x iw s e→ + + = −  ,          (B2) 

for survival in a population which does not go extinct, 

, , , ,1 ,(1 ) (1 )  if 1

                0 else
m i x p j m x i iw d f e g j i→ = − − = +

=
 ,        (B3) 
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for the production of philopatric juveniles. In particular, equation B5 shows that there is no 

philopatric adults in populations of age 1. And, 

, , , ,1 , 1 1 1(1 ) (1 )m i x d j m x j j jw d c f e V g→ − − −= − − ,        (B4) 

for the production of dispersing juveniles. 

For philopatric individuals there is no contributions before i = 2. 

 

Singular strategy: 

Using equation B1 and the expression of contributions (equations B2-4) we obtain: 

 
, ,

,
, ,

0 (1 ) ( , ) ( 1, )m x m x
m x philo disp

m x m x

df ds
G d v x m dv v x m

dR dR
 = = − + + + ɶ ɶ ɶ .     (B5) 

dispvɶ  is the average reproductive value of dispersing juveniles: 

max 1

, 1,1
0

(1 ) (1 )
i

disp i i i d i
i

v c V e g v
−

+
=

= − −∑ɶ  ,         (B6) 

with vd,i + 1, 1 is the reproductive value of an immigrant of age 1 having established in a 

population of age i + 1; the average reproductive value of a dispersed offspring depends 

neither on the age of the mother nor on her migratory status because of the island model of 

migration (juveniles disperse randomly in the landscape).  

( , )philov x mɶ  is the average reproductive value of philopatric juveniles: 

max 1

, 1,1
0

( , ) ( ) (1 )
i

philo m i i p i
i

v x m P i x g e v
−

+
=

= −∑ɶ .       (B7) 

vp,i + 1, 1 is the reproductive value of a philopatric offspring established in a population with 

age i + 1. In contrast with the average reproductive value of dispersing offspring, the average 

reproductive value of philopatric offspring depends both on the migratory status and on the 

age of their mother. Indeed, 

, ,

,

( ) i m i x
m

m x

Vn
P i x

n
=  ,           (B8) 

is the probability that an individual is in a population of age i, knowing that it has the status m 

and that it has age x and with , , ,m x i m i x
i

n V n=∑  , the average number of individuals of age x 

with the m status in a population of age i. 

The probability in (B8) differs between dispersing and philopatric individuals. In particular, in 

a population of age 0, there are only the dispersing juveniles which have colonized the patch. 

The first philopatric juveniles appear in a population of age 1 and are born to the first cohort 
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of colonizers. The first philopatric adults then appear in population of age 2, while only young 

dispersers are found in populations of age 1. 

Finally ( 1, )v x m+ɶ  is the reproductive value of an individual surviving to age x + 1:  

max
,

, 1, 1
1,

( 1, ) ( )(1 )
i

m x
m i m i x

im x

s
v x m P i x e v

R + +
=

∂
+ = − −

∂ ∑ɶ  ,       (B9) 

Reproductive values: 

An individual gets settled in a population of age i. When the individual reaches age x, the age 

of the population is 1i x+ − . The reproductive value of this individual with the migratory 

status m is : 

 

max max
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In particular : 
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which we could rewrite: 

max max
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We built a square matrix B composed of the four { , ,m i n jb → } sub matrices. Reproductive values 

of aged 1 individuals are obtained as the elements of the right eigenvector associated with the 

first eigenvalue of matrix B. We computed the reproductive values of all other types of 

individuals using equation B11. 
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ABSTRACT 

 

Dispersal syndromes describe patterns of covariation of morphological, behavioral and life-

history traits associated with dispersal. Many studies describe differences in life-history traits 

between dispersing and philopatric individuals. Such differences may result from a different 

strategy of resource allocation between the different components of fitness. We investigated 

in the common lizard Zootoca vivipara whether dispersing and philopatric females have 

different age-specific strategy of resource allocation. We confronted our results with recent 

theoretical predictions of Cotto and Ronce (in prep.) that young dispersing females should 

allocate more resource to reproduction than young philopatric females. We found that young 

dispersing females invest more resource in reproduction than young philopatric females, with 

covariation on age-specific survival and offspring morphology. Age-specific survival 

probabilities of dispersing females drop before those of philopatric females. Dispersing 

females have a higher fertility but produce smaller offspring. We were not able to verify that 

all the assumptions of the theoretical model are met in the population studied.  
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INTRODUCTION 

 

Dispersal syndromes describe patterns of covariation of morphological, behavioral and life-

history traits associated with dispersal. Many studies describe differences in life-history traits 

between dispersing and philopatric individuals (see a review in Belichon et al. 1996, Ronce 

and Clobert 2012). Yet, no clear general pattern emerges from these studies (Ronce and 

Clobert 2012). Among these studies, there is however the puzzling evidence that age-specific 

patterns of fecundity and survival are different for philopatric and dispersing individuals. For 

example, Tully et al. (2004) found that survival in late-age classes is higher in immigrant than 

in philopatric great tits. In the butterfly Melitea cinxia, Hanski et al. (2006) showed that 

young females from new populations, which are mostly good dispersers, have a higher 

fecundity than young females from old populations. This trend reverses for old females. This 

observation suggests that dispersal can be a source of heterogeneity in aging pattern (Cotto 

and Ronce in prep.).  

 Differences in survival or fecundity between dispersing and philopatric individuals is 

usually interpreted as a cost of dispersal (Bonte et al. 2012). However, such differences may 

result from a different strategy of resource allocation between the different components of 

fitness. Theoretical predictions suggest in particular that changes in fecundity and survival 

with age correspond to changes in strategy of resource allocation along life.  

 Reproductive effort is the fraction of resource allocated to reproduction. A broad 

theoretical prediction is that reproductive effort should increase with age (Williams 1966, 

Gadgil and Bossert 1970, Schaffer 1974, Charlesworth and Leon 1976). Recent theory 

suggests that the evolution of age-specific reproductive effort is affected in a metapopulation 

with extinction-recolonization dynamics. When the dispersal rate in the metapopulation is 

low, we expect young individuals to have a high reproductive effort. Moreover, in a such a 

metapopulation, the optimal age-specific resource allocation is different for dispersing and 

philopatric individuals (Cotto and Ronce in prep.). Young dispersing individuals should have 

a higher reproductive effort than young philopatric individuals. The ultimate cause to this 

pattern is that, if juveniles only disperse and colonize preferentially sites with low density, 

young dispersing adults start to reproduce in sites with low intra-specific competition. Young 

philopatric individuals start to reproduce in more crowded population. The difference between 

both types then disappears in old ages. This last theoretical prediction illustrates how 
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differences in fitness component can result from different strategies of age-specific 

reproductive effort.    

  How reproductive effort varies with age has been investigated in a lot of species, with 

various results (e.g. Angelier et al. 2007, Sparkman et al. 2007). A common problem raised by 

these studies is the difficulty to measure reproductive effort (Clutton-Brock 1984, Descamps 

et al. 2007). In particular, variation in fecundity and survival can poorly reflect variation in 

reproductive effort. For example, the ability to acquire resource may decrease in late ages, so 

that fecundity can decrease in those ages despite a high investment in reproduction (Descamps 

et al. 2007). Moreover investigating of age-specific reproductive effort in dispersing and 

philopatric individuals in natural populations can be difficult when the dispersal range is 

higher than the scale of the study. There is then no information about individuals dispersing 

from the local population, instead, only immigrant individuals can be described (e.g. Auld and 

Charmantier 2011). Our aim in this study is to investigate whether philopatric and dispersing 

individuals have different strategies of age-specific reproductive effort.  

 We used the common lizards (Zootoca vivipara) as a model system. Massot et al. 

(2011) conducted an integrative study on aging in this species, where they described 

variations in survival, reproductive performance, reproductive effort as well as physiological 

traits. They however did not distinguish between philopatric and dispersing individuals. A 

great advantage of this study system is that most dispersal events occur within a few dozen 

meters around the natal site (see below), so that full information is available on dispersal. The 

population studied is located on the Mont Lozère (Southern France) and is surrounded by 

unsuitable habitat, so that most dispersing events occur within the population. Moreover, the 

long term monitoring of this population allows an estimation of local abundances, so that it is 

possible to investigate the link between aging patterns in both dispersal types and local 

competition. 

 In this study we investigate for the first time whether dispersing and philopatric 

individuals have different age-specific strategies of resource allocation in a natural 

population.  We moreover investigate whether differences is resource allocation are linked 

with differences in offspring morphology. We then describe an age-specific dispersal 

syndrome. We found that young dispersing individuals invest more resource in reproduction 

than young philopatric individuals, with covariation on age-specific survival and offspring 

morphology. We tried to relate the pattern we observed to assumptions of the theoretical 

predictions (Cotto and Ronce in prep.) in comparing the abundances in the natal and breeding 
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sites of dispersing individuals with those of philopatric individuals. We found that it is not 

possible to test that the assumptions of the theory hold in the studied population.  

 

METHODS 

The species 

The common lizard is a small live-bearing lacertid (50 – 70 mm snout-vent length) widely 

distributed across Europe. This species usually lives in open and humid habitats such as peat 

bogs and heath land. The population studied is located on the Mont Lozère (Southern France) 

and is divided in two continuous microhabitats differing in their structural diversity and 

density: one has high structural diversity with a high density, Z+, and the other has a low 

structural diversity with a low density, Z- (Clobert et al. 1994). The structural diversity is 

made out of rocks, trees and grasslands. In the following, we will refer to these microhabitats 

as density zones. In this population, males first emerge from hibernation in mid April 

followed by females and yearlings in early may. Mating occurs as soon as females emerge 

and gestation last for approximately two months. Parturition starts in early-mid July and last 

for 2-3 weeks. Females lay an average clutch of 5 offspring (range 1-12) which are 

immediately independent from their mother. Hibernation starts in late September. 

 

Population monitoring 

The population is monitored since 1989 using capture-mark-recaptures. There are two capture 

sessions. The first capture session occurs in June, the second occurs in September. During the 

first session, individuals are identified and if new are marked using toe clipping. There is no 

incidence of toe-clipping and handling on survival probabilities (Massot et al. 1992). Age, 

sex, body length (snout-vent length, SVL) and mass are recorded at each capture. During this 

first capture session all individuals except pregnant females are immediately released at the 

place they were captured. Pregnant females are kept and transferred in standard laboratory 

conditions (Massot and Clobert 2000) in order to obtain reproduction parameters. During 

captivity each female is housed in an individual terrarium until parturition (see Lepetz et al. 

2009 for more details). At parturition, offspring are sexed, weighed and measured. Each 

female with her hatchlings is then released at the female last capture point. Capture points are 

located with a precision of 1 meter. The second capture session mainly aims at assigning 

dispersal status to juveniles. The dispersal status of an individual is know during the first year 

of life because in this population most dispersal events occur within a few days after 

parturition (Massot and Clobert 2000). A disperser is defined as a juvenile that moved farther 
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than 30 m from the initial point of release. This limit represents the upper 95% confidence 

limit of the home range of a female (Clobert et al. 1994). Juveniles defined as dispersers were 

never observed to return on their natal ground (Massot and Clobert 2000, Massot et al. 2002). 

Philopatric juveniles are defined as those who stay within a 20 m range (average of the home-

range diameter) from their initial release point. No dispersal status is given to juveniles that 

move between 20 m and 30 m from their natal site.  

 

Abundance estimation 

The site was divided in 10m x 10m squares. The abundance index corresponds to the mean 

number of individuals captured in each patch during a period of 7 years. We separated the 

estimation in two periods: 1989-1996 and 1997-2004.  This method allows a reliable 

estimation of abundance for each square, because the estimation of abundance is dependent of 

many parameters such as the hour of capture or the habitat. For each individual, the 

abundance was estimated in the birth square and in the square where one individual was 

afterward mostly captured. For both dispersing and philopatric individuals, the abundance in 

the birth site and in the adult site was compared using Student's t-tests.  

 

Statistical analysis 

Reproductive effort 

In the common lizards, like in most indeterminate growth species, the litter size increases with 

the length of the female (p < 0.00001, R = 0.53). The reproductive effort is calculated as the 

residual of the regression between the length of females and the number of offspring 

(following Massot et al. 2011). The reproductive effort so defined has a Gaussian distribution 

(Shapiro test, p > 0.05). We obtained similar results using the residuals of the regression 

between the mass of females (calculated with allometric equations for little lacertidae given in 

Meiri 2009).  

From the capture-recapture monitoring, we have repeated individual measures. We 

constructed linear mixed models in order to examine individual level age-trajectories of 

reproductive effort (R core team 2012, package lme4). Mixed models allow disentangling 

individual heterogeneity and aging processes. The dispersal status, age, the year of capture 

and the density zone are included in the models as fixed effects. We also include a quadratic 

effect for age and the first order interactions Age x Dispersal status and Age2 x Dispersal 

status. Individual is included as a random effect. Model selection was done using the Akaike 

Information Criterion corrected for small sample sizes (AICc). Two models were considered 
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distinguishable if their ∆AICc > 2 (White and Burnham 1999). As differences in reproductive 

effort are likely to be associated with variation in offspring phenotype, we investigated 

differences in corpulence and body length between the offspring produced by dispersing and 

philopatric individuals. Corpulence is defined as the residuals from the body mass/SVL 

relationship. We constructed similar mixed linear models as described above but add the sex 

of the offspring as a fixed effect. 

 

 Survival 

We used the software MARK in order to estimate survival and capture probabilities. 

Immigration in the study population is weak (Massot et al. 1992) so that the estimated 

survival rates can be assimilated to effective survival. The capture history starts when a 

juvenile is for the first time recaptured in the September session for the assignment of the 

dispersal status. The first survival estimation corresponds to the probability to survive the first 

winter (between September of the first year and June of the second year). The following 

survival estimations are yearly (between June sessions). We included an age-structure in the 

model. We were especially interested in whether dispersing and philopatric mothers have 

different age-specific survival rates. We included as covariate the dispersal status of 

individuals. Models were compared using the AIC criterion corrected for small sample size 

(AICc). We tested the goodness of fit for the time-dependent Cormack-Joly-Seber model for 

philopatric and dispersing individuals (Clobert et al. 1987) with the program RELEASE 

provided in MARK. We did not find a significant heterogeneity in recapture and survival 

probabilities among philopatric and dispersing individuals (Test 2 + Test 3, p > 0.9). 

 

RESULTS 

 

Reproductive effort 

Dispersing females have a larger litter size (F1,111, P = 0.02) but are not significantly longer 

than philopatric females (F1,111 = 3.45, P = 0.06). The best models explaining the variation of 

reproductive effort include age, the dispersal status and the interaction Age x Dispersal status 

(see appendix A). The year of capture and the density zone do not explain significantly the 

variation observed in reproductive effort (appendix A). We were not able to distinguish 

between the models with and without the Age x Dispersal status interaction. Overall, the 

reproductive effort increases with age (table 1). Dispersing females invest in average more in 

reproduction than philopatric females (table 1). We were specifically interested in whether 
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dispersing and philopatric individuals have a different age-specific reproductive effort. In 

other words, we were interested in testing the effect of the interaction Age x Dispersal status. 

We found a significant effect of the interaction (F1,40 = 5.4, P = 0.02). In order to precise the 

nature of this interaction, we constructed independent models for each dispersal status. The 

reproductive effort does not change significantly with age in dispersing females (F1,13 = 

1.78, P = 0.2). In philopatric females, the reproductive effort increases with age (F1,27 = 4.29, 

P = 0.04). Moreover, the intercept is higher in dispersing females (0.88) than in philopatric 

females (- 0.68), indicating that dispersing females invest more in reproduction after maturity 

than philopatric females.  

 

 

Figure 1: Age-specific reproductive effort in philopatric and dispersing individuals. Circles 

and triangles represent the observations of reproductive effort for each age-class in 

respectively philopatric and dispersing females. Dotted line: regression line for philopatric 

females (see table 2); full line: regression line for dispersing females (table 2). The regression 

line for dispersing females is not significant.  
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ER ~ Age + Dispersal + Age x Dispersal  

Factors Estimate (standard error) 

Age 0.49 (0.19) 

Dispersal 0.79 (0.32) 

Age x Dispersal - 0.25 (0.11) 

 

Table 1: Best model including the interaction Age x Dispersal explaining the variation in 

reproductive effort. N = 155. 

 

 Dispersing mothers (N = 48) Philopatric mothers (N = 107) 

Fixed effects 

 estimate SD p estimate SD p 

Intercept 0.88 0.60 0.15 - 0.68 0.32 0.03 

Age - 0.28 0.21 0.20 0.22 0.11 0.04 

Random effect 

                                          5e10-5                           0.38 

 

Table 2: Reproductive effort function of age for both dispersing and philopatric individuals. 

 

Offspring phenotype 

The best models explaining the variation in offspring body size (SVL) include the dispersal 

status of the mother, the sex of the offspring and the year of birth as explicative factors. We 

were not able to distinguish between models with and without the effect of age (see table 3, 

∆AICc < 2). Dispersing mothers tend to produce shorter offspring than philopatric mothers 

(F1,111=3.45, P = 0.06). The length of an offspring strongly depends on its sex (table 3). 

Females are in average longer at birth than males. Interestingly, even if the effect is slight 

(table 3) the length of offspring produced seems to decline in the more recent years. We did 

not find any factors of primary importance in the corpulence of offspring with the model 

selection by AICc (most models with ∆AICc < 2, not shown).  
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 Estimates SD 

Model 2 (AICc = 546.43): SVL_offspring ~   

Disp - 0.29 0.1 

Sex 0.62 0.07 

Year - 0.07 0.02 

 

Table 3: Parameter estimations and standard deviations for the best model describing the 

variation in the SVL of offspring (N =  223) 

 

Abundance in the natal and breeding sites 

The average abundance in the natal site of dispersing individual is lower than the average 

abundance in their breeding site (t93 = -2.4, P = 0.01). Before dispersal, dispersing juveniles 

live in average in sites with a higher abundance than philopatric individuals (t112 = 2.03, P = 

0.04). The abundance in the breeding site of dispersing individuals is however not 

significantly different than in the site where philopatric individuals breed (t98=1.5, P = 0.12).  

 

Figure 2: Mean abundance in the natal site and in the breeding site for dispersing and 

philopatric females. 
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Survival 

We analyzed females survival from age 1 to 5 years. Survival improves slightly between the 

first winter and the second year (figure 3). Then survival decreases with age. During the first 

three years of life, dispersing and philopatric individuals have similar age-specific survival 

rates. The age-specific survival of dispersing individuals drops before the age-specific 

survival of philopatric individuals (figure 3). Our interest was in describing how the dispersal 

status affects survival rate. The best models describing the variation in survival with age 

include dispersal as covariate and were dependent of year for recapture probabilities (see 

appendix A). We were not able to distinguish between models with and without an intraction 

with age effect for the effect of the dispersal status (∆AICc < 2, see appendix A). 

Nevertheless, the most informative model includes the interaction with age.  

 

  

Figure 3: Age-specific survival rate for dispersing (full line) and philopatric individuals 

(dotted line). Age-specific survival rates are estimated using MARK, for each type of female 

and for the best models. 
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DISCUSSION 

 

General pattern 

There is a large variation in aging pattern across individuals of the same species. As a source 

of variation, we provide here for the first time empirical evidences that dispersing and 

philopatric individuals have a different age-specific resource allocation strategy. Dispersing 

individuals allocate more resource to reproduction than philopatric individuals. Moreover, the 

resource allocation decision is different depending on the age and dispersal status of the 

individual. Dispersing individuals allocate many resources to reproduction regardless of their 

age whereas philopatric individuals invest few resources to reproduction when they are young 

and increase their reproductive effort as they age. This difference in age-specific reproductive 

effort affects the age-specific survival probabilities of individuals and the phenotype of their 

offspring. Dispersing individuals have lower survival probabilities at the end of their life, 

which is consistent with a delayed cost of reproduction. This result is in agreement with 

previous result on this same species, where the decline in survival probabilities with age was 

found to be specific to females investing a lot in their first reproduction (Massot et al. 2011). 

A similar delayed cost of reproduction was found in the butterfly Melitea cinxia (Hanski et al. 

2006). Dispersing individuals also have large litter size with small offspring compared with 

philopatric individuals. We however did not find any effect of age on offspring length or a 

difference in offspring corpulence from both types.  

 

Relation with theoretical predictions 

 Overall, our results are consistent with the predictions of Cotto and Ronce (in prep). In 

order to investigate whether the mechanisms generating the pattern in the model and in the 

data are similar, one first need to verify whether the study system meets the assumptions of 

the model. The mains assumptions in the model of Cotto and Ronce (in prep.) are that the 

focal species live in a metapopulation with colonization and extinction events, that young 

individuals disperse and that dispersing individuals breed at the beginning of their life in sites 

with a low intra-specific competition compared with philopatric individuals. As explained in 

materials and methods, in the common lizard dispersal occurs in year of birth. The structural 

diversity of the habitat provides a metapopulation structure to the study population. Indeed, 

lizards use trees and rocks as shelters and forage preferentially in the surrounding herbaceous 

zones (Lecomte et al. 1994). This structure generates a network of potential territories. We 

then investigated how individuals disperse relatively to the average local abundances (over 7 
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years period). Local abundances estimations are difficult to obtain in the common lizard since 

they depend on many factors such as the temperature, the time of capture or the capture effort. 

Because of these difficulties, we had to pool estimations over several years, which does not 

permit to test exactly the assumption that dispersing individuals settle in sites with lower 

intra-specific competition than sites where philopatric individuals breed. To test the prediction 

of Cotto and Ronce (in prep.), it is necessary to investigate, at the scale of a breeding season, 

whether dispersing juveniles settle in sites with low competition. Our results nevertheless give 

information on how females disperse and settle depending on the local density. We found that 

dispersing females breed in sites with lower densities than in their natal sites, indicating that 

density plays a role in the settlement decision. The abundance in the breeding site of 

dispersing females was however not significantly different than the abundance in the breeding 

site of philopatric females. This last result does not meet the assumption of the model of Cotto 

and Ronce (in prep.). Our results do not allow to valid the prediction of this last model.  

 

Relation to previous findings in this species 

 The evolution of dispersal in the common lizard is multifactorial (Clobert et al. 2012). 

It depends on habitat quality (Massot et al. 1992, Sorci et al. 1994), on kin competition (Lena 

et al. 1998, Ronce et al. 1998) and on intra-specific competition (Massot et al. 1992, Lena et 

al. 1998). The cause of dispersal in our dataset is unknown, so that our data may include 

females that are likely to have dispersed for different reasons. This may hide various patterns 

of habitat choice by dispersing females. We are here particularly interested in dispersing 

females colonizing new habitats. Previous investigation in the common lizard showed that kin 

competition produces dispersers with a phenotype enhancing their colonizing abilities (Cote 

and Clobert 2007). High relatedness in the population increases the dispersal rate of juveniles 

with large body size. These juveniles grow faster and reach sexual maturity sooner (Cote and 

Clobert 2007). If kin competition is the main driver of dispersal in our natural population 

(Cote and Clobert 2007) experiment was conducted in a semi-natural population), our study 

suggest that these dispersing individuals also have dedicated specific age-specific resource 

allocation strategy, describing then a full colonizer syndrome. We did not find any difference 

in body size between dispersing and philopatric females, indicating that differences in body 

size once juveniles has settled may disappear at sexual maturity. 

 

Implication for our understanding of aging in the wild 
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Recent studies related to aging in wild populations pointed that little is known about what 

drives individual variations in age trajectories of fitness components (Massot et al. 2011, 

Bouwhuis et al. 2012). Beside, studies investigating age-variation in fitness components 

mostly found evidences for what has been called “the selection hypothesis” and “the 

constraint hypothesis”, respectively the selective disappearance of low quality individuals and 

the age-specific improvement in reproductive competences (e.g. Low et al. 2007 and 

references therein). The selection hypothesis is a statistical effect and does not provide 

information on how fitness components vary with age at the individual scale. The 

optimization of reproductive effort with age (the “restraint hypothesis”) is however almost not 

documented (Forslund and Part 1995). Regarding these previous investigation, our results 

provide a great insight into our understanding of aging in wild population. First, we showed 

that the dispersal status of individuals is a source of heterogeneity in age-specific variations of 

fitness components. Second, we showed that this heterogeneity is likely to be due to different 

optimal age-specific reproductive effort in both dispersal statuses. We hope that this study 

will stimulate further investigations of age-specific reproductive effort in dispersing and 

philopatric individuals in other taxa. We expect that this would improve our knowledge about 

aging variability in wild populations.  
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APPENDIX A: detailed statistical results  

 

Table A1: model selection for the variation in reproductive effort using the AICc (sample size 

155) 

Models AICc 

Age + Age2 + Disp + Year + Dens + Age x Disp + Age2 x Disp 518 

Age + Age2 + Disp + Dens + Age x Disp + Age2 x Disp 510 

Age + Age2 + Disp + Age x Disp + Age2 x Disp 507 

Age + Disp + Age x Disp  500 

Age2 + Disp + Age2 x Disp 507 

Age + Disp 501 

Age2 + Disp 504 

 

 

Model number and name AICc score ∆AICc 

(a) Selection of a model describing recapture probabilities 

Φapt 2549.80 0 

Φapa 2579.01 29.21 

Φapa+D 2581.05 31.25 

Φapa*D 2589.85 40.05 

(b) Selection of a model describing survival probabilities 

Φa*Dpt 2541.29 0 

Φa+Dpt 2542.42 1.12 

 

Table A2: Mark recapture models for age-dependence in capture probabilities (a) and survival 

probabilities (b) of common lizards. The most parsimonious models according to the AICc are 

in bold (∆AICc < 2). Notations: Φ = survival, p = recapture probabilities, a = age, t = year, D 

=  dispersal status, "+" and "*" indicates additive and interaction terms respectively. 
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APPENDIX B: if we include dispersal function of the age of the mother and climate 

 

Offspring dispersal as a function of the age of the mother and spring temperature 

We conducted a similar analysis as Ronce et al. (1998) in order to investigate how the 

dispersal rate of offspring varies with the age of the mother. We analyzed data from 1991 to 

2005 (Ronce et al. 1998 analyzed data from 1991 to 1992). During this period, June 

temperature increases due to global warming, in association with a decrease in the dispersal 

rate of juveniles (Massot et al. 2008). Our aim is here to investigate whether this shift in 

dispersal regime in our study population modifies the relation between the age of the mother 

and the dispersal rate of her offspring. We performed generalized linear mixed models, with 

the age of the mother, the sex of the offspring, June temperature and the density zone as fixed 

effects. Juveniles from the same mother are not statistical independent units; we then add the 

identity of the mother as a random effect.  

 

Dispersal depending on the age of the mother and June temperature 

We found different results from Ronce et al. 1998. There is no effect of the sex of the 

offspring on the probability to disperse (p = 0.15). The age of the mother has no longer a 

significant effect on the probability of her offspring to disperse (p = 0.12). There is however a 

significant effect of the June temperature, in accordance with the results of Massot et al. 2008. 

The dispersal rate of offspring decreases as the June temperature increases (estimate: - 0.11 ± 

0.05, p = 0.04). We also found a marginally significant effect of the density zone on the 

probability of an offspring to disperse, with a higher probability to disperse in the low density 

zone (estimate: 0.49 ± 0.26, p = 0.06). The June temperature increases significantly with time 

(estimate 0.41 ± 0.01, p < 0.0001), leading to a decreasing dispersal rate of offspring with 

time. We then expected that the proportion of philopatric individual, with a lower 

reproductive effort, increases with time. We did not find a significant correlation between 

time and reproductive effort.  



 



Résumé 
 
Cette thèse appartient au domaine de recherche sur l'évolution des traits d'histoire de vie. Les 

traits d'histoire de vie sont directement impliqués dans la reproduction et la survie et donc 

dans la valeur sélective des organismes. L'intérêt que nous avons pour les traits d'histoire de 

vie prend source dans l'immense diversité qu'ils présentent dans la nature. En particulier, les 

organismes montrent une grande diversité de patrons de vieillissement, qui est défini comme 

la variation des traits d'histoire de vie, comme la fécondité et la survie, avec l'âge. Le concept 

de sénescence réfère plus précisément à la dégradation de ces traits avec l'âge. Cette thèse 

traite de l'évolution du vieillissement dans les populations naturelles. Comme pour la plupart 

des traits d'histoire de vie, les recherches sur l'évolution du vieillissement ont été menées dans 

le contexte d'une stable et unique population vivant dans un environnement constant. 

L'objectif de cette thèse est de voir comment évolue le vieillissement lorsque les populations 

sont structurées dans l'espace et lorsque l'environnement varie. Mon approche a été 

essentiellement théorique, mais j'ai pu tester des résultats avec des données récoltées dans une 

population naturelle. En introduction, je présente les éléments nécessaires à prendre à compte 

lorsqu'on s'intéresse à l'évolution dans les populations structurées en âge, ainsi que le constat 

que ces populations sont soumises à des variations environnementales et structurées dans 

l'espace. Dans la première partie, je montre que les variations de l'environnement, dans le 

temps et dans l'espace, peuvent affecter les patrons de sénescence. J'utilise des méthodes de 

génétique quantitative où je fais l'hypothèse que les mutations ont un effet spécifique à 

l'environnement et à l'âge. Dans la deuxième partie, je m'intéresse aux conséquences des 

dynamiques d'extinction-recolonisation sur la stratégie de partage des ressources entre la 

survie et la reproduction des individus en fonction de leur âge. Je montre en particulier que la 

dispersion est une source de variabilité pour cette stratégie et test cette prédiction avec des 

données. De façon générale, mes résultats montrent que la prise en compte des conditions 

écologiques et environnementales complexes où vivent les organismes permet de mieux 

comprendre la diversité des patrons de vieillissement dans la nature. En dernier lieu, je fais un 

court bilan de cette thèse puis donne des perspectives possibles à mes recherches et de façon 

plus générale aux recherches sur l'évolution du vieillissement.  

 

 

 



Summary 

 

This thesis belongs to the wide field of life history evolution. Life history traits are directly 

involved in reproduction and survival. The interest for life-history evolution arises because 

organisms have evolved so many different ways of combining these traits to affect fitness. In 

particular, there is an important diversity of aging patterns in the wild. Aging is defined as the 

variation of life-history traits, such as survival or fecundity, with age. Senescence to express 

more precisely the idea that survival or fecundity decline with age. This synthesis deals with 

the question of aging in natural populations. Like most life-history traits, the evolution of 

aging has often been studied in the context of a single undisturbed population in a constant 

environment. My thesis aims at investigating how relaxing this assumption affects the 

evolution aging. I investigated this question mostly theoretically, but I used data from the 

field to test some predictions. In introduction, I first go through evolutionary characteristics of 

age-structured populations. I also set the observation that age-structured populations are 

structured in space and live in a varying environment. In the first part, I investigate how 

environmental variability in space and time influences aging through the key results of 

Hamilton (1966) that the strength of selection declines with age. I used a quantitative genetics 

framework where I assumed that mutations affect survival or fecundity "directly" and have an 

age and environment specific effect. In the second part, I examine the role of metapopulation 

dynamics on the evolution of aging. I used an adaptive dynamics framework where mutations 

affect how a resource is shared between reproduction and survival at a given age. I show how 

the optimal age-specific reproductive effort is different in a metapopulation and in a single 

population. I then investigate how dispersal can be a source of heterogeneity in optimal age-

specific reproductive effort. In this part, I went further in testing my predictions (and more 

generally exploring aging patterns) with data. As a general result, this thesis shows that 

including environmental and ecological heterogeneities help to understand variations in aging 

in the wild. I finally discuss and give some perspectives to this work. 




