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Abstract. Although population studies have long assumed that all individuals of a given
sex and age are identical, ignoring among-individual differences may strongly bias our percep-
tion of eco-evolutionary processes. Individual heterogeneity, often referred to as individual
quality, has received increasing research attention in the last decades. However, there are still
substantial gaps in our current knowledge. For example, there is little information on how indi-
vidual heterogeneity influences various life-history traits simultaneously, and studies describing
individual heterogeneity in wild populations are generally not able to jointly identify possible
sources of this variation. Here, based on a mark–recapture data set of 9,685 known-aged
Wandering Albatrosses (Diomedea exulans), we investigated the existence of individual quality
over the entire life cycle of this species, from early life to senescence. Using finite mixture
models, we investigated the expression of individual heterogeneity in various demographic
traits, and examined the origin of these among-individual differences by considering the natal
environmental conditions. We found that some individuals consistently outperformed others
during most of their life. In old age, however, the senescence rate was stronger in males that
showed high demographic performance at younger ages. Variation in individual quality seemed
strongly affected by extrinsic factors experienced during the ontogenetic period. We found that
individuals born in years with high population density tended to have lower performances
during their lifespan, suggesting delayed density dependence effects through individual quality.
Our study showed that among-individual differences could be important in structuring
individual life history trajectories, with substantial consequences at higher ecological levels
such as population dynamics.

Key words: capture–mark–recapture; delayed density effect; Diomedea exulans; finite mixture model;
individual quality; population dynamics; Wandering Albatross.

INTRODUCTION

Population studies have long implicitly assumed that
all individuals of a given sex and age are identical. In
reality, among-individual differences are ubiquitously
observed within populations that consist of phenotypi-
cally diverse individuals (Bolnick et al. 2011). Neglecting
this individual heterogeneity may affect our understand-
ing of empirical observations, leading to spurious con-
clusions. For instance, processes acting at the individual
scale may be very different from the average patterns
observed at the population scale (Vaupel and Yashin
1985). If underperforming individuals are more likely to
die young, the age-specific performance estimated at the
population level could actually increase with age, even
though the opposite pattern can be operative at the indi-
vidual scale. Ignoring among-individual differences can
therefore hide fundamental biological processes such as
senescence (Nussey et al. 2008) or trade-offs among life-
history traits (Hamel et al. 2009a). The consequences of

individual heterogeneity are not limited to within-indivi-
dual patterns, as it also affects population dynamics
(Benton et al. 2006). This means that two populations
with identical initial average vital rates but different
levels of individual heterogeneity will show different
dynamics, leading to divergent asymptotic population
growth rates and population stability (Kendall et al.
2011). Thus, the working assumption often made in pop-
ulation studies that all individuals are identical within a
population, or a component of a population, is a strong
assumption that could bias our perception of ecological
processes.
Although individual differences leading to contrasting

life-history trajectories constitute a fundamental condi-
tion of the theory of natural selection (Darwin 1859),
heterogeneity among individuals appears to be a difficult
concept to define and a hard trait to measure (Wilson
and Nussey 2010, Bergeron et al. 2011, Cam et al. 2012).
This elusive aspect of individual heterogeneity has been
explicitly formulated through the expression of latent or
unobservable individual heterogeneity (Cam et al. 2002).
Depending on their field and the life-history traits stud-
ied, authors have tackled individual heterogeneity in dif-
ferent ways using various terms such as frailty (Vaupel
et al. 1979), state (McNamara and Houston 1996), or
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quality (Wilson and Nussey 2010), but all these authors
agree that intrinsic individual factors, independently of
age and sex, consistently modify reproduction and sur-
vival performances. Recently, this biological interpreta-
tion of individual heterogeneity was questioned in a series
of articles, adding a new level of complexity (Tuljapurkar
et al. 2009, Steiner and Tuljapurkar 2012). These authors
stated that chance alone accounted for most of the
observed variation in individual life histories in the wild,
without the necessity of evoking underlying individual
heterogeneity in vital rates. They used the term dynamic
heterogeneity to describe variation in individual perfor-
mances that arise from the stochastic nature of individual
life trajectories, equivalent to a Markovian transition
among biological states. However, recent research has
called attention to weaknesses in the inference methods
used in these studies, which raises some doubts about
their conclusions (Plard et al. 2012, Bonnet and Postma
2016, Cam et al. 2016, Authier et al. 2017). Both fixed,
i.e., quality, and dynamic heterogeneity are probably
important to explain the high variability in individual life
history trajectories (Cam et al. 2012, Plard et al. 2012,
Chambert et al. 2013, Jenouvrier et al. 2017) and more
importantly, both sources of variability need to be consid-
ered simultaneously to ensure reliable inferences (Cam
et al. 2016).
The observation of fixed individual heterogeneity can

be traced back to the seminal work of Lack (1954), who
noted consistent differences in clutch size among individ-
uals that shared the same environment. In the last dec-
ades, numerous studies based on long-term individual
monitoring of wild populations documented unexpected
correlation among vital rates, showing that some individ-
uals consistently outperformed others. Contrary to the
life-history theory expectation of trade-offs among life-
history traits (Stearns 1992), positive correlation was
found between breeding success and survival (B�erub�e
et al. 1999, Cam et al. 2002), previous reproductive state
and current breeding probability (Hamel et al. 2009a,
Jenouvrier et al. 2015), and secondary sexual character
allocation and survival (Bergeron et al. 2008), while the
age at first and last reproduction could be negatively
related (Charmantier et al. 2006, Aubry et al. 2011). All
these results are difficult to explain without invoking indi-
vidual differences. Theoretically, individuals showing con-
sistently high demographic performance are expected to
acquire more resources (Van Noordwijk and de Jong
1986). This prediction was empirically supported by stud-
ies demonstrating that consistent among-individual
heterogeneity in reproductive and survival performance
was related to diet specialization and foraging perfor-
mance (Annett and Pierotti 1999, Lescro€el et al. 2010).
Thus, at least part of the variation in individual life-his-
tory trajectories may occur because of individual differ-
ences affecting energy acquisition (Reznick et al. 2000).
On the other hand, it could be argued that spatial

heterogeneity alone may create such individual variation
in life trajectories, without evoking intrinsic differences

among individuals. Indeed, if individuals in a population
experience different environmental conditions, this can
lead to individual heterogeneity in demographic rates
(Griffen and Norelli 2015). However, there is strong evi-
dence that the local individual distribution of mobile
organisms in heterogeneous habitats is not random at
all. Spatial distribution seems closely related to individ-
ual features (Coulson 1968, Camacho et al. 2013); more
competitive individuals may have access to high quality
habitats, constraining subordinate individuals to settle
in marginal habitats (van de Pol et al. 2007, Oro 2008).
Therefore, spatial heterogeneity makes the comprehen-
sion of among-individual variation even more difficult,
but does not bring into question the concept of fixed
heterogeneity as intrinsic individual differences. Consis-
tently, individual heterogeneity has been documented in
laboratory populations under controlled environments
and in wild populations in non-territorial species such as
pelagic seabirds (Cam et al. 2012, Fay et al. 2016).
Although individual heterogeneity has received increas-

ing research attention in the last decades, there are still
substantial gaps in current knowledge. For example, it is
generally accepted that among-individual differences
arise from both genetic and non-genetic factors, but
studies describing individual heterogeneity in wild popu-
lations have not attempted, in the vast majority of cases,
to identify possible sources of this variation. Further-
more, owing to the difficulties associated with measuring
individual heterogeneity, in particular with the problem
of identifying parameters associated with multiple
random effects (Knape et al. 2011), most of the studies
investigated heterogeneity in one or two specific traits.
Thus, there is little information on individual hetero-
geneity for various life-history traits taken into consider-
ation simultaneously (Moyes et al. 2009).
Given that individual heterogeneity has been

addressed in various ways leading to confusion and
ambiguity (Wilson and Nussey 2010), we need to accu-
rately define our view of among-individuals heterogene-
ity. The comprehensive approach adopted in this study is
often referred to as individual quality. We retain the
working definition of Wilson and Nussey (2010), “an
axis of among-individual heterogeneity that is positively
correlated with fitness.” Here, we consider that individ-
ual quality is an unmeasured feature of phenotypes and
thus a fixed property of each individual (Cam et al.
2012). The static character of individual quality was sup-
ported through individuals maintaining higher perfor-
mance levels across a large range of environmental
conditions. Under extreme conditions, it appears that
individual quality is not reversed or attenuated but exac-
erbated (Chambert et al. 2013, Jenouvrier et al. 2015).
Long-lived seabirds are a convenient model for popula-

tion demographic studies because they breed in large
colonies and show high philopatry. They are also suitable
model species for studies on individual heterogeneity
owing to their long lifespan that allow us to investigate
the repeatability of demographic performance over time.
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Furthermore, their non-territorial foraging behavior
relaxes the potential effect of spatial heterogeneity. Here,
based on a mark–recapture data set of 9,685 known-aged
Wandering Albatrosses (Diomedea exulans), we investi-
gate the existence of individual quality over the whole life
cycle, from fledging to senescence. We use finite mixture
models to deal with the elusive character of individual
quality while taking both dynamic and fixed heterogene-
ity into account. Our main objective was to gain insight
into the expression of individual heterogeneity among
various demographic traits, including early-life survival,
recruitment rate, breeding success at first reproduction,
adult breeding probability, adult breeding success, and
adult survival. Since consistent individual variation in
vital rates could come from early-life environment having
long-term effects on phenotypes (Lindstr€om 1999),
adverse conditions experienced during ontogeny may
affect future mortality and fecundity. Thus, by estimating
cohort average quality, we investigated the origin of this
heterogeneity through natal environmental conditions
considering climatic factors and population size. We pre-
dicted (1) that inferences made from mixture models
would support the quality hypothesis with some individu-
als consistently outperforming others, (2) that there is
cohort variation in average quality, i.e., cohort specific
probability to be associated to quality groups of the
mixture model, and (3) that a part of these variations in
average quality could be explained by the early-life envi-
ronmental conditions.

MATERIALS AND METHODS

Study species and field methods

We studied the Wandering Albatross population of
Possession Island in the Crozet Archipelago (46° S; 52° E),
southern Indian Ocean, from 1965 to 2013. Monitoring
started in 1960, but all chicks were ringed each year with a
stainless steel band just before fledging from 1965. Each
year, from early to mid-December, pre-breeding adults
were checked for bands over the whole island. From mid-
January (just after egg laying is resumed) to mid-February,
at least three visits were made every 10 days to identity the
two members of each pair and to ascertain their breeding
status. All unmarked individuals were ringed with a
uniquely numbered stainless steel-band. In mid-April,
June, and August, nests were checked and the chick status
(alive/dead) recorded. During all visits, non-breeding indi-
viduals (mainly immatures) were searched for and their
identities determined (from band numbers) when possible.
From mid-September to mid-October fledglings were
ringed. Sex assignments were based on field observations
(i.e., sexual size and plumage dimorphism, mating behav-
iors) and since 1999 on genetic analyses (Appendix S1).
Wandering Albatrosses show a typical slow life history

strategy with high adult survival rates and low productiv-
ity (i.e., quasi biennial reproduction and clutch size limited
to one egg without replacement laying). Fledglings leave

the colony alone, and remain at sea continuously until
they return to their colony of birth from 3 yr old at the
earliest (Weimerskirch 1992). Recruitment occurs from 6
to 15 yr old. Females recruit earlier than males, but both
sexes show increasing recruitment probability until 9–
10 yr old followed by a decrease at older age (Fay et al.
2015a).

General model

The capture–recapture data set was modeled with the
same multi-event model (Pradel 2005) structure used by
Fay et al. (2016) on the same population. Briefly, the
model comprised seven states (one immature state, five
adult states, and the state dead; Appendix S3: Fig. S1)
and five events. The following four states were observable:
the pre-recruitment state (PrR) to consider individuals
during the period of immaturity, the successful breeder
state (SB) for breeders fledging chicks, the failed breeder
state (FB) for breeders whose chicks did not survive until
fledging, and the recruited non-breeder state (NB) for
individuals that have recruited into the population (i.e.,
bred at least once) and were present as non-breeders at
the colony. Two unobservable states, the post successful
breeder state (PSB) and post failed breeder state (PFB),
were used to model the sabbatical years spent at sea after
reproduction. Biological constraints were applied regard-
ing sex, age, and time dependence, based on previous
results from Fay et al. (2015a), as follows. The PrR state
was divided into two stages: the juvenile stage, which was
an unobservable stage, corresponding to the first 2 yr of
life spent continuously at sea (i.e., 1- or 2-yr-old individu-
als were never observed at the colony), and the immature
stage corresponding to non-recruited birds older than
2 yr that started to visit the colony and could be poten-
tially observed. The immature stage was decomposed into
three age classes: 3–8 yr, 8–13 yr, and >13 yr correspond-
ing to the most parsimonious age structure to model the
progressive change of survival rate in early life. Juvenile
survival was set to be cohort dependent and both juvenile
and immature survival rates were assumed to be sex
dependent. From the age of 6, immature birds can recruit
into the breeding population, i.e., lay an egg for the first
time. Recruitment rate depended both on sex and age and
was constrained to be constant after age 10. For adult
states, survival was assumed to be sex and state depen-
dent distinguishing between NB and the others states
(Pardo et al. 2014). Actuarial senescence was estimated
by modeling adult survival as a quadratic function of age
starting at the average age of primiparity (10 yr; Pardo
et al. 2013). Due to excessive computation time and con-
vergence difficulties, we did not investigate more complex
senescence patterns. Actuarial senescence rate varied with
sex (Pardo et al. 2013) but was constrained to be equal
among states to avoid estimation difficulties due to data
sparseness at older ages. Transitions were set to be state
dependent, but since Wandering Albatrosses are monoga-
mous and both sexes exhibit quasi-biennial breeding,
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transitions were constrained to be equal between the
sexes. Fay et al. (2016) provide further details on the gen-
eral starting model and parametrization.

Heterogeneity

We used finite mixture models to investigate individual
heterogeneity (Pledger et al. 2003). These models, which
use clustering among individuals, allow latent heterogene-
ity to be estimated in the absence of a priori criteria such
as body size or other morphological traits (Hamel et al.
2016). Based on the general model, we investigated indi-
vidual heterogeneity in survival and transition parameters
for both immature and adult states. Each immature and
mature state (i.e., PrR, SB, FB, NB, PSB, PFB) was
duplicated constituting two groups with specific survival
and transition probabilities (Fig. 1). The number of
groups is a critical issue for mixture models but previous
work by Pledger suggested that two groups were sufficient
for hidden variables following a unimodal distribution
(Pledger 2005). In our case, assuming a unimodal distri-
bution for individual quality, as often suggested for

frailty, seemed reasonable since we defined it as an indi-
vidual phenotypic characteristic that is determined by
many factors acting simultaneously.
We allowed vital rate parameters to vary between the

two components of the mixture model. Hence, according
to the individual quality theory, we expect that the demo-
graphic rates of the two groups will differ systematically
such that one group will have consistently higher vital
rates than the other. Individuals are not pre-assigned a
priori to a particular group, but instead are assigned
probabilistically to each group based on their life history
trajectory, i.e., how they survived and transitioned among
states. Finite mixture models are expected to reduce unex-
plained residual variance by gathering within each group
individuals sharing the most similar vital rates. In accor-
dance with the conceptual view of individual quality
adopted in this study, individual quality assignment is
positively correlated, but not confounded, with fitness.
Indeed, a higher average vital rate at the group scale does
not systematically imply higher lifetime reproductive suc-
cess at the individual scale. Our model took into account
both fixed and dynamic heterogeneity as individual life

40 

ψ φ

1-2 yr 

Pre-recruitment state 
(juvenile) 

Group assignment 

Recruitment 

Adult states  

Pre-recruitment state 
(immature) φ

>5 yr 

Group 1

3-8 yr 9-13 yr 
>13 yr 

φ

φ

ψ  φ

φ

>5 yr 

Group 2 

3-8 yr 9-13 yr 
>13 yr 

φ

FIG. 1. Graph summarizing the finite mixture model used. After juvenile mortality took place (ujuv
sex:cohort), individuals may tran-

sition into group 1 or 2 (wjuv!Gj
sex , j = 1, 2) according to their life history trajectory, including immature survival (uimmGj

sex ), recruit-
ment probability (wimmGj!adGj

age:sex ), adult breeding parameters (wadGj!adGj
state ), and adult survival (uadG1!adG1

state:sex ).
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trajectories were modeled as a Markovian process
(dynamic component) within each mixture (fixed compo-
nent). Hence, dynamic heterogeneity may lead lifetime
reproductive success to vary importantly around the aver-
age performance within each group. This variability is
consistent with our theoretical concept of quality as a
fixed property of a phenotype that exists a priori, regard-
less of the individual’s realized history.
Preliminary analyses indicated that juvenile survival

may drive individual assignment toward group 1 or 2
owing to the high variability of this parameter (Fay et al.
2015a). Thus, group assignment was performed after
modeling cohort-specific juvenile survival (Fig. 1). At this
point, each individual has a probability wjuv!G1

sex to transi-
tion into group 1 and a probability wjuv!G2

sex ð¼
1� wjuv!G1

sex Þ to transition into group 2, as a function of
sex. Once assigned to group Gj (=1, 2), each immature
individual has survival probabilities /immGj

age:sex and recruit-
ment probabilities wimmGj!adGj

age:sex . For parameters to be
identifiable, age 3–8 yr immature survival was con-
strained to be equal between groups. After recruitment,
each individual has transition probabilities wadGj!adGj

state and
survival probabilities /adGj

sex:state (Fig. 1). Once an individual
is assigned to group j, defined by the set of parameters
presented above, it cannot transition to the other group.
Finally, to gain insight about the origin of individual
heterogeneity, we estimated cohort-specific assignment to
each mixture, i.e., wjuv!Gj

sexþcohort. Environmental conditions
experienced early in life may have long-term effects on
individual fitness (Lindstr€om 1999). Thus, we investigated
the effect of natal environment conditions on the cohort-
specific probability of belonging to group j. We selected
two variables that are expected to affect ontogeny at the
pre-fledging and/or post-fledging stage: the sea surface
temperature on paternal foraging grounds during chick
rearing, and the population density in the year of birth
estimated by the size of the annual breeding population
(Fay et al. 2015a). We fitted the logistic model
logitðwjuv!Gj

sexþcohortÞ ¼ b0 þ b1 � xn, where wjuv!Gj
sexþcohort is the

cohort-specific transition probability into group j, b0 is an
intercept parameter, b1 is a slope parameter, and xn is the
covariate x the year of birth for the cohort n. We tested
both linear and quadratic effects for group assignment.
Significance of relationships was assessed by an analysis
of deviance test with a Fisher-Snedecor distribution
(ANODEV; Grosbois et al. 2008). The percentage of
variation that was explained by a covariate (r2) was esti-
mated as r2 ¼ ½ðDevðFcstÞ �DevðFcovÞ�=½DevðFcstÞ�
DevðFtÞ� (Skalski 1996).
To summarize, our initial finite mixture model was

Ujuv
ageð1 to 2Þ:cohortþsexW

juv!G1
sex Uimm

ageð3 to 8Þ:sexU
immG1
ageð9 to 13Þ ;ageð[ 13Þ:sex

UimmG2
ageð9 to 13Þ;ageð[ 13Þ :sex

WimmG1!adG1
age:sex WimmG2!adG2

age:sex for the immature component
and UadG1

ageþsex:stateU
adG2
ageþsex:stateW

G1!G1
state WG2!G2

state ppreagep
ad
state for

the adult component, where the juvenile (juv) survival

probability (Φ) was sex and cohort dependent, the
immature (imm) survival probability was age and sex
dependent, the adult (ad) survival probability was age,
sex, and state dependent, the probability of transitioning
(Ψ) from immature to adult through recruitment was age
and sex dependent, the probability of transition into the
group 1 (G1) given recruitment was sex dependent, the
pre-recruitment capture probability (p) was age depen-
dent, and the adult capture probability was state depen-
dent. In this model notation, the symbol “.” indicates
interactive effects, “+” indicates additive effects, “1 to 2”,
“3 to 8” and “9 to 13” indicate that age classes were
grouped and “>13” indicates that age classes were
grouped after 13 yr.

Breeding performance and reproductive value

Because our model had full state-dependent transi-
tions, we did not have direct access to breeding probabil-
ity and breeding success estimates. Both were calculated
from the outputs of the multievent modeling. For a given
state, breeding probability, i.e., the probability to have
an egg, is the probability to be in state SB (successful
breeder) plus the probability to be in state FB (failed
breeder). The breeding success is the ratio between the
probability to be in state SB and the breeding probability
(whether successful or not). 95% confidence intervals for
these derived estimates were obtained with a bootstrap
method (Appendix S2). We did not estimate the breeding
performance of previous Successful Breeder (SB) since
most of the individuals in this state take a sabbatical
year at the next occasion, i.e., they transition toward the
PSB state, nor previous post-failed breeder (PFB)
because too few individuals transit in this state.
Finally, sex-specific reproductive values were esti-

mated for each group to summarize the overall lifetime
performance. Here reproductive value is the number of
offspring an individual can expect to obtain during the
current year and the remainder of its life. Using average
age- and sex-specific survival and reproductive perfor-
mance estimates (the average number of chicks produced
by year), we calculated the reproductive value with the
following equation:

RVa ¼
XALR

x¼a

lx
la
mx

where RVa is the reproductive value at the age a, ALR is
age at last reproduction, lx and la are the probabilities to
survive until the age respectively of x and a, and mx is
the average number of chicks produced by an individual
of age x (Stearns 1992).

Model selection and goodness of fit

Model selection was done using Akaike Information
Criteria (AIC, Burnham and Anderson 2002) to test sex
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and group specific actuarial senescence patterns and sex
and cohort effects on group assignment wjuv!G2

sexþcohort. Mod-
els with DAIC < 2 were not considered meaningfully dif-
ferent (Burnham and Anderson 2002). All models were
run using the program E-SURGE (Choquet et al. 2009b).
There is no test available to assess the goodness of fit

(GOF) of multi-event models. We thus performed GOF
tests using program U-CARE (v.2.3.2; Choquet et al.
2009a) on a simplified data set, which distinguished
solely successful breeders from failed breeders and ran-
domly assigned a reproductive status, i.e., failed or suc-
cessful, to each individual for which no information was
available (Pradel 2005). Results suggested slight overdis-
persion with a variance inflation factor (ĉ) of 1.37. Since
a substantial part of the overdispersion not captured by
the simple multi-state model used for GOF testing was
likely captured in our finite mixture model controlling
for age, cohort, and individual heterogeneity, we
assumed that our general model fitted the data correctly.

RESULTS

A two-class mixture model strongly improved our
general homogenous model (Table 1, M1 vs. M2,
DAIC = 1026.3) suggesting important individual hetero-
geneity in this population. On average, 40% � 3% of
birds belonged to the first group and 60% � 3% to the
second group. However, model selection suggested sex-
specific partitioning into groups (Table 1, M2 vs. M3,

DAIC = 39.8), with 53% � 4% of females compared to
30% � 3% of males being assigned to the first group. In
accordance with the concept of individual quality, indi-
viduals from the first group showed consistently higher
demographic performance than individuals from the
second group.
Immature individuals from group 1 showed both

higher survival probability (Table 2) and higher recruit-
ment rate (Fig. 2). Independent of age and sex, recruit-
ment probability was consistently higher in group 1
(Appendix S3: Fig. S2), leading to full recruitment after
10 yr for females and at 14 yr for males. In contrast,
about 20% of immature individuals from the second
group had not recruited at 15 yr of age. Furthermore,
given recruitment, we found that breeding success at first
reproduction was higher in the first group (0.50 � 0.03)
compared to the second (0.42 � 0.03). During adult-
hood, individuals from group 1 were breeding more
often regardless of their previous state. Previously failed
breeders from group 1 also had higher breeding success
than previously failed breeders from group 2
(0.60 � 0.03 vs. 0.53 � 0.04, respectively, Fig. 3). We
note that previous post-success and non-breeder individ-
uals have similar breeding success between groups.
Finally, the average annual probability of producing a
chick, i.e., both breeding probability and success proba-
bility given reproduction, weighted by the proportion of
individuals in each state was 0.63 in group 1 and 0.38 in
group 2. Contrary to reproductive performances, we
found less evidence for heterogeneity in adult survival.
Survival probability was equal between groups for both
males and females until age 30 yr. After this, age senes-
cence appeared in both sexes, with a progressive decrease
of survival probability. Senescence seemed group specific
for males only, suggesting heterogeneity for the male
(but not female) senescence rate. Although heterogeneity
for the male senescence rate was included in the best-
supported model, it was not meaningfully different from
a model without heterogeneity (Table 3, M2 vs. M5,
DAIC = 1.63). However, we note that removing hetero-
geneity for the female senescence rate reduced AIC by 4
points, whereas removing heterogeneity for male senes-
cence rate increased AIC by 1.2 points. We found sup-
port for sex-specific senescence rates (Table 3, M3 vs.
M1, DAIC = 3.06), but senescence rate of males from
group 2 was indistinguishable from female senescence
rate (Table 3, M5 vs. M4, DAIC = �0.21) contrary to

TABLE 1. Testing for individual heterogeneity in Wandering
Albatrosses at Crozet from 1965 to 2012.

No. Model k Dev AIC DAIC

M1 wjuv?G1 (null) 116 95,835.8 96,067.8 1074.5
M2 wjuv?G1 (cst) 167 94,707.5 95,041.5 48.2
M3 wjuv?G1 (sex) 169 94,663.7 95,001.7 8.4
M4 wjuv?G1 (sex + coh) 202 94,589.3 94,993.3 0
M5 wjuv?G1 (sex.coh) 235 94,545.0 95,015.0 21.7

Notes: M1 (null) and M2 (constant [cst]) test respectively for
absence or presence of individual heterogeneity. M3 (sex) tests
for sex-specific group assignment. M4 and M5 (coh) test for
cohort-specific group assignment with respectively additive (+)
and interactive effects (.). wjuv?G1 is the probability to transi-
tion from juvenile to stage G1. Results include the number of
mathematical parameters (k), the deviance (Dev), Akaike infor-
mation criterion value (AIC), and the difference in AIC value
of the model with respect to the best model (DAIC). The best
supported model is shown in boldface type.

TABLE 2. Heterogeneity of immature survival for the Wandering Albatross population from Crozet.

Age class Sex

Estimate

Group 1 Group 2 Without heterogeneity (Fay et al. 2015a)

9–13 yr male and female 0.999 � 0.001 0.960 � 0.019 0.980 � 0.008
>13 yr male 0.940 � 0.115 0.869 � 0.039 0.876 � 0.036
>13 yr female 0.922 � 0.029 0.768 � 0.061

Notes: Estimates (�SE) are from model 4 (Table 1). Survival estimates for >13-yr-old immature females from group 1 are not
estimable because full recruitment has been reached at this age (Fig. 2).
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FIG. 2. Heterogeneity of cumulated probability to be recruited according to age and sex for (a) females and (b) males of the
Wandering Albatross population of Crozet. Values (estimates � SE) were calculated from age-specific recruitment and survival
probabilities (model 4, Table 1) through bootstrapping methods (1,000 simulations).

FIG. 3. Heterogeneity in (a) breeding probability and (b) breeding success considering the previous breeding state for adult
Wandering Albatrosses from Crozet Island from 1965 to 2012. Estimates were calculated from the outputs of M4 (Table 1) and
95% confidence intervals were obtained with a bootstrap method.

TABLE 3. Model selection for the effects of sex and heterogeneity on survival senescence rate for Wandering Albatrosses at Crozet
(1965–2012).

No. Model k Dev AIC DAIC

M1 Fe.G + Ma.G 172 94,672.96 95,016.96 4.21
M2 Fe + Ma 168 94,678.38 95,014.38 1.63
M3 G 168 94,684.02 95,020.02 7.27
M4 Fe + Ma.G 170 94,672.96 95,012.96 0.21
M5 (Fe = Ma.G2) + Ma.G1 168 94,676.75 95,012.75 0
M6 (Fe = Ma.G1) + Ma.G2 168 94,682.37 95,018.37 5.62
M7 Fe.G + Ma 170 94,678.18 95,018.18 5.43
M8 Fe.G1 + (Fe.G2 = Ma) 168 94,681.06 95,017.06 4.31
M9 Fe.G2 + (Fe.G1 = Ma) 168 94,682.67 95,018.67 5.92

Notes: Fe, female; Ma, male; G, heterogeneity group effect; X = Y mean that the senescence rate of X is constrained to be equal
to the senescence rate of Y. For example, (Fe = Ma.G2) + Ma.G1 indicates that senescence rate of females from both heterogeneity
groups (1 and 2) is constrained to be equal to the senescence rate of males from group 2, but is different from the senescence rate of
males from group 1. K, number of parameters; Dev, deviance; AIC, Akaike information criterion, and the difference in AIC value
of the model with respect to the best model (DAIC). The best supported model is shown in boldface type.
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senescence rate of males from group 1 (Table 3, M6 vs.
M4, DAIC = 5.41). Model-averaged estimates (Table 3,
M2, M4, and M5) clearly suggested faster decrease of
survival for males from group 1. For this group, survival
probability fell sharply from 0.96 before 30 yr of age to
less than 0.50 after 45 yr of age. Over the same age
range, survival for males from group 2 declined gradu-
ally to 0.80 (Fig. 4).
However, young males from group 1 still have a higher

reproductive value than males from group 2. At 9 yr of
age, the reproductive value was 5.90 for group 1 com-
pared to 3.28 for group 2. Similar results were obtained
for 9-yr-old females, with a reproductive value of 5.70
for group 1 and 3.36 for group 2.
Finally, our results support additive cohort-specific

probability to belong to one of the two groups (Table 1,
M3 vs. M4, DAIC = 8.4). The probability to transit to
group 2 decreased from about 0.80 in the late 1960s to
0.25 in the early 1980s, and then increased progressively
to around 0.60 in the late 1990s (Fig. 5). Investigating the
early-life conditions that could explain this variation, we
found a positive effect of population size during the year
of birth on the probability to belong to group 2 (Table 4,
M7 Fcst/co/t = 3.60, df = 32, P = 0.04; Appendix S3:
Fig. S3). This variable explained 18% of cohort varia-
tions. Individuals born in years of low population density
thus tended to have higher demographic performance
throughout their life (except for senescent males). We
found no evidence of an effect of the early-life sea surface
temperature on the probability to belong to one of the
two groups (Table 4).

DISCUSSION

This study highlighted strong variation in life-history
trajectories and the importance of individual quality to
explain these differences. In agreement with the predic-
tions from the individual quality hypothesis, mixture
models showed positive covariation among various
demographic traits, indicating that individuals had
consistent demographic performance throughout their
lives. Furthermore, cohort specific variation in demo-
graphic traits suggested that individual quality could be

FIG. 4. Heterogeneity of age-specific survival probability for breeders and post-reproductive breeders (a) females and (b) males
for the Wandering Albatross population at Crozet. Estimates (�SE) were obtained from model averaging the three best competitive
models (M2, M4, and M5, Table 3).

FIG. 5. Cohort heterogeneity: cohort-specific probability to
transit in group 2. Estimates (�SE) were derived from model
M4 (Table 1).
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determined by the environment experienced in early life.
We found that individuals born in years with high popu-
lation densities tended to have lower performance during
their lifespan, suggesting delayed density dependence
effects acting through individual quality.

Individual heterogeneity and the individual quality
hypothesis

As predicted by the individual quality hypothesis, we
found positive relationships among different individual fit-
ness components throughout the life cycle. From early life
to the adult stage, we found positive relationships between
immature survival, recruitment rate, breeding success at
recruitment, adult reproductive probability and adult
breeding success probability given reproduction. In early
life, consistent among-individual differences were already
visible through the positive covariation between immature
survival and recruitment, as previously documented in the
Pacific Black Brant Branta bernicla nigricans (Lindberg
et al. 2013). In long-lived species, survival may decline in
the oldest immature age classes (Desprez et al. 2014, Fay
et al. 2015a), suggesting that individuals delaying recruit-
ment are individuals with lower intrinsic survival probabil-
ity, i.e., lower quality (Fay et al. 2016). This result is
consistent with the idea that individual quality is deter-
mined very early in life through fixed intrinsic characteris-
tics. In our case, it appears unlikely that individual quality
will be confused with spatial heterogeneity. As a pelagic
species, the Wandering Albatross covers extensive areas at
low energetic cost using favorable winds, showing non-ter-
ritorial foraging behavior (Weimerskirch et al. 2000).
Their ability to forage widely allows them to avoid less
favorable local conditions and ensures that, once con-
trolled for the effects of age and sex, all individuals poten-
tially have access to the same habitat.
Young individuals with both higher recruitment rate

and higher breeding success at their first reproduction
tended to also have higher chick productivity during
adulthood. Similarly, higher first-year survival probability
was associated with higher adult performances in the
Red-billed Chough Pyrrhocorax pyrrhocorax (Reid et al.

2006), earlier age at first reproduction was associated with
higher adult survival and reproductive performances in
female reindeer Rangifer tarandus (Weladji et al. 2008)
and female Mute Swan Cygnus olor (McCleery et al.
2008). Thus, as in other long-lived species, some individu-
als outperformed others without apparent cost during
most of the adult life (Hamel et al. 2009a).
Our results indicate that a higher proportion of

females than males were assigned to the higher perform-
ing group after their first two years of life. Fitness may
be strongly sex-specific for both ecological and evolu-
tionary reasons (Clutton-Brock and Isvaran 2007). In
our case, male and female Wandering Albatross may
have experienced different ecological conditions due to
sex-specific distribution at sea. For example, females
may have been more exposed to fisheries and thus to
bycatch mortality than males (Weimerskirch et al.
1997), which could act as a selective force (Barbraud
et al. 2013). More importantly, the adult sex ratio of this
population is expected to be biased in favor of males
(Weimerskirch et al. 2005). In this context, different per-
formance between males and females regarding both
reproduction and survival may occur, but could not be
associated with individual quality.
Demographic parameter estimates suggested that the

level of heterogeneity differed among life-history traits.
In particular, survival heterogeneity was less important
compared to reproductive heterogeneity. We suggest that
this pattern could be linked to the canalization of life
history traits. The canalization theory suggests that nat-
ural selection buffers life-history traits that are most clo-
sely related to individual fitness against both genetic and
environmental perturbations (Stearns and Kawecki
1994). In long-lived species, adult survival, which is
strongly related to individual fitness, is buffered against
temporal variation (Gaillard and Yoccoz 2003). In spe-
cies with slow life-history strategies, individuals may skip
reproduction when experiencing poor environmental
conditions (Cubaynes et al. 2011), or, if breeding is
under way, decrease breeding investment, shunting the
costs to their offspring to assure their proper mainte-
nance (Navarro and Gonz�alez-Sol�ıs 2007). Thus, the

TABLE 4. Testing the effect of early-life environmental conditions on the cohort-specific probability to belong to group 2 (low
quality individuals) for the Wandering Albatross population at Crozet.

No. Model Dev F df P r2 Slope [95% CI]

M7 wjuv?G2 (sex + N) 94,650.0 3.60 32 0.04 0.18 +0.33 [+0.14; +0.52]
M8 wjuv?G2 (sex + N + N2) 94,649.5 0.13 31 0.88
M9 wjuv?G2 (sex + SSTA) 94,606.0 0.04 32 0.96
M10 wjuv?G2 (sex + SSTA + SSTA2) 94,603.3 0.93 31 0.45
M11 wjuv?G2 (sex + N + SSTA) 94,650.0 0.01 32 0.99
M12 wjuv?G2 (sex + N + SSTA + SSTA2) 94,648.2 0.14 31 0.93

Notes: Results include the deviance (Dev), the statistic Fcst/co/t testing the null hypothesis that the focal environmental variable
has no effect on transition probability to group 2, the percentage of variation explained by the covariates (r2), and the 95% CI of
the slope for linear relationships. Environmental covariates, i.e., population size as approximated by the breeding population size
(N) and sea surface temperature anomaly (SSTA), were standardized. Models with statistically significant covariate effects at the
level of 5% are shown in boldface type.
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lower heterogeneity observed in survival compared to
breeding parameters could result from the canalization
of survival to the detriment of breeding investment. This
suggests that individuals adopt a prudent strategy
regardless their phenotypic characteristic (Jenouvrier
et al. 2015) and do not support the existence of different
individual reproductive strategies in this species. Fur-
thermore, if this interpretation is correct, it follows that
short lived species with faster life-history strategies
should show higher heterogeneity in survival and lower
heterogeneity for reproductive process relative to long-
lived species. This prediction, is supported for survival
by results from a comparative study on 11 populations
belonging to 9 species situated on the slow-fast contin-
uum (P�eron et al. 2016) but needs to be further investi-
gated in future studies.
Although our results strongly support consistent

among-individual differences in demographic rates, a
major result of this study is that performance patterns
seemed to be reversing in late life. While survival
decreased progressively after the age of 30 in both sexes,
survival of high quality males, but not high quality
females, decreased more strongly compared to low qual-
ity individuals. This suggests that the high performance
of high quality males, but not females, result in stronger
actuarial senescence and confirms the sex-specific aging
pattern previously found in this species (Pardo et al.
2013). Old males, but not old females, make longer trips
at sea and fail to restore baseline corticosterone levels,
which suggest that their level of stress remains high at
old age when foraging (Lecomte et al. 2010). Hence, the
performance of high quality individuals could be con-
strained at older age by a trade-off between survival and
reproduction that was not apparent during most of the
adult life. Similarly, high quality female ground squirrels
Tamiasciurus hudsonicus (Descamps et al. 2006) and
high quality male Alpine ibex Capra ibex (To€ıgo et al.
2013) showing high reproductive rate, suffered lower
adult survival than low quality individuals only at the
end of life. Individuals having consistently higher demo-
graphic performances without apparent short-term costs
may show long term decreasing performances support-
ing the existence of a trade-off between early and late life
performances (Lemâıtre et al. 2015). This result also
suggests that individual quality could be an important
factor to explain among individual variation in senes-
cence rate.

The origin of individual quality

Studies investigating individual heterogeneity agree
that permanent differences among individuals arise from
both intrinsic factors (i.e., genetic) and extrinsic factors
affecting ontogenetic development (i.e., early-life envi-
ronment, parental effects). However, few empirical stud-
ies have addressed this issue directly. Here, focusing on
the potential effect of early-life environment, we found
that the probability to belong to one of the two quality

groups varied over time. Keeping in mind that the two
heterogeneity groups used in our finite mixture model
are just a modeling approximation to catch unobservable
individual quality, which is theoretically a continuous
trait, this result suggests that different cohorts, which by
definition are born in different years, have individuals of
different average quality. This temporal variation lend
support to the importance of environmental factors in
determining individual quality, as it is the only source of
variation expected to generate strong fluctuations over
short (yearly) time scales.
Cohort effects lasting until adulthood have been docu-

mented in various taxa, including birds (Reid et al.
2003), mammals (Descamps et al. 2008), squamates
(Madsen and Shine 2000), and fishes (Baudron et al.
2014). Individuals experiencing favorable early-life con-
ditions may exhibit higher demographic performance
through their life compared to those exposed to poor
early-life conditions (Lindstr€om 1999, Metcalfe and
Monaghan 2001). Recently, van Gils et al. (2016)
reported morphological variation among cohorts of the
Red Knot Calidris canutus that could be considered as
variation in individual quality. Individuals born during
warm years, corresponding to years with low food avail-
ability, showed body shrinkage, especially shorter bills,
that decreased their foraging abilities on wintering
grounds and negatively affected their future survival.
Food availability during the ontogenetic period, acting
directly or indirectly through parental care, seems to be
a key environmental factor determining the quality of a
given cohort in birds and mammals (Descamps et al.
2008, Millon et al. 2011), while temperature could also
be an important determinant for ectothermic organisms
such as fishes (Baudron et al. 2014). These results sug-
gest that beyond direct effects on demography, environ-
mental variations impairing the quality of an entire
cohort, may have important delayed effects on popula-
tion dynamics (Beckerman et al. 2002, Lindstr€om and
Kokko 2002).

Long-lasting density effect

Results suggest that cohort quality in this Albatross
population was related to population density in the year
of birth. Individuals born in years of low population
density had a higher probability to be assigned to the
high quality group, and thus to show high demographic
performance throughout their life. This corresponds to a
delayed density effect. The R2 estimated for this relation-
ship was relatively modest (18%). However, we need to
keep in mind that our model, despite its complexity, only
provides a rough estimation of individual quality. Fur-
thermore, stochastic processes may determine a part of a
life-history trajectory independently of the intrinsic indi-
vidual ability to survive and reproduce. This is especially
likely for individuals with short lifespans. For this rea-
son, an R2 value of 18% could nevertheless indicate that
we have identified an important factor.
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Relationships between individual quality and popula-
tion density in the year of birth have already been
observed in moths. Wellington (1960) documented that
when Malacosoma pluviale were overcrowded, emerging
larvae were much weaker and sluggish and that this
frailty persisted through the larval stage until adult age.
Decreasing individual quality seemed an important fac-
tor to explain population collapse after an outbreak in
the study population. A quality density-dependent
mechanism has also been proposed to drive cyclical pop-
ulation dynamics of six species of Lepidoptera (Ginz-
burg and Taneyhill 1994). In ungulates, high population
density in the year of birth may impair the quality of an
entire cohort with visible consequences until adulthood
(Bonenfant et al. 2009). Individuals born in cohorts
under higher population density were on average lighter
at the adult stage, with body mass an important factor
for individual fitness in this taxon (Mysterud et al. 2002,
Pettorelli et al. 2002). Similarly, Soay sheep Ovis aries
born under low population density had higher survival
probability later in life (Forchhammer et al. 2001).
Long-lived species could be particularly prone to such
long-term density effects since juveniles, i.e., growing
individuals, are expected to be the first age class affected
by increasing population density (Eberhardt 2002). To
our knowledge, this study is the first to suggest long-last-
ing population density effects on cohort performance in
birds. The underlying process explaining this long-term
effect in this species could be related to parental invest-
ment variations depending on intraspecific competition
for food during the breeding season. In seabirds, forag-
ing competition among breeders may be important,
affecting colony distribution (Furness and Birkhead
1984), foraging trip duration, and efficiency (Lewis et al.
2001, Lescro€el et al. 2010). In long-lived species, life-his-
tory theory predicts that breeders will minimize their
energetic costs to preserve future breeding attempts
(Stearns 1992). Thus, in cases where increasing breeding
population size implies a higher foraging effort, parents
may shunt this additional cost on their chick, reducing
chick food supply with negative consequences on chick
development (Navarro and Gonz�alez-Sol�ıs 2007).
Density effects may induce cohort variations that have

double consequences. First, a direct numerical effect
(sensu Gaillard et al. 2003) due to decreasing juvenile sur-
vival that may induce variation in future recruitment, and
second, a long-term effect through individual quality that
affects individual performance throughout life. However,
long-lasting effects are more complex to anticipate than
direct numerical effects, since negative consequences at
the cohort scale did not occur in every case. By contrast,
increasing early-life mortality under poor environmental
conditions may also remove lower quality individuals
from the cohort and thus bring together only those indi-
viduals with high performance at the adult stage, a pro-
cess known as viability selection. Based on three ungulate
species, Hamel et al. (2009b) concluded that a substantial
part of variation in individual quality among cohorts

originates from the early-life environment, but, depending
on the species, negative long-term effect or viability selec-
tion was predominantly observed. These two non-exclu-
sive mechanisms have even been described simultaneously
within the same population acting either one or the other
preponderantly according to the sex, for example in the
roe deer Capreolus capreolus (Garratt et al. 2015). In our
study, even if viability selection may have taken place
owing to heterogeneity in immature survival, results sug-
gest the dominance of negative long-term effects of the
early-life environment. Indeed, cohorts born under high
population density suffered higher juvenile mortality (Fay
et al. 2015a) and, contrary to what is expected by viability
selection, tended to have lower performances throughout
their adult life.

CONCLUSION

This study showed that the observed heterogeneity in
life-history trajectories in a Wandering Albatross popu-
lation could be related to variation in individual quality,
i.e., variation in the intrinsic ability to survive and repro-
duce. Some individuals consistently outperformed others
during most of their life, although senescence was stron-
ger in older males with high initial performance. Varia-
tion in individual quality seemed strongly affected by
extrinsic factors experienced during the ontogenetic per-
iod. Results suggested that population density in the
year of birth partly explained variation in individual
quality leading to population regulation via delayed den-
sity effects. This study adds to the emerging view that
individual quality, more than a noisy parameter, may be
a structuring feature affecting individual life history
trajectories and potentially population dynamics.
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