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ABSTRACT: Theoretical work has emphasized the important role of
individual traits on population dynamics, but empirical models are of-
ten based on average or stage-dependent demographic rates. In this
study on a monogamous bird, the Eurasian hoopoe (Upupa epops), we
show how the interactions between male and female fixed and dynamic
heterogeneity influence demographic rates and population dynamics.
We built an integral projection model including individual sex, age,
condition (reflecting dynamic heterogeneity), and fixed morphology
(reflecting fixed heterogeneity). Fixed morphology was derived from
a principal component analysis of six morphological traits. Our results
revealed thatreproductive success and survival were linked to fixed het-
erogeneity, whereas dynamic heterogeneity influenced mainly the tim-
ing of reproduction. Fixed heterogeneity had major consequences for
the population growth rate, but interestingly, its effect on population
dynamics differed between the sexes. Female fixed morphology was di-
rectly linked to annual reproductive success, whereas male fixed mor-
phology also influenced annual survival, being twice higher in large
than in small males. Even in a monogamous bird with shared parental
care, large males can reach 10% higher fitness than females. Including
the dynamics of male and female individual traits in population mod-
els refines our understanding of the individual mechanisms that influ-
ence demographicrates and population dynamics and can help iniden-
tifying differences in sex-specific strategies.

Keywords: body condition, dynamic heterogeneity, fixed heterogene-
ity, individual quality, integral projection model.

Introduction

Models of population dynamics often describe successive
population sizes based on average or stage-dependent rates
of reproduction and survival without taking into account
differences at the individual level (Caswell 2001). However,
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population dynamics are directly linked to individual trajec-
tories and interactions among them (Coulson et al. 2011).
Including the mechanisms by which individual traits and
their interactions influence demographic rates can help us to
get a better understanding of population dynamics (Vin-
denes and Langangen 2015; Griffith et al. 2016). Despite a
lot of theoretical work showing that individual heterogene-
ity in phenotype, genotype, or cohort environment can affect
reproductive and survival rates and, thus, population dynam-
ics (Lomnicki 1978; Kendall and Fox 2003; Kendall etal. 2011;
Vindenes and Langangen 2015; Plard et al. 2016), empirical
studies remain scarce, mainly due to a lack of long-term indi-
vidual data and of population models including patterns at
the individual level (but see, e.g., Coulson et al. 2001). Here,
we present a two-sex model on a bird population where we
show how the interactions between males” and females’ fixed
and dynamicindividual heterogeneity influence demographic
rates and population dynamics.

One of the main differences between individuals within a
population is sex. However, because data on the reproductive
success of males are typically difficult to collect, sex is often
ignored in population models (but see Le Galliard et al. 2005;
Jenouvrier et al. 2010; Miller and Inouye 2011; Schindler et al.
2013). Males and females may show different dynamics ac-
cording to variable selective pressures depending on sexual
selection, reproductive tactic, or mating system (Doebeli and
Koella 1994; Lindstrom and Kokko 1998; Rankin and Kokko
2007). Males and females display different demographic rates,
and in particular, females live longer in polygynous mammal
species but die earlier than males in many monogamous bird
species (Liker and Székely 2005; Clutton-Brock and Isvaran
2007). Different strategies to increase individual reproduc-
tive success have also been reported between males and fe-
males of a same species. For instance, in polygynous species,
males invest in secondary sexual traits, whereas females in-
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vest in parental care to maximize their reproductive success
(Clutton-Brock et al. 1982). In monogamous species, mu-
tual mate choice has been observed (Jones and Hunter 1993),
but parental investment as well as mate choice is expected to
be biased toward a sex according to mate encounter rate or
variability in mate quality, for instance (Owens and Thom-
son 1994; Kokko and Johnstone 2002; Kokko and Jennions
2008). Annual reproductive success depends on individual
characteristics of both parents through transmission of genes
and parental investment. In bird species with biparental care,
the characteristics of both parents can be of major impor-
tance for offspring survival (Burley 1988; Sheldon 2000; Bad-
yaev and Hill 2002; Moreno et al. 2002). As a consequence,
including dynamics of both sexes in population models is
likely to improve our understanding of the evolution of sex-
specific strategies and their influence on population dynamics.

In addition to sex, yearly and total individual contribu-
tions to population growth vary according to individual het-
erogeneity that can be split between dynamic and fixed het-
erogeneity (Tuljapurkar et al. 2009). Dynamic heterogeneity
varies over time according to stochastic environmental var-
iation, which influences resource availability. Variation in
resource acquisition should be reflected by individual condi-
tion, and we refer here to “condition” as the year-dependent
state of an individual (McNamara and Houston 1996). Con-
dition was often found to influence timing of reproduction
(Drent and Daan 1980) but also the probability of reproduc-
tion or the number of offspring produced (Lack 1947; Mon-
aghan and Nager 1997). Fixed heterogeneity is determined
at birth or at independence and can be related to all traits
that are fixed at this time. Fixed heterogeneity is often linked
toindividual quality. Here, we used the definition of “quality”
proposed by recent reviews: a fixed covariation among indi-
vidual traits, that is, positively related to individual fitness
(Wilson and Nussey 2010; Bergeron et al. 2011). Differences
in individual quality have been demonstrated in many species
(Cametal.2002; Hamel et al. 2009; Aubry etal. 2011; Chambert
et al. 2014; Plard et al. 2015), with high-quality individuals
achievinghigher survival and/or reproductive rates resulting
in higher fitness compared to low-quality individuals. The
covariation among fixed individual traits can thus be an ap-
propriate predictor of individual quality if it is positively
linked with fitness. Here, we investigate if heterogeneity
in fixed individual morphological traits is positively related
to fitness.

Integral projection models (IPMs) allow for inclusion of
information at the individual level (e.g., phenotype, geno-
type) to parametrize demographic rates and to build popu-
lation dynamics models (Easterling et al. 2000; Ellner and
Rees 2006). Here, we built a two-sex IPM (Schindler et al.
2013) including individual age and dynamic (condition) and
fixed (morphology) heterogeneity to understand how these
individual structures and their interactions influenced the
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demographic rates and the population dynamics of the Eur-
asian hoopoe (Upupa epops). This bird species represents a
particularly interesting case because this is a monogamous spe-
cies with biparental care. Pairs remain together to raise one
brood, but partners often change between successive broods.
They can have several successful broods each year such that
annual reproductive success is variable among individuals
(Hoffmann et al. 2015). Moreover, older and heavier males
frequently occupy territories that offer more food (Guillod
etal.2016) resulting in higher reproductive success (Tschumi
et al. 2014), which suggests that some individuals contribute
more to population growth than others. In this study, we first
analyzed the associations between individual characteristics
and survival and reproductive rates to disentangle the influ-
ence of individual age, condition, and fixed heterogeneity
on demographic rates in each sex. We formulated specific
predictions: (i) We expected individual age and fixed hetero-
geneity to influence annual survival. As individuals in good
condition should be able to allocate more energy to annual
reproduction, (ii) we expected individual condition to influ-
ence annual reproductive success. Second, we built an IPM
to study how the trait distributions of the two sexes inter-
acted to influence demographic rates and individual fitness,
which we defined as the individual reproductive value at
fledging (Moorad 2014). Third, we conducted perturbation
analysis to understand how sex-specific condition and fixed
morphology influenced the population growth rate.

Methods
Studied Population

The hoopoe is a nonpasserine bird of about 75 g with a gen-
eration time of less than 2 years that breeds in Europe from
April to August. This long-distance migrant spends the non-
breeding season in Africa (Bachler et al. 2010; van Wijk et al.
2016) and feeds mostly on large ground-dwelling insects.
Our study was carried out from 2002 to 2015 on the plain of
the Upper Rhone Valley (Central Valais, southwestern Swiss
Alps; lat. 46°140'N, long. 7°22'E, alt. 460-520 m, 64 km?).
The study site is devoted to intensive farming consisting
of dwarf fruit tree plantations, vegetables, and vineyards.
High-intensity farming has resulted in an almost complete
eradication of cavity trees, depriving these cavity-nesting
birds from breeding sites. Since 1998, about 700 nest boxes
have been placed, mostly in pairs, at 350 locations through-
out the study area (Arlettaz et al. 2010). As the study popu-
lation uses almost exclusively nest boxes as nesting sites, the
population grew quickly to about 80 breeding pairs (Arlettaz
et al. 2010; Schaub et al. 2012). However, during the past
8 years, the population has been slightly but steadily declining.

Nest boxes were checked every second week during the
breeding season, from the end of April to the beginning of

This content downloaded from 130.092.009.059 on December 28, 2017 06:09:16 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).



108 The American Naturalist

August. The reproductive data were collected from the nest
boxes containing broods. Active broods were additionally
checked every third to fourth day to record clutch size, hatch-
ing date, and number of fledglings. Because extra-pair pater-
nities are rare in this population, a male captured at a nest
box entrance is the biological father, in most cases (Berthier
et al. 2012).

We distinguished between three age classes in our popula-
tion: nestlings (age 0), yearlings (age 1), and adults (age >1).
All nestlings were ringed, and tarsus length and body mass
were measured, but nestlings could not be sexed. Yearlings
and adults were captured after hatching of their nestlings
using mist nets or clap traps, or they were taken directly from
the nest box by hand. They were aged as yearling or adult
based on molt, sexed by inspecting the size of the uropygial
gland (Martin-Vivaldi et al. 2009), and ringed if captured
for the first time. Several measures were recorded at each
capture: tarsus length, body mass, bill length, and length
of different feathers. Using repetitive measures of the same
individual within the same year, measurement error was es-
timated to be less than 2 and 5 mm for bones (also bill) and
feathers, respectively.

Dynamic and Fixed Heterogeneity

Body condition was used as a measure of dynamic heteroge-
neity. Annual adult and yearling condition was expressed by
the residuals of a linear model that linked annual body mass
to tarsus length and included an interaction between sex
and the number of days between hatching date of their brood
and capture date. The interaction was used to correct for sex-
specific variation in body condition due to subsequent pa-
rental effort when feeding offspring. Individual condition
was estimated at each clutch. When an individual had several
clutches in a given year, the annual body condition was de-
fined as the mean of individual conditions within a year.
Body mass and tarsuslength of nestlings vary greatly in the
first days of life but reach an asymptotic phase after 15 days
(Hildebrandt and Schaub, forthcoming). Hence, we included
only nestlings that were at least 15 days old when measured.
The age of nestlings was not exactly known for all individu-
als but estimated as the number of days since hatching of
the first egg in the brood. Because the female often starts in-
cubating as soon as the first egg is laid, hatching is async-
hronous. The age of some nestlings was probably overesti-
mated and, consequently, their condition underestimated.
We checked that the models including nestling condition
as an explanatory variable were not driven by nestlings with
relatively weak condition. This visual inspection revealed that
the relationships between yearling condition and nestling
condition and nestling condition and parental condition were
not driven by nestlings with weak condition (figs. D1, D3;
figs. A1, A2, C1-C3, D1-D6, E1, E2 are available online).

We measured fixed heterogeneity by variation in mor-
phology among individuals. Six adult morphological traits
were used to perform a principal component analysis: bill
length, tarsus length, wing length, feathered crest length, and
lengths of the central tail feather and of the fifth primary
feather (P5; for morphological descriptive statistics of male
and female hoopoes, see table Al; tables Al, Bl, B2, C1-
C4, D1-D6 are available online). These traits can increase
slightly between 1 and 2 years old but then remain constant un-
til death. We thus used the mean of all individual measures as
adult bird. When we had only individual measures as year-
ling, we estimated adult trait size using the positive relation-
ships between adult and yearling traits (bill: R> = 0.80, tarsus:
R* =0.75, wing: R* = 0.75, crest: R*> = 0.60, P5: R> = 0.72,
tail: R* = 0.40). We did not have access to morphological
traits for birds that died before 1 year old. As these six traits
were strongly correlated, the first axis (the first principal com-
ponent [PC1]) explained 61% of the variation (fig. A1) and
was used as a measure of fixed heterogeneity. PC1 was a good
indicator of the overall size of an individual. High values of
PC1 indicated long feathers, wings, bill, and tarsus.

PC1 and body condition were scaled (standardized) to fa-
vor convergence of the different models and comparison
of results for the different demographic rates. When report-
ing effect sizes in the results, we refer to individuals at the
first and third quartiles of the sex- and age-specific body con-
dition and fixed heterogeneity (PC1) as individuals in poor
and good condition and as small and large individuals, re-
spectively.

Influence of Dynamic and Fixed Heterogeneity
on Survival and Reproductive Rates

Survival Rates. We used the Cormack-Jolly-Seber (CJS)
model to analyze survival as not all individuals were recap-
tured every year (Lebreton et al. 1992) and evaluated its good-
ness of fit using U-CARE (Choquet et al. 2009). CJS models
allow estimating probabilities of recapture and of apparent
survival (i.e., the probability of surviving and remaining in
the study area), which includes emigration. Because biased
estimates of recapture probabilities can influence estimates
of annual survival probabilities, we performed a preliminary
analysis to select the variables influencing recapture probabil-
ity. Then, we used the selected model for recapture probabil-
ities to assess the variables influencing survival probability.
To reduce computation time, we split the analysis of first-
year and after-first-year survival, the latter taking informa-
tion only from the individuals that were captured at least
once as yearling or adult.

The overall goodness of fit of a CJS model that included
two age classes (first-year vs. older-year survival) was not sig-
nificant (x*> = 37.68, df = 31, P = .19), but subtest 3.SR
was significant (x> = 34.81,df = 12, P <.01), indicating a
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more complex age pattern in our data (Choquet et al. 2009).
We have therefore included an age effect with three classes
(first-year survival [survival from nestling to yearling], year-
ling survival [survival from yearling to adult], and adult sur-
vival [survival as adult]) in the starting model.

First, in the preliminary analysis, we used the whole data
set (N = 6,464 individuals) to select the variables influenc-
ing recapture probabilities. Because males were more diffi-
cult to catch than females, we tested for a sex effect in ad-
dition to an age effect on the recapture probability (only
yearling vs. adult because recapture of nestlings is impossi-
ble). Survival probability was modeled by including an inter-
active effect between age and sex and an additive random ef-
fect of year.

Second, the influence of nestling condition on first-year
survival was tested using all individuals that were marked
and measured as nestling (N = 5,229). We could not inves-
tigate the influence of sex and PC1 because they were not
known in nestlings. Therefore, we assumed that male and fe-
male survival up to 1 year old was the same.

Third, all the capture histories of individuals of at least
1 year old that were sexed and for which all morphological
traits were measured at least once (N = 1,040) were se-
lected to test for an effect of individual annual body condi-
tion and PC1 on yearling and adult survival. Because the
model did not allow continuous and time-varying variables
to be missing when individuals are not recaptured, we have
simulated data on body condition that were lacking within
the survival model (King et al. 2009) using a linear function
linking condition at time ¢ to condition at time ¢ + 1. Indi-
vidual condition was missing when individuals were not re-
captured. We have tested the effect of individual age (year-
ling and adult survival), sex, PC1, and condition on survival.
Three-way interactions between age, sex, and PC1 and age,
sex, and condition were investigated (table B1).

We performed these three Bayesian analyses using JAGS
(Plummer 2003) run from R (R Core Team 2014) using
package jagsUI (Kellner 2015). We defined normal distribu-
tions with mean 0 and variance 10’ for regression slopes and
uniform distributions over the interval [0,100] for the stan-
dard deviations of body condition as vague priors (Kéry and
Schaub 2012). We generated three chains of length 40,000
and used the first 5,000 as burn-in for the analysis of yearling
and adult survival. For the analyses of recapture probabili-
ties and first-year survival, we generated three chains of length
10,000 and used the first 3,000 as burn-in. Convergence of
chains was assessed using the Gelman and Rubin conver-
gence diagnostic (R < 1.01; Gelman and Rubin 1992). From
the starting models, we removed the variables for which 95%
credible intervals included 0.

Reproductive Rates. To investigate the relationships between
individual traits and reproductive success (N = 900), we
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analyzed separately clutch size and fledgling success. We an-
alyzed clutch size using linear models with normal distribu-
tions. Fledgling success was defined as the proportion of eggs
that yielded a fledgling. It was analyzed using generalized
linear models with logit links and binomial distributions.

The influence of the following variables was investigated
on clutch size: condition, PC1, and age (yearling vs. adult) of
male and female parents plus hatching period. Hatching pe-
riod (variable with two levels) was included instead of the
continuous variable hatching date because the latter would
had resulted in an IPM with three continuous variables (hatch-
ing date in addition to condition and PC1 of parents) that is
impossible to run due to current memory capacity. Hoopoes
can have two successful clutches each year. Because clutch
size and fledgling success depended more on hatching date
rather than whether a clutch is a first or a second brood (Hoff-
mann et al. 2015), we have divided the hatching dates into two
periods (fig. C1). The first period included only first clutches
and lasted until the end of May. The second period contained
all clutches in the rest of the year.

The most complex model considered for clutch size in-
cluded four (two for each parents) triple interactions be-
tween the hatching period, age (yearling vs. adult), and PC1
of each parent and between hatching period, age, and condi-
tion of each parent (table C1). The most complex model for
fledgling success included clutch size as an explanatory var-
iable in addition to the same explanatory variables used to
analyze clutch size (table C3). Year was included as a con-
tinuous fixed effect in models of fledgling success because
fledgling success (but not clutch size) has been observed to
decrease during the study period. All models were run in R,
using the functions Im and glm and the lme4 package, and
the function Imer when random effects were included (see
below). Selection of interactions between variables and of
simple effects of variables was performed using Akaike in-
formation criterion (AIC) by successive simplifications of
the models. We sequentially removed the variables with the
weakest effect on the model based on differences of AIC be-
tween successive and nested models. Because any small effect
included in the IPM can have large effects on the predicted
population dynamics, we chose the model with the smaller
number of parameters when two competing models had
AAIC < 2, following the principle of parsimony. We visually
inspected the residuals of each selected model and checked
the influence of possible outliers by repeating model selec-
tions when all data points whose Cook distances were larger
than 0.01 (Cook 1977) were excluded. Outliers had no effect
on model selection (results not shown).

Population Model

To predict the relationships between individual yearly repro-
ductive success and individual condition and PC1, we needed
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to take account of the actual mate at each reproductive at-
tempt. We thus built an integral projection model including
individual sex, age, PC1, and condition. At equilibrium, when
the population has reached its stable distribution, this [IPM
gave us the relative proportion of males and females with a
given condition and PC1. The probability for each possible
mating pair was predicted in relation to mate preference
and availability at equilibrium, and the relationships between
fitness and individual condition and PC1 were estimated.
We used a postbreeding model with an annual census time
at fledgling. We included three age classes: nestling, yearling,
and adult (see the life cycle; fig. A2). We first present the
overall IPM, and then we explain how we modeled the dif-
ferent functions that made up the IPM. Finally, we describe
the model outputs and the perturbation analyses.

Building the Integral Projection Model. The density of males
and females in the population is described by the vectors n,,
(t, a, ¢, b) and n(t, a, ¢, b). The subscripts m and f refer
to males and females, respectively. The indices t, g, ¢, and b
represent time, age, condition, and PC1. The density of in-
dividuals at least 1 year old at t + 1 (a > 1, yearlings and
adults) depends on the density of all individuals at time ¢,
the transition (T) of condition between ¢ (¢) and t + 1 (¢),
and the survival (S) functions. PC1 is fixed for a given indi-
vidual. For a > 0, we have

n,(t +1,a + 1,c,b)

= J JTm(t, a,c|c, b)Su(t, a, ¢, b)n,(t, a, ¢, b)dc db,
(1)

n(t + 1,a + 1,¢,b)

= J J T(t,a,c|c, b)Sc(t, a, ¢, b)ng(t, a, ¢, b)dc db.

The density of nestlings (a = 0) at t + 1 depends on the
density of all individuals at time ¢. Between census at t and
t + 1, all males and females may survive, acquire a new con-
dition, and then reproduce. We split the reproductive func-
tion into several functions; first, each individual had a prob-
ability of breeding in a given year B¢ and B,,. Second, each
breeding individual had a probability of reproducing at each
breeding attempt. We modeled two breeding attempts: the
first and second hatching periods as defined above. Thus,
breeding males and females had the probabilities P,,,(a, ¢, b)
and P;(a, ¢, b) of having a brood at each hatching period
(h = landh = 2).Individuals can have two broods per year
if P,(a,c,b) x P,(a,c,b) > 0. Third, for each hatching pe-
riod, pairs were formed among available males (& for father)
and females (9 for mother) using the mating function My(c”,
b°,c¢”, b"). Fourth, each pair produced a number of fledglings
Ry(a%, a®, ¢, b9, ¢*, b°) at each reproductive attempt. We
summed reproductive successes of both reproductive attempts
to obtain individual annual reproductive success.

All offspring then inherit a given nestling condition ¢ and
a fixed PC1 ¥’ using the inheritance function I(¢, b|a,a",
¢?,b%,¢?,b"). For male offspring (equation for female off-
spring is similar, but replacing s with 1 — s; s is the sex ratio
at fledging), we get

n,(t+1) = SZ JJJJIm[C]RIMlPMPmJ

+ C2R2M2Pf,2pm,2]BfoanmeTmSmnm (2)
dc® db® dc” db°.

For the sake of readability, we removed the explanatory
variables of each function. Here, C, is the normalization con-
stant for each hatching period such that all males and fe-
males reproduce no more than once per hatching period;
C, thus acts as an upper constant for reproduction in hatch-
ing period h:

3 [ [ PeuBT:Sen; dc” db”
[ [[[MPP,,BTSn;B, T, S,un,, dc” db” dc* db*’
(3)

if the number of breeding females during a hatching period
was less than the number of breeding males. Otherwise,

Gy

3 [ [PunBuTwnSmn,, dc” db”
- r _J‘JJ‘MhPf,hPm,thTfonmeTmsmnm dc® b’ dc® db*

(4)

The continuous IPM can be approximated as a high-
dimensional discrete matrix (Easterling et al. 2000), and we
used 50 midpoints for each continuous trait. Program R (R
Core Team 2014) was used to build the IPM and to perform
the associated analyses.

o

Functions of the IPM. In this part, we describe how the dif-
ferent functions constituting the IPM were defined.

Breeding function. The breeding probabilities (B) were
estimated using the estimates of recapture probabilities. We
are confident that most broods occurred in artificial nest boxes
because there are hardly any large enough natural breeding
cavities in the study area (Arlettaz etal. 2010). The capture in-
tensity was high: 76% of the target individuals were captured
each year. We therefore assumed that if an individual was not
captured and known to be alive, either it did not breed or it
failed to breed.

Timing function. A breeding individual can have a brood
during the first and the second hatching periods. To esti-
mate the probability for a breeding individual of having a
clutch during the first and the second hatching periods (func-
tions P of the IPM), we created two variables. For each hatch-
ing period, this variable equaled 1 if the individual bred dur-
ing this hatching period and 0 otherwise. Using a generalized
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linear model with a logit link and a binomial distribution, we
investigated the effects of individual sex, age, PC1, and con-
dition on these probabilities. The sex was included forming
interactions with each variable in the most complex models
(N = 1,631; table D5).

Males with good condition defend good territories (Tschumi
etal. 2014), and females with good condition are expected to
return from migration before females with low condition
and to choose the best mate available according to morpho-
logical and behavioral traits. We thus expected males and
females in good condition to mate assortatively. The mating
function (M) was defined using an assortative mating func-
tion (Schindler et al. 2013) such that pairs will be formed by
females and males of similar PC1 or condition if the corre-
lation coefficients between mates for PC1 (p,(h)) or condi-
tion (p.(h)) at each hatching period were significantly pos-
itive. As the mean female PC1 is smaller than the male PC1,
we included the difference between males’ and females’ mean
PC1 (5%, b") in the function

0.5 (€ ¢V pdh (b b~ b)) pilh)

Mt b, e b ) = 10

(5)

For each reproductive attempt, p,(h) and p.(h) were es-
timated using the correlation between mate PC1 and condi-
tions, and we tested whether correlation coefficients were
significantly different from 0. The factor 10 (denominator)
was chosen such that the range of mating probabilities was
included between 0 and 1. Changing this parameter did not
influence our conclusions because the mating function gave
the relative probabilities of mating among breeding individ-
uals (when correcting by C,) but did not influence the num-
ber of pairs.

Reproductive success and survival functions. The repro-
ductive success (R) was the product of clutch size and fledg-
ling success. These two functions as well as the survival func-
tion (S) were parametrized using the parameters obtained
from the previous section. The sex ratio of nestlings was as-
sumed to be even, as suggested by preliminary genetic anal-
ysis in this population (Schaub et al. 2012).

Inheritance function (I). Because nestling PC1 was not
available, we assumed that the inheritance functions for PC1
and condition were independent. These functions were mod-
eled with normal distributions, with mean and variance es-
timated from the data. We tested the influence of the age of
each parent and of the mean parental condition and PC1 on
offspring condition as a nestling (N = 3,980) and on off-
spring PC1 at adult age (N = 385; table D1). For PC1, we
also included the sex of the offspring. Sex was not included
in the inheritance function for condition because it was un-
known for most nestlings. The best models of offspring con-
dition and PC1 were selected and used to parametrize the
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mean of each inheritance function. To parametrize the var-
iance of each inheritance function, we took the square of the
residuals from the model describing the mean of the func-
tion and investigated the influence of the same explanatory
variables on these square residuals (table D1).

Transition function between annual condition (T). The
transition function for condition was modeled (as the inheri-
tance functions) using a normal distribution. Individual con-
dition can increase or decrease each year and is described by
two transition functions: the transitions for yearling (from
nestling in t to yearling in t + 1, N = 409) and for adult
condition (from yearling condition in ¢ to adult condition
in t + 1 or from adult condition in ¢ to adult condition in
t + 1, N = 476). We investigated the influence of the in-
teractions between individual condition at time ¢, PC1, and
sex on individual condition at time t + 1 (table D3). For the
adult model, a possible effect of individual age (yearlings vs.
adults) was also tested, and individual identity was included
as arandom effect as we had repeated measurements for some
individuals.

For all functions, model selection was performed using
AIC by successive simplifications of the models as described
in the part on reproductive rates. All data used in this analy-
sis are deposited in the Dryad Digital Repository: http://dx
.doi.org/10.5061/dryad.61ct7 (Plard et al. 2018).

Output from the IPM and Perturbation Analyses. Fitness.
We quantified the influence of individual PC1 and condi-
tion at birth on fitness, which was measured by the individ-
ual reproductive values at fledging age (Moorad 2014). Re-
productive values measure the extent to which individuals
contribute to future population growth (Fisher 1930). The life
cycle of the study species with two reproductive age classes
(fig. A2) and a constant adult survival (Schaub et al. 2012)
corresponds to the model where maximizing reproductive
value results in maximizing fitness (Caswell 2001). More-
over, IPMs allow estimating reproductive values directly ac-
cording to individual traits. We applied the method explained
in Schindler et al. (2015) to our specific case. To summarize,
we estimated the generation matrix for our IPM and used the
main left eigenvector of this matrix to estimate sex-, PC1-,
and condition-dependent reproductive values at first age. We
conducted a bootstrap to estimate the 95% confidence inter-
val of reproductive values.

Perturbation analyses. We performed short-term andlong-
term perturbation analyses. The short-term perturbation
analysis measures the impact of a change of the population
distribution on population growth rate after 1 year. We in-
creased and decreased the mean of each sex- and age-class
dependent distribution of PC1 and condition by 1 standard
deviation. This transient perturbation measures the effect on
the population after a change in the mean individual trait that
can be produced by a mutation, directional selection, or drift.
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In the long-term perturbation analysis, we estimated the
relative change in the asymptotic population growth rate af-
ter a successive increase of each parameter by 0.001. The per-
turbations of the slopes of the survival and the reproductive
rates show how the population growth rate would change if
the strength of the selection acting on individual condition
or PC1 gets stronger.

Results

Influence of Dynamic and Fixed Heterogeneity
on Survival and Reproductive Rates

Among the models tested, the one that described best the re-
capture probabilities depended on age only ([0.58;1.45]; ta-
ble B1; here and below, ranges given in square brackets are
95% credible intervals). The recapture probabilities were
0.69 [0.62;0.74] and 0.85 [0.78;0.91] for yearlings and adults,
respectively. First-year survival (from nestling to yearling)
was positively influenced by nestling condition (slope: 0.23
[0.12;0.33]; fig. 1 A; table B2), with nestlings in poor and good
condition (at the first and the third quartiles of the nestling
condition distribution) having survival probability of 0.11 and
0.14, on average, respectively. After the first year, contrary
to our hypothesis i, individual fixed heterogeneity did not
influence similarly female and male yearling and adult sur-
vival (tables B1, B2). Fixed heterogeneity (PC1) influenced
positively male survival (slope: 0.41 [0.17;0.65]; table B2; be-
ing 0.34 and 0.41 for small and large adult males and 0.32
and 0.40 for small and large yearling males, on average, re-
spectively; fig. 1B) but tended to influence negatively fe-
male survival (95% credible interval of the slope included 0
[—0.40;0.05]).

Contrary to our hypothesis ii, fledgling success was influ-
enced by both fixed and dynamic heterogeneity. The model
selected for clutch size included an effect of hatching period
(AAIC = 150.60; AAIC are reported between two nested
models: the first being the selected model, the second differs
from the first by the exclusion of the focal variable, here,
hatching period; table C1). Clutch size was 7.88 and 6.65, on
average, for clutches hatching in the first and second periods,
respectively (table C2). Following the principle of parsimony,
the effect of maternal condition on clutch size was not re-
tained even if maternal condition had a weak positive effect
on clutch size (AAIC =—0.79, when including maternal
condition; table C1). The characteristics of the male parent
had no effect on clutch size but influenced fledgling success.
According to the best selected model (tables C3, C4), fledg-
ling success was slightly positively affected by paternal con-
dition (AAIC = 2.07, when excluding paternal condition
from the selected model; fig. 2E) and influenced by four in-
teractions: the interactions between maternal PC1 and clutch
size (AAIC = 6.03, when excluding this interaction from
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Figure 1: Relationships between nestling condition and first-year sur-
vival (A) and between individual fixed morphological traits (PC1) and
individual yearling and adult survival (B) of hoopoes. Relationships
with 95% credible intervals predicted from the survival model are
shown.

the selected model; table C3); between maternal age and
hatching period (AAIC = 9.98, when excluding this interac-
tion from the selected model); between maternal PC1 and
maternalage (AAIC = 9.08,when excluding thisinteraction
from the selected model); and between clutch size, paternal
PC1, and paternal age (AAIC = 8.01, when excluding this
triple interaction but keeping the double interactions from
the selected model). Maternal PC1 influenced positively fledg-
ling success for adult mothers that laid large clutches (success
of 0.54 and 0.59 for small and large mothers that had large
clutches, respectively) but was not significant for first-year
mothers or for mothers having small clutches (fig. 24, 2B).
Paternal PC1 had a positive effect on fledgling success for
adult fathers or for first-year fathers that had a small clutch
(success of 0.63 and 0.67 for small and large fathers that had
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Figure 2: Relationships between parental traits and fledgling success. A-D, Influence of maternal and paternal fixed morphological traits
(PC1) and age and clutch size (small vs. large) on fledgling success. E, Influence of paternal condition on fledgling success. Fledgling success
of yearling and adult parents are represented in gray and black, respectively. The size of the points is proportional to the number of clutches
they represent. For the sake of clarity, clutch size (a continuous variable in models) was represented with two groups: small (<7 eggs) and

large (=8 eggs) clutches.

a small clutch, respectively; fig. 2C, 2D). However, the fledg-
ling success of fathers that bred for the first time and had a
large clutch was negatively correlated with paternal PC1
(success of 0.60 and 0.58 for small and large yearling fathers
that had a large clutch, respectively; fig. 2C).

Other Functions of the IPM, Interaction between
Sexes, and Annual Reproductive Success

We first present the selected models used to build the func-
tions constituting the IPM, except the survival and the re-
cruitment functions, for which we used the relationships

described above. Then, we show the resulting influence of
individual traits on individual reproductive success, ac-
counting for mate availability and traits.

Inheritance. Offspring inherited condition and PC1. Nes-
tling condition was positively influenced by mean parental
condition (slope: 0.13 = 0.02; this slope is not an estimate of
heritability as offspring and parental conditions were mea-
sured at different ages; Chevin 2015; fig. D1A) and mean pa-
rental PC1 (slope: 0.11 * 0.03; fig. D1B) and by paternal age
(0.10 = 0.03) and maternal age (0.07 = 0.03; tables D1,
D2). Offspring PC1 was positively influenced by mean pa-
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rental PC1 (slope of the parent-offspring regression equiva-
lent to heritability: #* = 0.58 *+ 0.05) and maternal age
(0.18 + 0.06) and was larger in male offspring (1.41 =
0.06) than in female offspring (tables D1, D2; fig. D2A; see
table A1 for unscaled values).

Growth. Individual condition changed each year. Yearling
individual condition was positively correlated with nestling
condition (slope: 0.24 = 0.06; fig. D3A) and PC1 (slope:
0.26 * 0.08;fig. D3B). The sex was also selected in this model
and counterbalanced the sex difference in PC1 (tables D3,
D4). Adult condition at ¢ + 1 was linked to condition at t
(slope: 0.43 + 0.04; fig. D4A) and PCI1 (slope: 0.09 = 0.03;
fig. D4B; tables D3, D4).

Forming Pairs. Among the individuals that reproduced, the
probability of reproducing at each hatching period depended
on individual condition, age, and sex (tables D5, D6; fig. D5).
Most adult breeders reproduced during the first period (prob-
ability of 0.83 on average), and some of them (56% of males
and 65% of females) also reproduced during the second pe-
riod for a first or a second clutch (figs. D5, D6). First-year
breeders had similar probabilities of having a clutch during
the first and second hatching periods (0.63 and 0.62, respec-
tively). Birds in good condition reproduced earlier in the sea-
son than birds in poor condition (fig. D5). Mate condition but
not PC1 was positively correlated during the first (peons =
0.17, P< .01, ppq =—0.07, P = .12, df = 487) but not
during the second hatching period (o.na = 0.056, P = .33
and p,, = 0.01, P = .76,df = 409).

These functions allowed us to estimate the individual re-
productive success taking account of individual traits, indi-
vidual preferences, mate availability, and mate traits. Female
PC1 was the main driver of annual reproductive success, but
the relatively large influence of male and female condition
shows that timing of reproduction also had a large impact
on reproductive success (fig. 3A-3D).

Influence of Condition and PC1 on Fitness

Individual PC1 was positively linked to individual fitness in
males but not in females. Large males had 38% higher fitness
than small males (fig. 3E). Individual fitness increased with
individual condition at birth, similarly in males and females
(fig. 3F).

Influence of Sex-Specific Trait Distributions
on Population Dynamics

We found a population growth rate of 0.66 [0.61;0.69]. This
value is substantially underestimated because the IPM in-
cluded emigration via apparent survival but not immigra-
tion. If we include immigration, which is about 0.3 in this

population (Schaub et al. 2012), annual population growth
rate would be around 0.96, which would correspond to the
observed slight decline. However, this underestimation did
not impact our inference, which was based on relative com-
parisons but not on absolute values of the population growth
rate.

The short-term perturbation analysis showed that in-
creasing the mean of male and female adult PC1 by 1 stan-
dard deviation increased population growth rate by 6% and
1%, respectively (fig. E1). The influence of PC1 on population
growth rate was larger in males than in females, because PC1
affected survival in males in addition to reproduction. In-
creasing the mean of male nestling condition by 1 standard
deviation increased the population growth rate by 6% after
1 year (vs. 2% for females), probably because this allowed
more males to breed during the second hatching period.
Changing the distribution of adult or yearling male and fe-
male condition did not influence population growth rate
much (fig. E1).

While the short-term perturbation analysis showed that
therealized annual population growth rate was similarly sen-
sitive to changes in male adult PC1 and male nestling body
condition, the long-term perturbation analysis revealed that
population growth rate at equilibrium was more sensitive to
changes in PCI than to changes in body condition (figs. 4,
E2). The slope linking PC1 to adult survival had a higher im-
pact on the population growth rate at equilibrium (increase
by 0.34) than the slope linking nestling condition to first-year
survival (increase of 0.08). Male and female PC1 also directly
influenced fledgling success (fig. 4).

Discussion

Sex-specific distributions of fixed heterogeneity (PC1) in-
fluenced population dynamics differentially as female fixed
heterogeneity was directly linked to annual reproductive suc-
cess, whereas male fixed heterogeneity influenced yearling
and adult survival. Consequently, large males reached the
highest fitness. We found that nestling condition had long-
lasting effects on adult condition, similarly to findings from
other bird and mammal species (Lindstrom 1999; Cam and
Aubry 2011). Our results also showed that nestling condi-
tion positively influenced individual fitness mainly through
first-year survival. Unfortunately, we had no access to nes-
tling sex or fixed heterogeneity to assess their effects on first-
year survival.

Dynamic Heterogeneity Influenced the Timing of
Reproduction, Whereas Fixed Heterogeneity
Influenced Survival and Fledgling Success

We showed that survival and fledgling success were linked
to fixed heterogeneity, whereas dynamic heterogeneity had
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Figure 3: Influence of fixed and dynamic heterogeneity on reproductive rates and fitness predicted from the integral projection model. A-
D, Influence of individual fixed (PC1) and dynamic (condition) heterogeneity on yearling and adult annual reproductive success (RS), in-
cluding the individual probability of breeding, the mate preference and availability, and the success of a given pair. E-F, Relationships be-
tween individual fixed (PC1) and dynamic (nestling condition) heterogeneity and individual fitness measured by the individual reproductive
value at fledging age. Males and females are represented by black continuous and gray dashed lines, respectively. The prediction ranges were
determined based on age- and sex-dependent distributions of condition and PC1. Gray areas indicate 95% credible intervals estimated from

the bootstrap.

greater influence on risk proneness, notably on when to re-
produce and how large a clutch should be. Body condition in-
fluenced the timing of reproduction, as individuals in good
condition started reproduction earlier than individuals in
poor condition (fig. D5). Females took the risk of laying large
clutches of double, if not triple, brooding if they were in good
condition and if they started breeding early in the season
(Hoffmann et al. 2015). Hatching date is a main determinant
of reproductive success in many bird species (Spear and Nur
1994). Fledgling success was primarily influenced by mater-
nal and paternal fixed heterogeneity but also depended on
paternal condition (fig. 2). Males in good condition occupied
territories of higher qualities than males in poor condition
(Tschumi et al. 2014). The role of male parents for fledgling

success was obvious as they fed the mothers during incuba-
tion. However, whether mothers played a determinant role
in fledgling success was less obvious. The positive influence
of maternal traits on annual reproductive success (fig. 3C, 3D)
was in accordance with the crucial role of mothers suggested
by Martin-Vivaldi et al. (1999) because mothers are able
to differentially allocate the food among nestlings (Martin-
Vivaldi et al. 1999). Indeed, hoopoe mothers enter in the
nesting cavity to feed all nestlings similarly, whereas fathers
give the food to competitively stronger nestlings (Ryser et al.
2016).

Annual survival was linked to fixed morphology in males
(fig. 1B). The long-term perturbation analysis showed that
the distribution of male fixed heterogeneity and the strength
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Figure 4: Proportional changes in the population growth rate after an increase of 0.001 of the slopes with respect to the influence of condition
and fixed morphological traits (PC1) on the survival and the fledgling success (long-term perturbation). Perturbations of parameters of other

functions are displayed in figure E2.

of selection through survival on fixed heterogeneity influenced
much more the population dynamics than individual condi-
tion. Annual reproductive success appeared to be more vari-
able (fig. 3A-3D) than adult survival and more dependent on
variation in annual environmental condition. Consequently,
our study showed that population dynamics was more influ-
enced by male fixed heterogeneity than by female fixed het-
erogeneity or by their condition. Nevertheless, the short-term
perturbation analysis showed that individual condition has a
large effect on the productivity of the population in a given
year.

Possible Differences in Sex-Specific Life-History Strategies

Because maternal and paternal fixed heterogeneity both in-
fluenced annual fledging success, we would have expected
large females and males to contribute equally to population
growth. However, accounting for reproductive timing, mate
availability and preference, and individual age, our popula-
tion model revealed that, at the individual level, large males
reached higher fitness than large females (fig. 3E). Large males
managed to contribute more to the population by multiplying
the possible number of broods they had during their life and by
increasing their reproductive success as they got older. In this
relatively short-lived and slightly declining species, it was more
rewarding to accumulate broods over several years than to try
to have high annual reproductive success early in life.

These differences in demographic rates suggest that
males and females followed different life-history strategies.
A possible hypothesis would be that females invest more in

reproduction than males, particularly as yearlings, and would
thus payahigher costof reproduction in terms of survival than
males (Williams 1966; Reznick 1985). Because female adult
survival tended to decrease with female fixed heterogeneity
(fig. 1B), our results were in accordance with a large invest-
ment of females in reproduction. Nevertheless, future re-
search is needed to directly test it. Our results also showed a
negative relationship between fledgling success and paternal
qualityamong first-year breeding fathers thathad to feed large
clutches (fig. 2C). This suggests that males with high PC1
invested less in reproduction in their first year when facing
the high energetic expenditure required to feed a large clutch.
Large fathers mayinvestlessin firstreproduction because they
may expect higher reproductive success due to higher genetic
quality of their offspring (Moller and Thornhill 1998; Kokko
and Jennions 2008). Alternatively, they may alter their alloca-
tion according to the variability in mate quality (Owens and
Thomson 1994; Kokko and Johnstone 2002) and favor their
own survival at the expense of reproductive success. For large
males, it was moreimportanttoinvestinbody conditioninthe
first year in order to defend a better territory (Tschumi et al.
2014) in later years and thus have access to better females.

Fixed Heterogeneity and Individual Quality

The dynamics of traits in this population seemed to be
mainly driven by the difference of survival among individ-
uals and thus by fixed heterogeneity among males. If qual-
ity is the covariation among traits that is positively corre-
lated to fitness (Wilson and Nussey 2010), our measure of
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fixed individual heterogeneity appeared to be a better mea-
sure of quality in males than in females. Indeed, fixed male
morphology directly influenced male fitness, whereas female
fitness seemed to be unaffected by female morphology. A
first possible explanation of this finding is that heterogene-
ity in quality is much higher among males than among fe-
males. A second possibility is that female quality is not well
approximated by our PC1. A third possibility is that while
female fixed heterogeneity was positively linked to annual
reproductive success, an opposite pressure selecting for sexual
dimorphism between parents negatively influenced mother
size.

Sexual dimorphism of bill lengths may favor a larger di-
versity of prey brought back to the nest (Ryser et al. 2016).
In hoopoes, fathers focus more on mole crickets, which con-
stitute a large prey and provide the main energetic basis to
the whole brood, whereas mothers have a more diverse diet
with smaller prey (Guillod et al. 2016). Nestlings can ben-
efit from smaller prey, provisioned in the first days of life,
whereas large prey can be more profitable when nestlings
get bigger (Fournier and Arlettaz 2001; Guillod et al. 2016).
As hoopoe nestlings hatch asynchronously, small nestlings
that need small food items are present over a long period of
time. Fathers with long bills may have enhanced access to un-
derground prey, notably to mole crickets. For mothers, the
width rather than the length of the bill could influence for-
aging success, as a large bill could help to successtully catch
smaller prey such as caterpillars or other insect larvae (Guil-
lod et al. 2016).

Dynamic heterogeneity was partly influenced by fixed het-
erogeneity because the latter influences the transition be-
tween stages and has long-lasting effects on individual tra-
jectories. Annual transitions between successive condition
partly depended on previous condition and fixed morpho-
logical heterogeneity (fig. D4A, D4B). Similarly, nestling
condition was affected both by parental dynamic and fixed
heterogeneity (fig. D1A, D1B). The successive transitions be-
tween stages are thus influenced by the previous individual
stage (McNamara and Houston 1996), by fixed heterogene-
ity, and by environmental variation. The definition of dy-
namic heterogeneity was first introduced as the life-history
differences among individuals that are generated by a math-
ematical stochastic process, typically a Markov chain (de-
pending on the previous stage and current environment var-
iation) to describe changes in stages (Tuljapurkar et al. 2009).
This definition must thus include all three processes (previous
individual stage, fixed heterogeneity, and environmental var-
iation) and not only stochastic environmental variation.

Conclusions

We showed that population dynamics of a monogamous
bird species was influenced by fixed individual heterogene-
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ity of males, mainly, and of females, partly. Our models en-
abled us to draw a detailed picture of the interactive effect of
individual traits on population dynamics. Moreover, it has
emphasized that different sex-specific strategies can also
occur in a monogamous bird and suggests that it could be
widespread in many different species. Interactions between
sex-specific distributions of traits influence individual an-
nual reproductive success and fitness. As a consequence, the
role of the interaction between sex-specific heterogeneity in
the evolution of traits needs to be better quantified because
this evolution is not linearly depending on sex-specific viabil-
ity and fertility selection.

Population dynamics are driven by interactions between
individual trajectories. Our results showed that individual
fixed traits can partly determine individual trajectory and,
thus, the individual contribution to the population. Target-
ing the individuals that contribute the most to population
growth will then help us to make better forecasting and man-
agement plans of wild populations (Clark et al. 2011).

Acknowledgments

We are grateful to all the people who have been involved in
data collection since the beginning of the study. We thank
Marc Kéry and Rémi Fay for helpful discussion and two re-
viewers for comments on an early version of the manuscript.

Literature Cited

Arlettaz, R., M. Schaub, J. Fournier, T. S. Reichlin, A. Sierro, J. E. M.
Watson, and V. Braunisch. 2010. From publications to public
actions: when conservation biologists bridge the gap between re-
search and implementation. Rigsciaaes 60:835-842.

Aubry, L. M., E. Cam, D. N. Koons, J.-Y. Monnat, and S. Pavard. 2011.
Drivers of age-specific survival in a long-lived seabird: contributions
of observed and hidden sources of heterogeneity. [ S_——
Ecalogy 80:375-383.

Bichler, E., S. Hahn, M. Schaub, R. Arlettaz, L. Jenni, J. W. Fox, V. Afa-
nasyev, and F. Liechti. 2010. Year-round tracking of small trans-
Saharan migrants using light-level geolocators. RingasahlE 5:€9566.

Badyaev, A. V., and G. E. Hill. 2002. Paternal care as a conditional
strategy: distinct reproductive tactics associated with elaboration
of plumage ornamentation in the house finch. |G
13:591-597.

Bergeron, P., R. Baeta, F. Pelletier, D. Réale, and D. Garant. 2011. In-
dividual quality: tautology or biological reality?

Ecalogy 80:361-364.
Berthier, K., F. Leippert, L. Fumagalli, and R. Arlettaz. 2012. Massive

nest-box supplementation boosts fecundity, survival and even im-
migration without altering mating and reproductive behaviour in
a rapidly recovered bird population. RlagesAE 7:¢36028.
Burley, N. 1988. The differential allocation hypothesis—an experi-
mental test. [ NN 132:611-628.
Cam, E., and L. Aubry. 2011. Early development, recruitment and life

history trajectory in long-lived birds. | NEEEEG 152:187-
201.

This content downloaded from 130.092.009.059 on December 28, 2017 06:09:16 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).


http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1525%2Fbio.2010.60.10.10&citationId=p_1
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=21054382&crossref=10.1111%2Fj.1365-2656.2010.01770.x&citationId=p_5
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=21054382&crossref=10.1111%2Fj.1365-2656.2010.01770.x&citationId=p_5
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=21182519&crossref=10.1111%2Fj.1365-2656.2010.01784.x&citationId=p_2
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=21182519&crossref=10.1111%2Fj.1365-2656.2010.01784.x&citationId=p_2
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=22545155&crossref=10.1371%2Fjournal.pone.0036028&citationId=p_6
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=20221266&crossref=10.1371%2Fjournal.pone.0009566&citationId=p_3
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&system=10.1086%2F284877&citationId=p_7
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1093%2Fbeheco%2F13.5.591&citationId=p_4
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1007%2Fs10336-011-0707-0&citationId=p_8

118 The American Naturalist

Cam, E., W. A. Link, E. G. Cooch, J. Y. Monnat, and E. Danchin.
2002. Individual covariation in life-history traits: seeing the trees
despite the forest. | 159:96-105.

Caswell, H. 2001. Matrix population models: construction, analysis,
and interpretation. 2nd ed. Sinauer, Sunderland, MA.

Chambert, T., J. J. Rotella, and R. A. Garrott. 2014. An evolutionary
perspective on reproductive individual heterogeneity in a marine
vertebrate. || | A N s3:1155-1168.

Chevin, L.-M. 2015. Evolution of adult size depends on genetic var-
iance in growth trajectories: a comment on analyses of evolution-

ary dynamics using integral projection models. | EEEEEEEG_G_——
iy 6:931-986.

Choquet, R, J. D. Lebreton, O. Gimenez, A. Reboulet, and R. Pradel.
2009. U-CARE: utilities for performing goodness of fit tests and
manipulating CApture-REcapture data. Geggikaabey 32:1071-1074.

Clark, J. S., D. M. Bell, M. H. Hersh, M. C. Kwit, E. Moran, C. Salk, A.
Stine, D. Valle, and N. Zhu. 2011. Individual-scale variation, species-
scale differences: inference needed to understand diversity. Ecglagy
Lelters 14:1273-1287.

Clutton-Brock, T. H., F. E. Guinness, and S. D. Albon. 1982. Red deer:
behavior and ecology of two sexes. University of Chicago Press,
Chicago.

Clutton-Brock, T. H., and K. Isvaran. 2007. Sex differences in agein
in natural populations of vertebrates. ﬂ
gigtie B 274:3097-3104.

Cook, R. D. 1977. Detection of influential observations in linear re-
gression. jmslemsnestuieg 19:15-18.

Coulson, T., E. A. Catchpole, S. D. Albon, B. J. T. Morgan, J. M.
Pemberton, T. H. Clutton-Brock, M. J. Crawley, and B. T. Grenfell.
2001. Age, sex, density, winter weather, and population crashes in
Soay sheep. Sgigngg 292:1528-1531.

Coulson, T., D. R. MacNulty, D. R. Stahler, B. vonHoldt, R. K. Wayne,
and D. W. Smith. 2011. Modeling effects of environmental change
on wolf population dynamics, trait evolution, and life history. Sci-
ence 334:1275-1278.

Doebeli, M., and J. C. Koella. 1994. Sex and population dynamics.

257:17-23.

Drent, R. H,, and S. Daan. 1980. The prudent parent: energetic adjust-
ments in avian breeding. Ardea 68:225-252.

Easterling, M. R,, S. P. Ellner, and P. M. Dixon. 2000. Size-specific sen-
sitivity: applying a new structured population model. Egglagy 81:
694-708.

Ellner, S. P., and M. Rees. 2006. Integral projection models for species
with complex demography. | NEEEEEEEGEN 167:410-428.

Fisher, R. A. 1930. The genetical theory of natural selection. Clarendon,
Oxford.

Fournier, J., and R. Arlettaz. 2001. Food provision to nestlings in the
hoopoe Upupa epops: implications for the conservation of a small
endangered population in the Swiss Alps. Ibis 143:2-10.

Gelman, A., and D. B. Rubin. 1992. Inference from iterative simula-

tion using multiple sequences. [T 7:457-511.
Griffith, A., R. Salguero-Gémez, C. Merow, and S. McMahon. 2016.

Demography beyond the population. | 104:271-
280.

Guillod, N, R. Arlettaz, and A. Jacot. 2016. Impact of spatial variation
of a crucial prey, the molecricket, on hoopoe territory occupancy
and reproduction. | NENGEGGTNGNGG 7 :1-9.

Hamel, S., . M. Gaillard, M. Festa-Bianchet, and S. D. Coté. 2009. In-
dividual quality, early-life conditions, and reproductive success in
contrasted populations of large herbivores. Egalagy 90:1981-1995.

Hildebrandt, B., and M. Schaub. Forthcoming. The effects of hatching
asynchrony on growth and mortality patterns in Eurasian Hoopoe
Upupa epops nestlings. Ibis.

Hoffmann, J., E. Postma, and M. Schaub. 2015. Factors influencing
double brooding in Eurasian hoopoes Upupa epops. Lbis 157:17-
30.

Jenouvrier, S., H. Caswell, C. Barbraud, and H. Weimerskirch. 2010.
Mating behavior, population growth, and the operational sex ratio: a
periodic two-sex model approach. | 175:739-
752.

Jones, I. L., and F. M. Hunter. 1993. Mutual sexual selection in a mo-
nogamous seabird. Naturg 362:238-239.

Kellner, K. 2015. jagsUI: a wrapper around “rjags” to streamline “JAGS”
analyses. R package, version 1.3.7. https://rdrr.io/cran/jagsUI/.

Kendall, B. E., and G. A. Fox. 2003. Unstructured individual variation
and demographic stochasticity. | ENERES 17:1170-1172.

Kendall, B. E,, G. A. Fox, M. Fujiwara, and T. M. Nogeire. 2011. De-
mographic heterogeneity, cohort selection, and population growth.
Ecalagy 92:1985-1993.

Kéry, M.,and M. Schaub. 2012. Bayesian population analysis using Win-
BUGS: a hierarchical perspective. Academic Press, Burlington, MA.

King, R., B. ]. T. Morgan, O. Gimenez, and S. P. Brooks. 2009. Bayes-
ian analysis of population ecology. CRC, Boca Raton, FL.

Kokko, H., and M. D. Jennions. 2008. Parental investment, sexual se-
lection and sex ratios. 21:919-948.

Kokko, H., and R. A. Johnstone. 2002. Why is mutual mate choice not
the norm? operational sex ratios, sex roles and the evolution of sex-

ually dimorphic and monomorphic signalling. | IR
h 357:319-330.
Lack, D. 1947. The significance of clutch-size. Ibis 89:302-352.
Lebreton, J. D., K. P. Burnham, J. Clobert, and D. R. Anderson. 1992.
Modeling survival and testing biological hypotheses using marked
animals: a unified approach with case studies. N

&iaphy 62:67-118.
Le Galliard, J. F., P. S. Fitze, R. Ferriere, and J. Clobert. 2005. Sex ratio

bias, male aggression, and population collapse in lizards. Rigeaacings
I 025251 15236

Liker, A., and T. Székely. 2005. Mortality costs of sexual selection and
parental care in natural populations of birds. Exalatigs 59:890-897.

Lindstrém, J. 1999. Early development and fitness in birds and mam-
el I 15315

Lindstrém, J., and H. Kokko. 1998. Sexual reproduction and popula-

tion dynamics: the role of polygyny and demographic sex differences.
I 515

Lomnicki, A. 1978. Individual differences between animals and the nat-
ural regulation of their numbers. | NNRnNRHRNRRNE +7:401-
475.

Martin-Vivaldi, M., J. J. Palomino, M. Soler, and J. J. Soler. 1999. De-
terminants of reproductive success in the hoopoe Upupa epops, a
hole-nesting non-passerine bird with asynchronous hatching. Bird
Study 46:205-216.

Martin-Vivaldi, M., M. Ruiz-Rodriguez, J. J. Soler, J. M. Peralta-
Sanchez, M. Méndez, E. Valdivia, A. M. Marin-Platero, and M.
Martinez-Bueno. 2009. Seasonal, sexual and developmental differ-
ences in hoopoe preen gland morphology and secretions—evidence
for a role of bacteria. | N N NNRRME £0:191-205.

McNamara, J. M., and A. I. Houston. 1996. State-dependent life his-
tories. Nature 380:215-221.

Miller, T. E. X., and B. D. Inouye. 2011. Confronting two-sex demo-
graphic models with data. Egglagy 92:2141-2151.

This content downloaded from 130.092.009.059 on December 28, 2017 06:09:16 AM
All use subject to University of Chicago Press Terms and Conditions (http://www.journals.uchicago.edu/t-and-c).


http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2Fjav.00990&citationId=p_30
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=21978194&crossref=10.1111%2Fj.1461-0248.2011.01685.x&citationId=p_15
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=21978194&crossref=10.1111%2Fj.1461-0248.2011.01685.x&citationId=p_15
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=16322105&crossref=10.1073%2Fpnas.0505172102&citationId=p_45
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=16322105&crossref=10.1073%2Fpnas.0505172102&citationId=p_45
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&system=10.1086%2F652436&citationId=p_34
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.2307%2F3794&citationId=p_49
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2F2041-210X.12389&citationId=p_12
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2F2041-210X.12389&citationId=p_12
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=22164838&crossref=10.1890%2F11-0028.1&citationId=p_53
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=22073789&crossref=10.1890%2F11-0079.1&citationId=p_38
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=11958700&crossref=10.1098%2Frstb.2001.0926&citationId=p_42
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=11958700&crossref=10.1098%2Frstb.2001.0926&citationId=p_42
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2Fj.1474-919X.2001.tb04163.x&citationId=p_27
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&system=10.1086%2F324126&citationId=p_9
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=19694145&crossref=10.1890%2F08-0596.1&citationId=p_31
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=11375487&crossref=10.1126%2Fscience.292.5521.1528&citationId=p_20
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=15926698&crossref=10.1111%2Fj.0014-3820.2005.tb01762.x&citationId=p_46
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1080%2F00063659909461132&citationId=p_50
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1080%2F00063659909461132&citationId=p_50
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1038%2F362238a0&citationId=p_35
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1890%2F0012-9658%282000%29081%5B0694%3ASSSAAN%5D2.0.CO%3B2&citationId=p_24
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2Fj.1474-919X.1947.tb04155.x&citationId=p_43
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1214%2Fss%2F1177011136&citationId=p_28
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=17939988&crossref=10.1098%2Frspb.2007.1138&citationId=p_17
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=17939988&crossref=10.1098%2Frspb.2007.1138&citationId=p_17
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=22144626&crossref=10.1126%2Fscience.1209441&citationId=p_21
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=22144626&crossref=10.1126%2Fscience.1209441&citationId=p_21
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=10441307&crossref=10.1016%2FS0169-5347%2899%2901639-0&citationId=p_47
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2Fj.1600-048X.2009.04393.x&citationId=p_51
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&system=10.1086%2F499438&citationId=p_25
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2Fj.1600-0587.2009.05968.x&citationId=p_14
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.2307%2F2937171&citationId=p_44
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.2307%2F2937171&citationId=p_44
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2F1365-2745.12547&citationId=p_29
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1111%2Fibi.12188&citationId=p_33
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.2307%2F1268249&citationId=p_18
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1098%2Frspb.1994.0088&citationId=p_22
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=9606132&crossref=10.1098%2Frspb.1998.0320&citationId=p_48
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=24673453&crossref=10.1111%2F1365-2656.12211&citationId=p_11
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=8637568&crossref=10.1038%2F380215a0&citationId=p_52
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&crossref=10.1046%2Fj.1523-1739.2003.02411.x&citationId=p_37
http://www.journals.uchicago.edu/action/showLinks?doi=10.1086%2F694823&pmid=18462318&crossref=10.1111%2Fj.1420-9101.2008.01540.x&citationId=p_41

Moller, A. P., and R. Thornhill. 1998. Male parental care, differential
parental investment by females and sexual selection. gsiiiitideiias

havigur 55:1507-1515.

Monaghan, P., and R. Nager. 1997. Why don’t birds lay more eggs?
I 70 27

Moorad, J. A. 2014. Individual fitness and phenotypic selection in age-
structured populations with constant growth rates. Egglagy 95:1087-
1095.

Moreno, J., J. P. Veiga, M. Romasanta, and S. Sanchez. 2002. Effects of
maternal quality and mating status on female reproductive success in
the polygynous spotless starling. [N, 64:197-206.

Owens, I. P. F., and D. B. A. Thomson. 1994. Sex-differences, sex-ratios
and sex-roles. 258:93-99.

Plard, F., J.-M. Gaillard, T. Coulson, A. J. M. Hewison, M. Douhard,
F. Klein, D. Delorme, C. Warnant, and C. Bonenfant. 2015. The in-
fluence of birth date via body mass on individual fitness in a long-
lived mammal. Egglagy 96:1516-1528.

Plard, F., ]J.-M. Gaillard, T. Coulson, and S. Tuljapurkar. 2016. Des
différences, pourquoi? transmission, maintenance and effects of phe-
notypic variance. _ 85:356-370.

Plard, F., S. Schindler, R. Arlettaz, and M. Schaub. 2018. Data from:
Sex-specific heterogeneity in fixed morphological traits influences in-
dividual fitness in a monogamous bird population. American Natu-
ralist, Dryad Digital Repository, http://dx.doi.org/10.5061/dryad.61cf7.

Plummer, M. 2003. JAGS: a program for analysis of Bayesian graphical
models using Gibbs sampling. https://www.r-project.org/conferences
/DSC-2003/Proceedings/Plummer.pdf.

R Core Team. 2014. R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing, Vienna.

Rankin, D. J., and H. Kokko. 2007. Do males matter? the role of males
in population dynamics. Qjkgg 116:335-348.

Reznick, D. 1985. Costs of reproduction: an evaluation of the empir-
ical evidence. Qjkgg 44:257-267.

Ridout, M. S., and P. Besbeas. 2004. An empirical model for under-

dispersed count data. | HEEEEEN 4:77-89.

Sex-Specific Strategies in a Bird 119

Ryser, S., N. Guillod, C. Bottini, R. Arlettaz, and J. Alain. 2016. Sex-
specific food provisioning patterns by parents in the asynchro-
nously hatching European hoopoe. |, 117:15-20.

Schaub, M., T. S. Reichlin, F. Abadi, M. Kéry, L. Jenni, and R. Arlettaz.
2012. The demographic drivers of local population dynamics in two
rare migratory birds. Qesalagia 168:97-108.

Schindler, S., J.-M. Gaillard, A. Griining, P. Neuhaus, L. W. Traill, S.
Tuljapurkar, and T. Coulson. 2015. Sex-specific demography and
generalization of the Trivers-Willard theory. Nature 526:249-252.

Schindler, S., P. Neuhaus, J.-M. Gaillard, and T. Coulson. 2013. The
influence of nonrandom mating on population growth. Adacricad

Daatiss 182:28-41.
Sheldon, B. C. 2000. Differential allocation: tests, mechanisms and
implications. 15:397-402.

Spear, L., and N. Nur. 1994. Brood size, hatching order and hatching
date—effects on four life-history stages from hatching to recruit-
ment in western gulls. 63:283-298.

Tschumi, M., M. Schaub, and R. Arlettaz. 2014. Territory occupancy
and parental quality as proxies for spatial prioritization of conser-

vation areas. nGaaail 9:€97679.
Tuljapurkar, S., U. K. Steiner, and S. H. Orzack. 2009. Dynamics het-

erogeneity in life histories. iy 12:93-106.
van Wijk, R. E,, S. Bauer, and M. Schaub. 2016. Repeatability of individ-

ual migration routes, wintering sites, and timing in a long-distance

migrant bird. | NREREGG 6:3679-8685.

Vindenes, Y., and O. Langangen. 2015. Individual heterogeneity in life
histories and ecoevolutionary dynamics. akainatens 18:417-432.
Williams, G. C. 1966. Natural selection, the costs of reproduction, and

arefinement of Lack’s principle. | NN 100:697-690.

Wilson, A.J., and D. H. Nussey. 2010. What is individual quality? an
evolutionary perspective. _ 25:207-

214.

Associate Editor: Tom E. X. Miller
Editor: Alice A. Winn

Left, hoopoes breed in nest boxes installed in vineyards and fruit-tree plantations in the Swiss Alps. Center, a young brood of hoopoes.
Photo credits: Michael Schaub. Right, an adult hoopoe with its particular long bill and feathered crest. Photo credit: Raphaél Arlettaz.
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