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Chapter1
General introduction



OPTIMAL CLUTCH SIZE

Life history theory is based on the idea that reproductive costs generate trade-offs
and that birds take breeding decisions that maximize their fitness (Lessels 1991; Roff
1992). Since parents are limited in the degree to which they can allocate time and
resources to producing and rearing offspring, the number of eggs that maximizes
their fitness (the optimal clutch size) is based on the balance between fitness costs
generated by investment in the current reproduction vs. expected fitness benefits of
the current reproduction (Charnov & Krebs 1974; Williams 1966). Within the cur-
rent reproductive event a second trade-off exists between the number and the quali-
ty of the young produced (Lack 1947; Lack 1966). 

Expanded to an individual level, it has been argued that clutch size may be tuned
to the local circumstances and to the phenotypic quality of the parents and therefore
be individually optimized (e.g. Perrins & Moss 1975; Högstedt 1980; Pettifor, Perrins
& McCleery 1988 but see; Both, Tinbergen & Van Noordwijk 1998; Tinbergen &
Both 1999; Tinbergen & Sanz 2004). Phenotypic plasticity in clutch size in response
to environmental variation will allow the birds to rapidly adjust their clutch size to
the local situation (Stearns 1989). How individuals respond to varying environments,
i.e. how genotypes are phenotypically expressed across a range of environments, is
often referred to as a reaction norm (Via et al. 1995; Nussey et al. 2007). Such a reac-
tion norm could provide one explanation for the observed variation within and
among individuals of a same population.

SOCIAL ENVIRONMENT

To be optimal, individual reproductive decisions should not only be tuned to envi-
ronmental parameters as food and shelter but also to social factors. The density and
composition of the population named here as ‘social environment’ (i.e. breeding
densities and/or the number of males and female fledglings) are expected to be
important parameters affecting optimal decisions because they affect both the habi-
tat quality and the number and type of competitors. When resources are limited, a
high density or a high proportion of the dominant sex is usually expected to increase
the level of interference competition (direct interaction with other competitors)
and/or the level of exploitation competition (depletion of the resources) leading to a
deterioration of habitat quality (Sutherland 1996) and to a decrease individual
reproductive outputs (e.g. negative density dependence of reproduction: Begon et al.
1990; Newton 1998). Density and sex ratio may also affect individual habitat choice
because whether or not an individual will successfully settle may depend on its com-
petitive ability relative to the already established birds (e.g. juveniles usually avoid
settling in habitat with high local density of dominant adults or young females may
preferably settle in male biased environments where competition for mates among
females is relaxed). However, in other situations the same social factors can convey
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positive information about habitat quality when they indicate high local reproductive
performance of conspecifics (also named public information; Valone 1989; Valone &
Templeton 2002) and indicate favourable breeding conditions (e.g. Boulinier &
Danchin 1997, Doligez et al. 2008). In this last case, social environment is thus
expected to enhance individual reproductive outputs through improved habitat
selection.

AIMS OF THE THESIS:
OPTIMAL BEHAVIOUR IN A SOCIAL ENVIRONMENT

The main goals of this thesis are to 1) experimentally quantify how social environ-
ment causally affects the fitness consequences of variation in reproductive choices
and 2) to determine the spatial scale at which phenotypic selection on individual
decisions takes place in a single great tit meta-population (Parus major). The pri-
mary focus of this study was on the negative effect of intra-specific competition
induced by altered social environment (density or/and sex ratio) on brood size relat-
ed fitness but positive effects (e.g. via public information use) were also considered.
We manipulated the social environment (population or local area level) simultane-
ously with individual reproductive choices (individual level), to study how social fac-
tors affect the fitness consequences of reproductive decisions. We also quantified
post-fledgling movements and natal dispersal patterns in relation to social environ-
ment to unravel the mechanisms underlying variation in individual decision making.
This work aims to build a bridge between individual decision taking and social envi-
ronment essential to understand both population dynamics and micro evolutionary
processes. Stephanie P.M. Michler’s thesis on social effects on brood sex ratio relat-
ed fitness was a twin project on the same experiments in the same population. 

EXPERIMENTAL APPROACH

Breeding density manipulation 
The first experimental approach used was a manipulation of local breeding densities
via nest-box density manipulation in the Lauwersmeer great tit population. For 11
years, 8 woodlots (plots) were provided with either low or high nest-box density (5
low and 3 high), remaining within the range of natural breeding densities observed in
other Dutch great tit populations (Both 1998). In total 200 nesting possibilities were
offered to great tits to breed in a northern and southern area (see details in chapter
2). In this experimental set-up, high density plots were expected to carry higher level
of local competition than low density plots. Hence this set-up allowed to investigate
the scale at which competition may drive density-dependent pattern of reproduction
by studying the effects of variation in annual mean breeding density (between-years
effect) and experimental density (within-year effect) on breeding outputs.
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Nestling density and sex ratio manipulation 
In the second experimental approach used from 2005 until 2007, we manipulated the
social environments of 12 ‘plots’ (i.e. woodlots carry 50 nest boxes each) in the
Lauwersmeer great tit population. Plot social environments were changed by alter-
ing the local fledging density (total number of fledgling per plot) and sex ratio (pro-
portion of fledgling males per plot) via simultaneous manipulations of brood size
and brood sex ratio at a plot scale. In that way we created plots with either low or
high density of juveniles biased either toward females (ca 25% of males), not biased
(ca 50% of males) or biased towards males (ca 75% of males). Each plot treatment
occurred in 2 replicates per year and was semi-randomized between years. At a
brood level, brood sizes and brood sex ratios were manipulated around the annual
means (control categories) such that reduced and enlarged broods differed by ±3
young from the control broods and that female and male biased broods differed by
±25% of males from the control broods. In total 600 nesting possibilities were
offered to great tits to breed in the northern area (see details in chapter 3).

In this experimental set-up, increased plot density and/or increased plot sex ratio
(higher proportion of male) were primarily expected to drive higher level of local
competition although positive effects were also considered (i.e. public information
view). The general expectation was that an increased level of competition in a plot
will reduce juvenile survival and their settlement chance and will reduce the fitness
benefits and costs of reproduction. Hence, optimal brood size was expected to
reduce with increased competition. Because females are subordinate to males in
great tits, they may be more negatively affected by a high proportion of surrounding
males if competition between the sexes is important (i.e. lower recruitment chance
for adult or juvenile females). If competition with the sexes is important, the rarer
sex is expected to enjoy higher fitness.

OUTLINE OF THE THESIS

This thesis consists in four parts: 
Part I. Patterns in clutch size and lay date variation
In box A I briefly described the natural source of variation in reproductive rates, ana-
lyzing the genetic and environmental components of clutch size and lay date. I ana-
lyzed whether there are consistent individual differences in these traits within and
between years and made an estimate of the heritability of lay date and clutch size.

Part II. Population trends and competition
In chapter 2, we investigated whether breeding density causally affected the clutch
size of great tits and whether the density dependence of reproduction originated
from the nestling phase. For that, we analyzed the data of an experiment where
breeding density was manipulated for 11 years via the number of nest-boxes in 8 dif-
ferent plots. We studied the effects of variation in local density (within year compari-
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son) and annual density (between year comparisons) on reproductive traits.
In box B, I studied the factors explaining the variation in natural breeding density

of the different plots within and between years of the later experimental set-up
(from 2005 onwards). I analyzed whether variations in breeding density in the differ-
ent areas were consistent between years and whether it was related to some habitat
characteristics. I also investigated whether variation in plot breeding densities could
originate from experimental carry-over effects from the previous year.   

Part III. Fitness consequences of competition
NESTLING PHASE

In the second experimental approach, we manipulated the level of sex-specific sib-
ling competition by altering simultaneously the brood size and the brood sex ratio on
two levels: the nest (competition for food among nestlings) and the woodlot where
the parents breed (competition for food among adults). In chapter 3, we investigated
whether altered competition during the nestling phase on these two levels affected
nestling growth traits and survival in the nest and whether the effects differed
between males, the larger sex, and females.

FROM POST-FLEDGING TO SETTLEMENT

Dispersal and settlement decisions can have important individual fitness conse-
quences; therefore we investigated the effects of the altered social environment on
juvenile post-fledgling movements and based on recapture the next year on juvenile
emigration and settlement decisions. 

Post-fledging movements were studied using automated data of PIT tagged birds
collected at feeding tables between August and December 2006. In chapter 4, we
described the methodology used to subcutaneously implant juvenile and adult great
tits with a passive transponder (PIT tag) and showed the absence of negative effects
of the implantation on recruitment and survival chance. In box C, we studied whether
the post-fledgling movements (distance travelled and number of feeding tables visit-
ed) of implanted juveniles were affected by the altered plot social environment. We
also investigated whether these patterns differed between the sexes. Further, in chap-
ter 5 we investigated whether recruitment probability and for the recruited birds
whether emigration and settlement decisions of the juveniles were affected by the
manipulation of the social environment of the plot of origin and of settlement. We
further investigated whether these patterns differed between the juvenile sexes.

COSTS OF REPRODUCTION

In chapter 6, we studied whether offspring and/or parental component of the repro-
ductive trade-off were affected by competition. Therefore, we quantified the fitness
consequences of brood size manipulations (in terms of number of recruits per nest,
second brood probability and adult return probability) under different competitive
regimes (plot manipulations). We discussed how costs of reproduction depend on
the ecological context.
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Part IV. Optimal clutch size and competition
In chapter 7, we investigated whether the fitness consequences of brood size manip-
ulations performed in two distinguished periods (period 1: 1995-1998 vs. period 2:
2005-2007) changed over time. We studied which fitness components were affected
by a change in selective pressure between the periods. We discussed how the shift of
directional phenotypic selection on brood size over time may relate to change in the
environment and discussed the implications for studies on optimal clutch size. In
chapter 8, I give an overview of the main results of this work placing them in a
broader population dynamic and evolutionary context.
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PARTI
PATTERNS IN CLUTCH SIZE
AND LAYING DATE VARIATION





BoxA
Natural variation and heritability of laying date
and clutch size

Marion Nicolaus



INTRODUCTION

Understanding the adaptive significance of laying date and clutch size variation in
birds has driven many ecological and evolutionary studies since these traits are cen-
tral in life-history theory. Life history theory predicts that birds produce a number of
eggs that maximizes their fitness gain by trading-off investment in current reproduc-
tion with investment in future reproduction (“optimal clutch size”, Charnov & Krebs
1974; Williams 1966). This idea has been later extended to optimization at an indi-
vidual level where clutch size is predicted to be adjusted to the local circumstances
and the phenotypic quality of the birds (Perrins & Moss 1975; Pettifor et al. 1988).
This implies that optimal clutch sizes vary between individuals and may thus help
explain the maintenance of clutch size variation within and between populations. 

Plasticity in life history traits is ubiquitous in animal populations. It is usually
measured using a “reaction norm” approach that describes patterns of phenotypic
expression of genotypes across a range of environments, i.e. how individuals respond
to varying environments (Via et al. 1995; Nussey et al. 2007). Some studies provide
evidence that in wild bird populations, plasticity has a genetic basis and is heritable
which allows selection on plasticity to produce evolutionary responses (e.g. Nussey et
al. 2005 but see Brommer et al. 2005). In this box we present a simple analysis of the
repeatability and the heritability of laying date and clutch size to give an indication
of genetic and environmental variation. 

Variation in a quantitative trait can be separated into a genetic and an environ-
mental source. Quantitative genetic theory states that the total phenotypic variance
(Vp) within a population can be subdivided into a genetic variance component (Vg)
and an environmental variance component (Ve). Vg can also be divided into an
additive genetic variance component (Va) and a non-additive variance component
(Vd) so that heritability (h2) defined as the proportion of the total phenotypic vari-
ance that is genetic, equals h2=Va/Vp. Additionally, repeatability allows the estima-
tion of individual consistency in a trait. For that, the environmental variance compo-
nent (Ve) is further divided into special environmental variance (within individuals,
Ves) and general environmental variance (between individuals, Veg). Repeatability
(r) is then defined as r=(Vg+Ves)/Vp. That means that Vg and Ves cannot be dis-
tinguished (see overview in Postma 2005).

Many studies have estimated the heritability of clutch size and laying date in the
wild based on phenotypic resemblance among relatives (see reviews in Postma & van
Noordwijk 2005; Van Noordwijk, Vanbalen & Scharloo 1980). These studies revealed
that these traits present genetic and environmental source of variation, meaning that
natural selection can exert its influence on these traits. In this study we examined and
quantified the natural variation in laying date and clutch size in a great tit population
(Parus major) for four study years (2005-2008). We estimated the repeatability of
these traits, i.e. individual consistency and the heritability of these traits based on
mother-daughter resemblance although maternal effects may confound h2 estimates.
We will discuss how our estimates relate to findings in other populations.
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MATERIAL AND METHODS

(a) Study area and data collection
The study was carried out in a great tit population in the Lauwersmeer area located
in the north-east of the Netherlands (53°23’ N, 6°14’ E). Before the 2005 breeding
season, we reorganised the existing study area by establishing 12 nest-box areas
(plots) carrying 50 nest-boxes each. 

From the beginning of April on, nest-boxes were checked weekly and parameters
such as laying date (back-calculated assuming that one egg was laid per day) and
clutch size were monitored. Before the expected hatching date nest-boxes were
checked daily to determine hatching date (day 0). At day 2, nestlings were bled and
nail clipped for individual identification. Molecular sexing was performed between
day 3–5 using molecular markers (Griffiths et al. 1998). At day 6, nestlings were
weighed (mass ±0.1g), ringed with an aluminium ring. At day 7, both parents were
caught with a spring trap in the nest-box, weighted, measured and ringed for later
identification if necessary. At day 14, growth measurements of the juveniles were
taken. From day 19 onwards, boxes were checked every second day to determine the
fledge date. Recruited offspring were recorded based on recapture in the next
breeding season.

(b) repeatability
We calculated the repeatability of laying date (expressed in April date) and clutch
size to estimate the consistency in breeding performance of one individual. This
repeatability estimate relies on intra- and inter-individual variation (Lessells & Boag
1987). A high repeatability would mean that laying date or clutch size is relatively
constant within individuals which would be expected if these traits have a low envi-
ronmental component or if individuals are exposed to constant environmental condi-
tions between breeding attempts (e.g. if they remain in the same territory). 

For that, we selected all the females breeding more than once in our population
between 2005 and 2008 (n=180 females). Laying date and clutch size of the first
breeding attempt were selected (i.e. we excluded second clutches or repeat clutches
after failure). Because these parameters can vary between years and with female age,
we corrected them for age and years. We then calculated repeatabilities based on
analyses of variance (ANOVA) following the procedure described in Lessells et al.
(1987).

(c) heritability estimates
Laying date and clutch size are female traits and their variation has been shown to
rely significantly to female genotype but not to male genotype (Van Noordwijk et al.
1980). Therefore for we estimated heritability of these traits based on female-daugh-
ter regression only. Heritability was calculated as being twice the regression coeffi-
cient of the regression between daughter and genetic mother values (Van Noordwijk
et al. 1980). We selected the laying date and the clutch size of the first brood only.
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Some adult females (“mothers”) bred in multiple years (n=63 females). To account
for pseudo-replication, we selected one random breeding event per female. In case
where more than one daughter per brood recruited into the population, the average
laying date or clutch size of these siblings was taken. The breeding traits of the moth-
ers were corrected for age and year effects and the breeding traits of the daughters
for year effect (n=170). Heritability estimates are presented with their standard
error.

RESULTS

(a) natural variation
We found that laying date and clutch size significantly differed among years
(ANOVA: Laying date: F3,377=21.797, P<0.001; clutch size: F3,377=6.390,
P<0.001). Annual means (±SD) of laying date and clutch size can be found on
respectively figure Box A.1A and 1B.

(b) repeatability and heritability
Based on the analysis of variance of laying date and clutch size (Table Box A.1), we
calculated a repeatability of 0.24 for laying date and 0.58 for clutch size. 

The mother-daughters regressions revealed that the laying date of mother and
daughters were not significantly related to each other (regression coefficient:
0.052±0.072; Fig. Box A.2A) whereas the clutch size of mother and daughters were
significantly and positively related to each other (regression coefficient:
0.182±0.080; Fig. Box A.2B). The heritability of laying date and clutch size were
estimated respectively as being equal to 0.10±0.14 and 0.36±0.16.
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Table Box A.1 Analyses of variance of laying date and clutch size in great tits in the Lauwersmeer
population for 4 years (2005-2008). 

source of variation df sums of squares mean squares F ratioa

Laying date
among females 179 5597.256 31.27 1.725***
within females 245 4440.657 18.125
total 424 10037.913

Clutch size
among females 179 633.045
within females 245 206.517 3.537 4.196***
total 424 839.562 0.843

a***P<0.001
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DISCUSSION

We found poor repeatability and heritability of laying date and high repeatability
and heritability of clutch size. This suggests that the influence of environmental fac-
tors on laying date variation is more important than genetic factors and that there is
significant genetic variation for clutch size. We will discuss the results for laying date
and clutch size separately. 

Laying date
Laying date is known to vary largely between years and with environmental factors
such as temperature or food availability (e.g. Charmantier et al. 2008). Correcting
for years, we found a small heritability for this trait. Yet, the fact that repeatability of
laying date was 0.26 indicates that females showed some consistency in their breed-
ing decisions. Overall the results suggest that genetic variation in laying date is small
and/or that the influence of environmental factors is very important as suggested by
the large variation in this trait among individuals (Fig. Box A.1A). A situation with
low heritability and individual consistency may be expected if environmental varia-
tion affects laying date variation and if birds remain in the same local environmental
conditions between years (e.g. same territory with same food conditions).  

Our estimates of repeatability for laying date scaled in the same range as what is
found for other great tit populations (0.34 Wytham population – 0.27 Hoge Veluwe
population see in Van Noordwijk et al. 1980). However these same studies found
slightly higher heritability (0.14 Wytham population – 0.30 Hoge Veluwe population
see Van Noordwijk et al. 1980). Due to perhaps to different ecological settings, the
selective forces acting on laying date in the Lauwersmeer population may differ
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from other populations. A strong selection on laying date in our population may
reduce genetic variation in this trait and may lower its heritability.

Clutch size
Our results showed that clutch size presented large genetic variation. Although
resemblance between offspring and parents can be the consequence of them leaving
in common environment instead of sharing common genes, based on previous
knowledge, genes are likely to be responsible for the high repeatability of clutch size
(see review in Postma et al. 2005). Our repeatability and heritability values are in the
range of what is found in other great tit populations (e.g. Hoge Veluwe population:
r=0.36, h2=0.29; Wytham population: r=0.51, h2=0.48; Postma et al. 2005). Because
these populations are in very different ecological circumstances, this supports the
idea that clutch size depends largely on female genotypes while laying date is strong-
ly influenced by the environment. 

Future perspectives
Although the method based on offspring-parents regression provides consistent
results across populations, it may overestimate the heritability estimates of life-histo-
ry traits because the resemblance between parents and offspring may be due non-
genetic effects. Other powerful methods are now available and should be used to
reanalyzed our data set. ‘Animal model’ method for instance provides a way to break
the phenotypic value into a genetic value, random effects (e.g. maternal effects) and
fixed effects (e.g. sex or age).
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