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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.

Variation in laying date and clutch size 
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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.

Box A
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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).

Variation in laying date and clutch size 
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Journal of Animal Ecology (2009) (78)328–338

Abstract
1. In birds, local competition for food between pairs during the nestling phase may
affect nestling growth and survival. A decrease in clutch size with an increase in breed-
ing density could be an adaptive response to this competition. To investigate whether
breeding density causally affected the clutch size of great tits (Parus major) we manipu-
lated breeding density in three out of eight study plots by increasing nest-box densities.
We expected clutch size in these plots to be reduced compared to that in control plots. 
2. We analyzed both the effects of variation in annual mean density (between-year com-
parisons) and experimental density (within-year comparison between plots) on clutch
size variation, the occurrence of second broods and nestling growth. We examined with-
in-female variation in clutch size to determine whether individual responses explain the
variation over years. 
3. Over the 11 years, population breeding density increased (from 0.33 to 0.50 pairs per
ha) while clutch size and the occurrence of second broods decreased (respectively from
10.0 to 8.5 eggs and from 0.39 to 0.05), consistent with a negative density dependent
effect for the whole population. Nestling growth showed a declining but non-significant
trend over years. 
4. The decline in population clutch size over years was primarily explained by changes
occurring within individuals rather than selective disappearance of individuals laying
large clutches.
5. Within years, breeding density differed significantly between manipulated plots (0.16
pairs per ha vs 0.77 pairs per ha) but clutch size, occurrence of second broods and
nestling growth were not affected by the experimental treatment, resulting in a discrep-
ancy between the effects of experimental and annual variation in density on reproduc-
tion. 
6. We discuss two hypotheses that could explain this discrepancy: (1) The decline in
breeding performance over time was not due to density, but resulted from other,
unknown factors. (2) Density did cause the decline in breeding performance, but this
was not due to local competition in the nestling phase. Instead, we suggest that competi-
tion acting in a different phase (e.g. before egg laying or after fledgling) was responsible
for the density effect on clutch size among years. 

Chapter2
No experimental evidence for local
competition in the nestling phase as driving
force for density-dependent avian clutch size

Marion Nicolaus, Christiaan Both, Richard Ubels, Pim Edelaar
and Joost M. Tinbergen



INTRODUCTION

Density dependence is a key concept in ecology, since it explains a large part of the
regulation of populations (e.g. Murdoch 1994). Demographic traits that are affected
by population density include dispersal, survival and reproduction (Newton 1998;
Sinclair 1989). The existence of density dependence of avian reproduction is strongly
supported by descriptive time series analyses (e.g. Wilkin et al. 2006; Both 2000), yet
little is known regarding the resources that birds must compete for and thus about
the mechanisms involved in density dependent processes. Experiments that study the
causality of density dependent relationships by manipulating density have produced
inconsistent results (see review in Newton 1998). Some of these experiments found a
causal relationship between density and demographic traits like survival (Verhulst
1992) and reproduction (Both 1998b; Dhondt, Kempenaers & Adriaensen 1992;
Kluijver 1951; Sillett, Rodenhouse & Holmes 2004) but others failed to find a causal
link (Both & Visser 2000; Tompa 1967). This discrepancy suggests that the effects of
density on demographic traits depend on the ecological circumstances of these dif-
ferent populations. 

Competition for limited resources (e.g. territories, mates, food) is often hypothe-
sised as one of the main mechanisms behind the density dependence of reproduction
(Newton 1998). The strength and the type of competition may differ between the
different phases of the annual cycle depending on fluctuation in the availability of
resources and the number of competitors.

Competition for food prior to or during egg laying may affect the amount of
energy allocated to reproduction (Lack 1966) and could cause density dependence
of reproduction. Experimental food supplementation during egg laying did increase
clutch size and offspring production in a number of species (Soler & Soler 1996;
Arcese & Smith 1988) supporting this idea. 

Breeding density manipulations have also revealed that reproductive perform-
ance of birds generally decreased in experimental high density plots (Both 1998b;
Török & Toth 1988). The observation that not only clutch size but also nestling
growth was causally related to local densities suggests that nestlings in high density
areas received less food. Therefore, local competition for food during the nestling
phase might be another mechanism causing birds to adjust their reproductive rates
(Both 1998b).

Finally, females may produce a number of offspring adjusted to the level of com-
petition they will encounter after fledging. If the density of birds is such that the level
of competition is raised, this decreases the chance for juveniles to become recruited
into the local population (Drent 1984). Therefore, the benefits of producing fewer
but more competitive offspring may increase at high densities. Experiments involving
removal of breeding pairs showed that the newcomers were mainly young birds and
that re-colonization occurred often to the original population level, implying that the
amount of available resources (including space to establish territories) limits local
densities (e.g. Krebs 1971; Watson & Jenkins 1968 but see Marra & Holmes 1997).
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Variation in phenotypic traits is common in birds and population changes in
those traits can occur as a result of within-individual changes or selective appearance
or disappearance of certain phenotypes. Several studies on avian clutch size have
shown that individuals tune their clutch size to both their local situation and their
phenotypic quality so that it maximizes their fitness (individual optimization hypoth-
esis, Pettifor et al. 1988; Pettifor, Perrins & McCleery 2001; Tinbergen & Daan
1990), although not under all circumstances (Both et al. 1998; Tinbergen & Both
1999; Tinbergen & Sanz 2004). Both et al (2000) also estimated that the fitness con-
sequences of clutch size changed with population density, shifting the clutch size
with maximum fitness (optimal clutch size) to lower values at higher breeding densi-
ties. Because the negative effect of family size on nestling growth was stronger at
higher population densities the authors suggested that a reduction of clutch size with
density was generated by local competition for nestling food. 

In studies on great tits (Parus major), where most of the evidence for density
dependence of avian clutch size comes from (see review in Both 2000), it is usually
assumed that breeding birds compete for caterpillars to feed to their offspring, and
that what drives density dependent patterns in reproduction is the depletion of these
caterpillars. However, in different ecological circumstances there may be no compe-
tition for food during the chick rearing phase, and a density manipulation under
these conditions may allow the detection of alternative mechanisms that can cause
density dependence.

In this study, we investigated causal effects of breeding density on clutch size and
nestling growth in great tits, studying experimental density effects within years in
concert with natural density effects between years. We performed a density experi-
ment for 11 years in a growing population in the north of the Netherlands where fly-
ing insects rather than caterpillars are an important component of the diet (personal
observations). Woodlots carrying either a low or high density of nest-boxes were cre-
ated. This experimental set up allowed us to analyze simultaneously the effect of the
local experimental density (within-year comparison) and the effect of natural annual
breeding density variation (between-year comparisons) on reproduction in great tits.
If local competition for food is the mechanism behind the density dependence of
clutch size, local high densities are expected to negatively influence clutch size,
nestling growth and the probability of having a second brood, as observed in another
great tit population (Both 1998b). If birds can or have to adjust their clutch size
between breeding attempts as a response to changes in annual conditions ("individ-
ual adjustment"; Both 1998a), we expect the relationship between population clutch
size and annual breeding density to result from within-individual changes. In con-
trast, if the relationship between population clutch size and annual breeding density
results from the selective appearance or disappearance of certain phenotypes, selec-
tion may be involved. 
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MATERIAL AND METHODS

Study area and study species
The study was carried out on a great tit population living in a mixed deciduous forest
in the Lauwersmeer area (53°20’N, 06°12’E), a region in the north of the Nether-
lands that was reclaimed from the Wadden Sea in 1968 (see details in Tinbergen &
Sanz 2004; Tinbergen 2005). At the start of the study in 1993 80 nest-boxes were
present, and 120 boxes were added from 1994 onwards. Few natural cavities were
available in the study area so that virtually all the breeding attempts occurred in the
nest-boxes. In our population great tits laid on average 9.33 (SD=1.71, n=1209,
1994-2004) eggs for the first clutches and 7.43 (SD=1.32, n=320) eggs for the second
clutches.

Density experiment
In 1994, 5 plots with low nest-box densities (from 0.11 to 0.83 nest-boxes/ha) and 3
plots with high nest-box densities (from 1.25 to 1.64 nest-boxes/ha) were created
(Fig. 2.1). We determined the experimental densities, especially those of the high
density plots, based on the natural range of breeding densities recorded in other
Dutch great tit populations where negative density dependence of clutch size at a
population level was found (Both 1998a, see also Fig. 7). Plots were spread over two
main woodlots (“north” or “south” areas) about 3.5 km apart. Plots were all physi-
cally separated by open grass areas or woodlands that did not carry any nest-boxes,
except for the two adjacent plots 1 and 2 (Fig. 2.1). The shortest distance between
any nest-box from plot 1 and plot 2 was 107 m. We thus consider all the plots as
being isolated and did not treat females breeding on the edge of a plot differently
from those breeding closer to the centre of a plot. 

Ideally, we would have switched the density treatments between plots over time
to control for clutch size differences between plots. However, we did not do this
because it would conflict with other aspects of our research. Therefore, we checked
whether clutch size in 1993, before the density treatment (when all plots still had low
breeding densities), covaried with the later plot treatment. We did this using a mixed
model where plots and females were fitted as random effects and geographic loca-
tion (north/south) and later experimental density treatment (low/high) were fitted as
fixed effects. This analysis revealed that in 1993 the plots in the north had smaller
clutches than plots in the south. Clutch size, however, did not covary with the later
density treatment (mixed model: intercept: –0.74±0.26; location: β=1.29±0.33,
χ2=15.46, df=1, p<0.001; experimental treatment: β=0.51±0.32, χ2=2.58, df=1,
p=0.108). The density treatment for each plot was thus sufficiently uncorrelated
with respect to the original clutch size over the plots.

We defined local breeding density as the number of breeding pairs per surface
area (pairs/ha) for each plot with either low or high density treatment. Annual
breeding density was defined as the number of breeding pairs per surface area
(pairs/ha) in the whole study area. Annual breeding densities were separated into
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first brood breeder densities and second brood breeder densities (see definition of
first and second broods in the section “data selection”) and were calculated for every
study year. 

Data collection
From the beginning of April nest-boxes were checked weekly and parameters such
as laying date (date of the first egg in the nest, back-calculated assuming that one
egg was laid per day) and clutch size were monitored. Before expected hatching
nest-boxes were checked daily to determine hatching date (day 0). At day 7 all chicks
were ringed and both parents were caught with a spring trap in the nest-box, meas-
ured (wing length, tarsus length and mass) and ringed for identification if necessary.
At day 14 juveniles were weighed (mass ±0.1g) and measured (tarsus ±0.1mm and
length of the third primary feather from the outside ±0.5mm). First brood averages
for juveniles between 1994 and 2004 were 16.6±1.7g for mass, 19.6±0.8mm for tar-
sus length and 33.0±4.2mm for wing length (n=3859). 
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Data selection
We used data from 11 years (1994 to 2004) of the study, with the exception of the
nestling growth parameters, for which 10 years (1995 to 2004) were available. First
broods were defined as clutches started within 30 days after the start of the earliest
clutch in that year. For investigations at the population level second broods were
also analysed, excluding repeat clutches after failure of the first clutch. Second
broods were thus defined as broods laid by females that were known to have success-
fully fledged a first brood. Clutches were excluded from the analysis when the female
was unknown, or when they were smaller than 5 eggs and larger than 15 eggs
because these are often the result of a disturbed situation (desertion or multiple
females laying in the same box). For nestling growth and within-female analyses,
nests with clutch size or brood size manipulations or manipulation of the parents
were excluded from the analyses. 

Data analysis
CLUTCH SIZE AND NESTLING GROWTH

The analyses of clutch size and nestling growth were conducted in two main steps.
First, to account for sources of inter-dependency between measurements, models
based on hierarchical data structure distinguishing between variance on two or three
levels (mixed models) were built using multilevel modelling in MlwiN version 2.02
(Rasbash et al. 2004). Second, the year estimates given by these models were
regressed on annual breeding density using STATISTICA version 7 (StatSoft Inc.
2004). Significance level was set at p<0.05.

For clutch size (CS) and the probability of producing a second clutch, variation
was estimated simultaneously at a plot level (denoted i) where the density experi-
ment was performed, at the female level (denoted ij) grouped within plots, and at
the within female level (denoted ijk) (equations 1 and 3). This was done because sev-
eral females bred repeatedly in the same plot in different years. For the nestling
growth parameters (NGP), variation at a plot level (denoted i), variation at a brood
level (denoted ij) and variation at an individual chick level (denoted ijk) were esti-
mated simultaneously (equation 2). The dependent variables were standardized by
subtracting from the individual trait value the mean trait value of the population cal-
culated for all the years together and then dividing this difference by the standard
deviation of the population trait. All the explanatory variables that were continuous
were centred on the population mean by subtracting the mean trait value of the pop-
ulation from the individual trait value. We used normal response models because
clutch size and nestling growth parameters were distributed normally. We tested the
significance of the explanatory variables “experimental density treatment” (“exp.
treat.”: low or high), “location” (“loc.”: north or south),“year” (categorical variable)
and interactions with year (year x loc. and year x exp. treat.) in the models (equa-
tions 1 and 2). We included geographic location because the two areas differed in
their soil structure, which is important for the quality of habitat and can explain part
of the clutch size variation. The random effects regression models for clutch size
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variation tested were as follows:

CSijk = β0 + β1*exp. treat. (0/1)i + β2*loc. (0/1)i + β3-13*yearijk+ β14-34*
interactionsijk + u0i + e0ij + v0ijk (equation 1)

All the β’s represent the fixed parts of the model while u0i , e0ij and v0ijk are the ran-
dom parts of the model and refer to the errors at each level of variation denoted i, ij
and ijk. Experimental density is considered to have an effect on CS if β1 is signifi-
cantly different from 0.

For the descriptive analysis of natural density on clutch size we regressed the
annual estimates for clutch size controlled for treatment, location and interactions
with year in this model on the annual breeding density. We used the annual breeding
density of the first brood breeders to explain the variation in first clutches and the
annual breeding density of the first as well as the second brood breeders to explain
the variation in second clutches. 

For nestling growth, the year estimates were controlled for clutch size, because
chicks from larger broods usually grow less well:

NGPijk = β0 + β1*exp. treat. (0/1)i + β2*loc. (0/1)i + β3-13*yearij+ β14*
clutch size ij + β15-33*interactionsij + u0i + e0ij + v0ijk (equation 2)

PROBABILITY OF HAVING A SECOND CLUTCH

To analyze the probability of producing a second clutch in relation to variation in
density, we used a binomial response model with a logit link function based on hier-
archical data structure distinguishing between variance at a plot level (denoted i), at
a female level (denoted ij) and at a within female level (denoted ijk). As for the pre-
vious models, we tested the significance of the explanatory variables “experimental
density treatment” (“exp. treat.”: low or high), “location” (“loc.”: north or south)
and “year” (categorical variable) in the model:

P(second clutch) = β0 + β1*exp. treat. (0/1)i + β2*loc. (0/1)i + β3-13*
yearijk + u0i + e0ij + v0ijk (equation 3)

We were not able to test the interactions with year due to an over-parameterization
of the model. The year estimates for the probability of having a second brood size
controlled for treatment, location and year in this model were then regressed on the
annual breeding density of early breeders after a back transformation exp(z)/(1 +
exp(z)) (z being equation 3).
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LAYING DATE

The effect of local and annual year density on laying date was tested the same way as
for clutch size. Laying date did present significant year variation; however, it did not
significantly covary with local experimental density nor with annual year density
(results not shown). Thus results concerning laying date will not be discussed here
and we will focus on the effect of density on clutch size and growth parameters. 

WITHIN FEMALE ANALYSIS

With this analysis we tested to what extent the change in mean annual clutch size can
be statistically explained by individual adjustments of clutch size to density. The
analyses of clutch size variation (CS) within individuals was done using a normal
response model based on hierarchical data structure distinguishing between variance
at the between-individual level (denoted i) and the within-individual level (denoted
ij). The structure of the models took into account the fact that measurements for the
same individual were not independent. For the analyses, female clutch sizes were
standardized and the density values centred on the population mean. We used all
first brood breeding females in the analysis including birds that bred only once. 

We included annual breeding density (D) in the model to test for individual
adjustment in relation to a change in year density (variation within individuals; level
ij) as well as the quadratic term D2 to test for a non-linear effect of annual breeding
density. We also incorporated the mean lifetime density experienced by a female (mD)
to test for between-individual changes (level i) as well as the age of the female (α) and
its quadratic term (α2) (level ij) to correct for an effect of senescence known in the
great tit (Kluijver 1951). Age of the females was included as a continuous variable.

The significance of the explanatory variables “annual breeding density (D)”,
“mean life-time density (mD)”, ”age” (α) and the quadratic terms “D2” and “α2”
was tested in the model (equation 4) as follows:

CSij = β0 + β1* Dij + β2 αij + β3mDi + β4D2ij + β5 α2ij u0i + e0ij (equation 4)

As for the previous models, all the β’s are the fixed parts of the model and u0i and
e0ij are the random parts of the model.

RESULTS

Experimental local density vs. annual breeding density
Local breeding density differed significantly between the two density treatments
(paired t-test across years: t=-20.85, df=10, p<0.01) meaning that our experiment
did affect the distribution of the birds. In the low nest-box density areas the local
breeding density was on average 0.17 pairs / ha (SD=0.02, n=11), compared to an
average breeding density of 0.77 pairs / ha in the high density nest-box areas
(SD=0.01, n=11). Between years, local breeding densities were positively correlated
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between the treatments (r=0.71), suggesting that other factors than the local nest-
box density also affected the local breeding densities. Nest-box occupancy rate dif-
fered markedly between the density treatments (paired t-test: t=8.02, df=10,
p<0.01), with a higher occupancy in the low density treatment (mean occupation
rate low density: 69.14% SD=10.26; high density: 51.69% SD=7.52, n=11).
Furthermore, variance in local breeding densities also differed between treatments,
with lower variance in the low nest-box group (variance low density: 0.001; high
density: 0.012), probably because of the higher nest-box occupancy. 

We found that the local breeding density of the first brood breeders, but not of
the second brood breeders, significantly increased over the course of our 11-year
study (group (first / second brood breeders): F1, 22=17.72, p<0.01; years: F1, 22=1.94,
p=0.180; group x years: F1, 22=8.64, p<0.01; Fig. 2.2A). We also found that the local
breeding densities of both low and high density plots significantly increased with
years in a similar way (using log-densities: density treatment (low / high): F1, 22=
280.94, p<0.01; years: F1, 22=28.08, p<0.01; density treatment x years: F1, 22=0.09,
p=0.762, Fig. 2.2B.). 

Clutch size - first broods
Clutch size was slightly higher in the low density treatment, but the difference was
far from significant. (Table 2.1; Fig. 2.3A). It, however, did vary significantly with
year (but not with treatment x year), location and location x year (Table 2.1). The
clutch size estimates obtained for each year and controlled for treatment, location
and for the year interactions did correlate negatively with the annual breeding densi-
ty of the first brood breeders. This correlation was significant for both low and high
density plots (all: F1, 11=18.91, p<0.01, Fig. 2.3B; low density plots: F1, 11=33.83,
p<0.01; high density plots: F1, 11=13.83, p<0.01). 
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Clutch size - second broods
Clutch size of second broods did not differ significantly between experimental densi-
ty treatments and did not significantly vary with location, year and the interactions
with year (Table 2.1). The clutch size estimates obtained for each year and controlled
for location, experimental treatment and the year interactions did not significantly
relate to the annual density of the first brood breeders. This remained the case when
looking at low and high density treatments separately (all: F1, 11=0.19, p=0.675; low
density plots: F1, 11<0.001, p=0.985; high density plots: F1, 11=0.22, p=0.647). The
clutch size estimates, however, positively correlated with the annual density of sec-
ond brood breeders. This correlation was significant for the high density plots only
(all: F1, 11=6.13, p=0.035; low density plots: F1, 11=0.20, p=0.660; high density plots:
F1, 11=11.56, p<0.01). 

Probability of having a second brood
The probability of having a second brood was not affected by the experimental den-
sity treatments, nor by the location. It differed significantly however between years
(Table 2.2). The probability estimates back-transformed and controlled for experi-
mental treatment and location correlated significantly and negatively with annual
density of first brood breeders. This correlation was significant for both low and high
density plots (all: F1, 11=5.818, p=0.039; low density plots: F1, 11=6.020, p=0.036;
high density plots: F1, 11=5.777, p=0.040). 
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Table 2.1 Model summary examining clutch size of the great tit for first (n=1119 females) and sec-
ond broods (n=267 females) in relation to experimental density treatment, location (north or
south), year, experimental density treatment x year and location x year. Significant values are
shown in bold. 

Standardized clutch size

Parameter β s.e. (β) χ2 df P

First broods
Intercept 0.360 0.250
Experimental density treatment 0.093 0.276 0.113 1 0.737
Location 1.256 0.263 14.276 1 <0.001
Year 33.673 10 <0.001
Experimental density treatment x Year 10.431 10 0.403
Location x Year 22.959 10 0.011

Random effects
σ2plot 0.018 0.015 1.558 1 0.212
σ2female 0.347 0.041 71.852 1 <0.001
σ2within female 0.441 0.031 198.684 1 <0.001

Second broods
Intercept 0.775 0.444
Experimental density treatment -0.798 0.488 2.668 1 0.102
Location -0.426 0.468 0.828 1 0.363
Year 16.994 10 0.074
Experimental density treatment x Year 12.043 10 0.282
Location x Year 13.501 10 0.197

Random effects
σ2plot 0.069 0.053 0.712 1 0.399
σ2female 0.123 0.116 1.124 1 0.289
σ2within female 0.663 0.123 29.157 1 <0.001

Table 2.2 Model summary examining the probability of having a second brood (n=1119 females)
in relation to experimental density treatments, location (north or south) and year. Significant val-
ues are shown in bold. 

Parameter β s.e. (β) χ2 df P

Intercept –0.361 0.378
Experimental density treatment –0.504 0.323 2.433 1 0.119
Location 0.149 0.360 1.350 1 0.245
Year 131.165 10 <0.001

Random effects
σ2plot 0.087 0.092 0.892 1 0.345
σ2female 1.436 0.330 18.888 1 <0.001
σ2within female - - - - -



Nestling growth
Nestlings from larger clutches grew less than from smaller clutches, and none of the
growth parameters differed between experimental density treatments (Table 2.3, Fig.
2.4A). None of the nestling growth parameters was related to the location (north /
south). Wing length, however, varied significantly with year. For mass, the interac-
tions experimental density treatments x year and location x year were significant
(Table 2.3). The estimates of nestling growth parameters controlled for experimental
density treatments, location, clutch size and the year interactions did not decrease
significantly with annual density apart from the wing length in low density plots
(mass: all: F1, 10=1.67, p=0.232; low density plots: F1, 10=1.31, p=0.286; high densi-
ty plots: F1, 10=1.37, p=0.275; Fig. 2.4B.; wing length: all: F1, 10=3.157, p=0.113; low
density plots: F1, 10=9.725, p=0.014; high density plots: F1, 10=2.186, p=0.177; tar-
sus: all: F1, 10=0.659, p=0.440; low density plots: F1, 10=0.953, p=0.357; high density
plots: F1, 10=0.295, p=0.601). For nestling mass, however, the pattern changed when
we analyzed the data without the year 2001 when the mean nestling mass was much
lower. Without 2001, nestling mass significantly decreased with an increase of annual
density of the first brood breeders (Fig. 2.4B), but not when looking at low and high
density plots separately (all: F1, 10=5.78, p=0.047; low density plots: F1, 10=1.12,
p=0.325; high density plots: F1, 10=4.93, p=0.062). 
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Table 2.3 Model summary examining growth parameters (mass, wing length and tarsus) of day 14
great tit nestlings in relation to experimental density treatment, location (north or south), nest
clutch size, year, experimental density treatment x year and location x year (n=3859 nestlings).
The random effects reported are those from the mass model but the wing length and tarsus models
gave similar values. Significant values are shown in bold. 

Parameter β s.e. (β) χ2 df P

Standardized mass
Intercept 0.144 0.244
Experimental density treatment 0.225 0.293 0.589 1 0.443
Location 0.343 0.321 1.137 1 0.286
Centred clutch size –0.113 0.021 30.257 1 <0.001
Year 7.031 9 0.634
Experimental density treatment x Year 20.110 9 0.017
Location x Year 17.142 9 0.046

Standardized wing length
Intercept 0.906 0.213
Experimental density treatment 0.008 0.245 0.001 1 0.975
Location 0.145 0.276 0.274 1 0.601
Centred clutch size –0.042 0.020 4.290 1 0.038
Year 37.884 9 <0.001
Experimental density treatment x Year 16.627 9 0.055
Location x Year 7.255 9 0.611

Standardized tarsus length
Intercept 0.233 0.207
Experimental density treatment 0.049 0.242 0.041 1 0.839
Location –0.075 0.269 0.078 1 0.780
Centred clutch size –0.057 0.019 8.892 1 0.003
Year 10.351 9 0.323
Experimental density treatment x Year 15.450 9 0.079
Location x Year 17.781 9 0.072

Random effects
σ2plot 0.064 0.039 2.647 1 0.104
σ2female 0.482 0.034 202.202 1 <0.001
σ2within female 0.369 0.009 1677.330 1 <0.001



Within females
Individual females reduced their clutch size when annual breeding density (D)
increased between breeding attempts, consistent with the “individual adjustment”
hypothesis (Table 2.4). This effect was non-linear and significant also after correcting
for age (Table 2.4). Females seemed to lay larger clutches in their “middle” age, con-
sistently with senescence pattern known in this species but the effect remained far
from significant. The mean lifetime density experienced by a female did not explain
the variation in individual clutch size. 

DISCUSSION

In great tits, the negative correlation between annual mean clutch size and annual
breeding density is ubiquitous (Both 2000). Breeding densities for our population at
the Lauwersmeer are within the density range where density dependence of clutch
size occurred in other populations, and indeed our non-experimental results confirm
the general pattern (Both 1998a, Fig. 5). There is also some evidence that nestling
mass (but not size) related negatively to annual breeding density. 

The decline of the population clutch size with annual breeding density was main-
ly due to changes occurring within individuals, and not by selective (dis)appearance
of phenotypes. Individual females reduced their clutch size in response to an
increase in annual breeding density, consistent with the individual adjustment
hypothesis (Both 1998a). With regard to the association between breeding parame-
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Table 2.4 Model summary examining clutch size variation within individual female in relation to
the annual breeding density and its quadratic term, the mean individual lifetime density, the age of
the female and its quadratic term. Only first broods are analyzed (n=962 females). Significant val-
ues are shown in bold. 

Parameter β s.e. (β) X2 df P

Standardized clutch size
Intercept –0.300 0.137
Annual breeding density –4.453 1.130 15.516 1 <0.001
Annual breeding density 2 35.794 11.92 9.019 1 0.003
Mean lifetime density –0.034 1.307 0.001 1 0.975
Age 0.179 0.137 1.693 1 0.193
Age2 –0.025 0.030 0.698 1 0.407

Random effects
σ2female 0.457 0.053 74.777 1 <0.001
σ2within female 1.475 0.038 154.495 1 <0.001



ters other than first brood clutch size and annual breeding density, we found that the
proportion of second clutches was higher in low density years. The size of the second
clutches positively correlated with the density of late breeders. A decreased competi-
tion for resources in low density years may have stimulated the birds to produce
more second clutches with a larger number of eggs.
Despite this congruence of the non-experimental data with previous descriptive
studies, and in contrast to a previous density experiment (Both 1998b), we did not
find a causal relation between local breeding densities and breeding parameters. The
discrepancy between the absence of a density effect within years and the presence of
a density effect between years is central to this paper and will be examined in detail
after discussing the limitations of our experimental set-up. 

Limitations of the experimental set-up
We did not alter the experimental treatments of the plots between years. We may
therefore have confounded experimental with natural variation. This was not the
case however because clutch sizes before the experiment did not covary with later
density treatment. 

Manipulation of nest-box density may affect the competition for nesting sites and
thereby the “quality” of the birds that settle in them. If true, we would expect differ-
ences in bird “quality” between the density treatments. For instance, in low density
plots, a high level of competition for nest-boxes with a high level of antagonistic
interactions might only allow “high quality” birds to settle with an expected increased
breeding performance. Alternatively, high competition might lead to negative effects
on the breeding birds and hence to a reduced breeding performance. Low density
plots might also be unattractive (Fletcher 2007) resulting in settlement of “low quali-
ty” birds (i.e. with expected low breeding output). We found that wing length, tarsus
length and mass of breeding parents did not differ between the low and high density
plots (corrected for year, analyses not shown here). Since we did not find differences
in nestling mass nor in parental traits between the treatments, we judge these expla-
nations unlikely and assume that the quality of the birds was equal between the
treatments. 

Interpretation of the clutch size variation 
Within year, we did not find any effect of local densities on breeding output. This
absence of a response to our density manipulation may relate to an overabundant
food supply during the nestling phase relative to the breeding density. However, judg-
ing from the mean nestling mass in our population this was not the case, especially in
the later years, because it was comparable to the Hoge Veluwe population (Both et al.
2000). Both clutch size and breeding density in the Lauwersmeer area were also com-
parable to the other Dutch populations (Fig. 2.5). This indicates that the ecological
circumstances of the Lauwersmeer must have differed from the other populations.
Food during the nestling phase in the Lauwersmeer did not generate local competition. 

Over the years, mean clutch size and the probability of producing a second clutch
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decreased while annual breeding density increased. Because annual breeding density
and year were significantly correlated, any parameter changing over time may have
caused the negative relation between clutch size and annual breeding density. We
separately discuss the role of factors other than breeding density and annual breed-
ing density to explain the annual clutch size variation in our population. 
Hypothesis 1: Environmental effects other than annual breeding density
Factors other than annual breeding density may have caused the observed decline in
the clutch size and the occurrence of second clutches in our population over time.
The decrease of nestling mass with annual breeding density (when 2001 was exclud-
ed) but not with local density might indicate that environmental conditions during
the nestling phase have changed over time. Intra-specific variation in nestling growth
often relates to environmental factors (e.g. Keller & van Noordwijk 1994; Richner,
Oppliger & Christe 1993; Thessing 2000; Verboven, Tinbergen & Verhulst 2001).
Our study was carried out in a young mixed deciduous forest reclaimed from the
Wadden Sea in 1968 and planted 20 years before the start of our research.
Consequently, the increase in breeding density over the years has coincided with the
maturation of the forest and birds might thus have reacted to cues related to this
maturation (e.g. change of food type) by decreasing their clutch size. Alternatively,
other habitat properties (e.g. salinity of water or spring temperature) may have
changed over time causing the decline in population clutch size. Detailed quantifica-
tion and experimental manipulation of habitat parameters is needed if we want to
judge causation because, as it is, any factor changing gradually over time may poten-
tially be involved. 
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Figure 2.5 Relationship between the mean population clutch size of six great tit populations in the
Netherlands and their natural annual breeding densities (HVA: Hoge Veluwe A; HVB: Hoge
Veluwe B; LB: Liesbos; OH: Oosterhout; VL: Vlieland; WB: Warnsborn; LML: Lauwersmeer low
density plots; LMH: Lauwersmeer high density plots). For more details see Both 1998a.   



Hypothesis 2: Density dependence at a landscape scale
The decrease of the population clutch size, of nestling mass and of the occurrence of
second broods with an increase of annual population density between years may
have resulted from a density dependent process (e.g. review in Both 2000). Yet the
fact that we did not find any effects of local densities on reproductive traits during
the nestling phase contrasts with the experiment conducted by Kluijver in the same
species (Liesbosch population; Both 1998b). In that experiment, both clutch size and
nestling growth were lower in the high density treatment, suggesting that these
reproductive parameters were affected by local competition. Moreover, Both et al.
(2000) found that in the Hoge Veluwe population the brood size maximizing fitness
as estimated from brood size experiments, differed with annual breeding density.
They suggested that optimal density-dependent clutch size was mostly affected by
the effect of density during the nestling stage.

The absence of an experimental effect on clutch size in our study implies that the
density dependence of clutch size between years was not caused by local competition
during the reproductive phase (when parents use restricted areas). The fact that
selection on brood size was stabilizing in the Hoge Veluwe population (Tinbergen &
Daan 1990) whereas it was positive in the Lauwersmeer population (Tinbergen &
Sanz 2004; Tinbergen 2005) suggests that brood size was primarily limited by the
amount of food parents can bring to their chicks in the Hoge Veluwe (Tinbergen &
Dietz 1994) but not in the Lauwersmeer. The negative fitness effect of clutch enlarge-
ment in the Lauwersmeer (de Heij, van den Hout & Tinbergen 2006) also suggests
that the parents were limited in the incubation phase rather than in the nestling
phase in this population. Yet in this study no effect of experimental local densities
was found on clutch size, which we would expect if female condition determined by
local competition during incubation would affect the fitness cost and benefits related
to clutch size. We feel that this is an important result because it led us to the idea that
competition acting at a landscape scale rather than a local scale could be involved. 

To understand how a discrepancy between the effects of density within and
between years on clutch size can arise, we depict in Figure 2.6 the relationship
between population clutch size and local density under variable competition levels at
the landscape scale. If competition at the landscape scale is constant, independent of
annual density (only one grey line exists, Fig. 2.6), population clutch size would
decrease with local density alone. As a consequence, within-year density variation
and between-year density variation would yield similar patterns. In contrast, if com-
petition at a landscape scale would increase with annual density (represented by dif-
ferent grey curves relating clutch size to local density, Fig. 2.6), a discrepancy
between the effects of local density (within years) and annual density (between
years) would appear and may become apparent especially at the lower densities. The
detection of density dependence may then depend on the range of densities studied.
This is consistent with our findings. 

In the Lauwersmeer population, competition at a landscape scale before or after
the nestling phase may thus affect the clutch size related fitness curve either via a
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parental or via an offspring component. In winter or early spring, food availability is
low and birds can use large foraging areas leaving scope for competition at a large
scale. Because great tit densities vary in parallel over large geographic areas accord-
ing to large-scale variation in winter food abundance (Perdeck, Visser & Van Balen
2000; Perrins 1965; Saether et al. 2007), these birds will encounter similar densities in
winter or early spring. If these densities affect female condition in early spring, and
female condition in spring affects the clutch size related fitness curve, this may
explain why females adjust their clutch size more to landscape density than to local
density. Furthermore, when space is limited, the acquisition of a territory can be an
important factor for population regulation and individual fitness because excluded
individuals may not participate in reproduction (Begon, Harper & Townsend 1990).
When annual breeding density increases, competition for space reduces the recruit-
ment chance of juveniles that are subdominant to older birds (Sandell & Smith
1991). Therefore, it might pay for parents to adjust their clutch size and the number
of broods they produce to the overall annual breeding density, in anticipation of the
level of competition that juveniles will experience during settling. In this way they
may produce fewer but more competitive offspring that are more likely to recruit.
Because natal dispersal can be considerable, this effect is likely to play out at a land-
scape scale. Such effects could provide the selective density dependent force that is
consistent with our findings.
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Figure 2.6 Theoretical graph representing the relationship between optimal clutch size (i.e. associ-
ated with the highest fitness) and local breeding densities during the nestling phase under three
different levels of competition at a landscape scale (grey lines). At low densities clutch size hardly
varies with local density (our within-year effect, solid lines). There is no local competition for food.
However, when density increases at a landscape scale, optimal clutch size decreases (dashed line)
because of an increase in competition at a larger scale (in our data the between-year effect, dashed
line). Variation in the strength of competition at different scales may thus explain a discrepancy
between the effects of local density (within years) and annual density (between years) on observed
clutch size especially at low local densities.   



Conclusions
We did not find an experimental effect of local breeding density on reproductive
parameters of great tits, whereas others did (Both 1998b, Dhondt et al. 1992, Kluyver
1951). However, clutch size of first broods, the proportion of second broods, and
possibly also fledgling mass, all declined with increasing annual breeding density. If
annual breeding density was causing the decline in clutch size of first broods and the
proportion of second broods in our population, in the absence of local competition
we conclude that competition must have taken place at a landscape scale before or
during egg laying, or after fledging. Competition at a landscape scale is likely to be a
general phenomenon acting simultaneously with competition at a local scale, but its
relative importance would depend on ecological settings.
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Natural and experimental sources of variation
in breeding density

Marion Nicolaus



INTRODUCTION

The studies performed in this thesis were carried out in a great tit population (Parus
major) located in the Lauwersmeer area in the north of the Netherlands (53°23’ N,
6°14’ E). For the purpose of different research projects the number and the location
of nest-boxes have changed over time (see details in chapter 7). In this box we exam-
ined the natural and experimental sources of variation in plot breeding densities
(number of breeding pairs per plot, i.e. 50 nest-boxes) from 2005 onwards when the
study area was divided in 12 plots of about equal size (mean±SD=10.39±1.39 ha).
Each plot was provided with equal number of nest-boxes (50), implying that 600
nest-boxes in total were available (Fig. Box B.1). Few natural cavities were available
in the forest so that the vast majority of the breeding attempts occurred in the nest-
boxes. The breeding densities based on nest-box occupation provides thus a good
estimation of the actual local breeding densities. 

(a) Variation among plots and consistency
The number of nest-boxes per surface was equal among the 12 plots meaning that
plots could carry similar number of breeding pairs. Yet we found significant differ-
ences in breeding densities among plots (years 2005-2008: ANOVA: F11,48=7.35,
P<0.001). These differences were consistent across years since variation in plot
breeding densities was positively and significantly related to variation in plot breed-
ing densities the previous year (multilevel model with plot and cohort (re-sampling
of a plot in a given year) used as random levels: effect of plot breeding densitiesn-1
on breeding densitiesn corrected for years: 0.675±0.137, χ2df1=24.15, P<0.001; see
also correlations in Fig. Box B.2). The repeatability of plot breeding density was 0.61
for the 4 years studied (following the procedure in Lessells & Boag 1987). These
results suggest that some intrinsic plot properties are likely to vary among the areas
and influence the observed distribution. In the following parts we will examine
potential factors that could underlie the heterogeneity in local densities.

(b) Non-experimental source of variation
The natural situation of the study plots differs in many ways in terms of location
(direct proximity to the sea for the northern plots), vegetation (evergreen vs. decidu-
ous trees), or soil type. Some of these environmental factors may affect food avail-
ability and the carrying capacity of these areas which may lead to a heterogeneous
bird distribution. We do not have quantitative data on the food situation in spring
and summer however we do have knowledge about the food situation in winter.
Therefore, we tested whether natural and artificial sources of food in winter could
explain variation in plot breeding densities.

During winter great tits in our population extensively consumed Sea-Buckthorn
berries (Hippophae rhamnoides) (Vollmer, Both & Tinbergen 2007) and artificial
food was provided by the two adjacent villages (R. Ubels personal communication).
We tested whether (1) the proximity to the villages (Fig. Box B.1) (2) the amount of

Box B

48



Variation in breeding plot density

49

W A D D E N  S E A
N

1

7 6

8

4

35

2

9
10

11

12

1 km

V1

V2

Figure Box B.1 Map of the study area in the Lauwersmeer (53°20’N, 06°12’E) in the Netherlands
where our  great tit population was monitored. Each black area (1 to 12) represents a plot carrying
50 nest-boxes within a woodlot. The maximum distance between the plots is 6 km. The presence of
two villages (denoted with V1 and V2) are indicated with a circle.
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Sea-Buckthorn berries consumed in a plot explained significant variation in plot
breeding densities. The proximity to the village was calculated using the minimum
distance in km between the edge of the focal plot and the villages 1 or 2 (see Fig.
Box B.1). The amount of Sea-Buckthorn berries consumed in a plot was estimated
using the colour of droppings of great tits roosting in nest-boxes in December. Each
nest-box received a dropping score reflecting the redness of the droppings on a scale
of one to three (3 being red). The more berries consumed the more red the drop-
pings were. These scores were then average per plot and per year. Variation in the
number of breeding pairs per plot was analyzed using a Normal response model.
Year was fitted as a factor (2005 being the reference category) while the other vari-
ables (distance and mean plot score) were fitted as continuous and centred around
the overall mean. We also tested for year interactions and for interaction between
distance to village and dropping score. We used generalized mixed model (MLwiN
version 2.02; Rasbash et al. 2004) where plot and cohorts (re-sampling of a plot per
year) were defined as random levels. Estimates are given with their standard error. 

We found a strong significant relationship between plot breeding densities and
the minimum distance to the villages so that more tits bred in plots located close to a
village (–2.232±0.494, χ21=20.42, P<0.001, Fig. Box B.3). Breeding densities dif-
fered significantly between years (χ23=57.45, P<0.001) but the “village effect” was
similar for all years (no interaction with year, not shown). We found no relationship
between plot breeding densities in a year and the amount of berries consumed
(assessed through dropping’s colour) in that plot in winter (–0.262±1.402, χ21=0.03,
P=0.852) also not in interaction with distance to the village (not shown). 
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c. Experimental sources of variation
In 2005 we started an experiment where nestling plot density (number of nestlings
per plot) and plot sex ratio (proportion of male nestlings per plot) were manipulated
leaving the natural breeding densities (number of pairs per plot) of great tit
unchanged (see experimental design in chapter 2). Because the male is the
philopatric sex in great tits (Greenwood, Harvey & Perrins 1979), plots with
increased number of males may carry higher breeding densities the next year. To test
for carry-over effects we analyzed variation in breeding plot densities over 3 years
(2006-2008) in relation to the natural plot breeding density, the natural plot nestling
density, the natural plot nestling sex ratio and their experimental change (natural
values before – experimental values after manipulation at day 6) in the previous year
(2005-2007). The natural plot densities and sex ratio were fitted as continuous vari-
ables and centred around the population mean. We also fitted year as a factor (2006
being the reference) and interactions among treatments the previous year and inter-
actions between the treatments and years. Variation in the number of breeding pairs
per plot was analyzed using a normal response model. We used generalized mixed
model (MLwiN version 2.02; Rasbash et al. 2004) where plot and cohort (re-sam-
pling of a plot each year) were defined as random levels. Estimates are given with
their standard error.

We found significant carry-over effect of the plot sex ratio manipulation the year
before on the plot breeding densities. Plots that have been male biased carried high-
er densities the next year (change in sex ration-1: 6.178±2.906, χ21=4.56, P=0.033,
Fig. Box B.4). We found however no significant effects of the natural plot sex ratio,
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natural plot nestling density and the experimental change in density the year before
on plot breeding densities the next year (original plot sex ration-1: 13.362±15.316,
χ21=0.76, P=0.383; original plot nestling densityn-1: -0.060±0.046, χ21=1.68,
P=0.196; change in plot densityn-1: 0.019±0.026, χ21=0.50, P=0.478). The interac-
tion between the experimental change in plot density and in plot sex ratio was not
significant (not shown). Consistently with the previous analysis, plot breeding densi-
ties significantly differed between years (χ22=51.57, P<0.001) and positively corre-
lated to the plot breeding density the previous year (0.733±0.132, χ21=24.15,
P<0.001). 

CONCLUSIONS

We found experimental and natural sources of variation in plot breeding densities.
Male biased plots carried high breeding densities the next year either because males
dispersed less than females and tended to stay in their natal area and / or because
male biased sex ratio signaled good local habitat quality and thus attracted more set-
tlers (see chapter 5). The food situation in winter (e.g. presence of artificial food)
may be an important factor influencing local survival and subsequently local densi-
ties however experiments are needed to judge causation.
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Abstract
1. An increase of competition among adults or nestlings usually negatively affects
breeding output. Yet little is known about the differential effects that competition has
on the offspring sexes. This could be important because it may influence parental repro-
ductive decisions. 
2. In sexual size dimorphic species, two main contradictory mechanisms are proposed
regarding sex-specific effects of competition on nestling performance assuming that
parents do not feed their chicks differentially: (1) The larger sex requires more
resources to grow and is more sensitive to a deterioration of the rearing conditions
(“costly sex hypothesis”) (2) The larger sex has a competitive advantage in intra-brood
competition and performs better under adverse conditions (“competitive advantage
hypothesis”). 
3. In the present study, we manipulated the level of sex-specific sibling competition in a
great tit population (Parus major) 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). We investigated
whether altered competition during the nestling phase affected nestling growth traits
and survival in the nest and whether the effects differed between males, the larger sex,
and females. 
4. We found a strong negative and sex-specific effect of experimental brood size on all
the nestling traits. In enlarged broods, sexual size dimorphism was smaller which may
have resulted from biased mortality towards the less competitive individuals i.e. females
of low condition. No effect of brood sex ratio on nestling growth traits was found.
5. Negative brood size effects on nestling traits were stronger in natural high density
areas but we could not confirm this experimentally. 
6. Our results did not support the “costly sex hypothesis” because males did not suffer
from higher mortality under harsh conditions. The “competitive advantage hypothesis”
was also not fully supported because females did not suffer more in male biased broods. 
7. We conclude that male nestlings are not likely to be more expensive to raise, yet they
have a size-related competitive advantage in large broods, leading to higher mortality of
their on average lighter female nest mates. 

Chapter3
Sex-specific effects of altered competition on
nestling growth and survival: an experimental
manipulation of brood size and sex ratio

Marion Nicolaus, Stephanie P. M. Michler, Richard Ubels, Marco van der Velde,
Jan Komdeur, Christiaan Both and Joost M. Tinbergen



INTRODUCTION

Negative fitness effects of competition for limited resources have been well docu-
mented and play an important role in understanding the adaptive significance of
bird reproductive decisions (Newton 1998). Life history theory predicts that repro-
ductive costs generate trade-offs and that birds take breeding decisions that maxi-
mize their fitness (Lessels 1991; Roff 1992). When resources are limited, parents
need to trade-off investment in the current breeding attempt with future reproduc-
tion (Charnov & Krebs 1974; Williams 1966). So far, effects of competition on
reproduction have focussed on either competition between breeding pairs for food
in the habitat, or on nestlings competing for the food brought by the parents, but the
interaction between these two levels of competition is seldom considered simultane-
ously. It is usually found that increased competition between breeding pairs or
between nestlings negatively affected reproductive traits such as clutch size, nestling
growth and nestling survival (e.g. Arcese & Smith 1988; Both 1998b; Dijkstra et al.
1990; Shutler et al. 2006; Uller 2006). Yet, little is known about the differential
effects that competition has on the offspring sexes (Uller 2006). This could be of a
great importance because the outcome of competitive interactions between male
and female nestlings may depend on the level of competition and thereby influence
parental decisions in terms of clutch size and sex allocation.

Sexual size dimorphism (SSD) in animals may reflect an adaptation of males and
females to their reproductive roles (Fairbairn 1997). Variation in SSD is often associ-
ated with variation in social mating systems and sex differences in parental care
(Björklund 1990; Fairbairn 1997; Owens & Hartley 1998) which suggests that sexual
selection could be one of the main forces driving the evolution of SSD
(Blanckenhorn 2005; Webster 1992). Nevertheless, SSD can be limited by mortality
costs induced by a large size (Weatherhead & Dufour 2005; Promislow, Mont-
gomerie & Martin 1992) and by genetic correlation between the sexes in the traits
relevant for sexual size dimorphism (Hedrick & Temeles 1989). In birds, SSD devel-
ops during the nestling period where ontogenic differences between the offspring
sexes leads to divergent selection pressures (e.g. Badyaev 2002; Richner 1991;
Teather & Weatherhead 1994)

In species with a strong sexual size dimorphism, the outcome of competition
between the nestling sexes might be affected by the relative size difference. One rea-
son for this could be that rearing costs differ between the sexes because the larger
sex has higher energy requirements (Anderson et al. 1993; Fiala & Congdon 1983;
Riedstra, Dijkstra & Daan 1998; Slagsvold, Røskaft & Engen 1986; Teather &
Weatherhead 1988; Vedder et al. 2005a). Therefore, the larger sex is expected to be
more sensitive to adverse conditions (named here as “costly sex hypothesis”) such as
increased competition in the nest (Vedder et al. 2005b; Røskaft & Slagsvold 1985),
food shortage (Clutton-Brock, Albon & Guinness 1985; Chin et al. 2005; Laaksonen
et al. 2004) or poor parental condition (Nager et al. 2000). Higher sensitivity of the
larger sex can be expressed as reduced growth (Røskaft & Slagsvold 1985; Vedder et
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al. 2005b) or a lower immune response (Chin et al. 2005; Dubiec, Cichon & Deptuch
2006; Tschirren, Fitze & Richner 2003) eventually leading to sex-biased mortality
(Benito & Gonzalez-Solis 2007; Røskaft & Slagsvold 1985; Slagsvold et al. 1986).
Other studies however, have found the reverse pattern with the smaller sex being
more sensitive to harsh conditions (e.g. Råberg, Stjernman & Nilsson 2005; Oddie
2000; Rowland et al. 2007). This pattern could be explained if the larger sex profits
from a dominance advantage in sibling competition for food (named here as “com-
petitive advantage hypothesis”), and consequently the smaller sex suffers more when
rearing conditions deteriorate (Oddie 2000). 

An across species comparison showed that the benefits of being the larger sex
under poor conditions relates to the average brood size of the species and its degree
of SSD (Råberg et al. 2005). In species with large broods (or with large SSD) the
dominance advantage of the larger sex may be reinforced because the outcome of
competition is mainly determined by interactions among the young where hierarchy
plays a larger role. In contrast, in species with small broods, parents may exert a
stronger control over food allocation and when food is restricted the smaller sex may
be advantaged by its lower energy requirement. Moreover, sex-biased sensitivity to
poor conditions has been also found in size monomorphic species which suggests
that sex-linked physiology may be involved (e.g. DeKogel 1997). Therefore, the two
mechanisms (energy requirement vs. competitive ability) may act simultaneously but
the predominance of one of them may be a gradual outcome that depends on multi-
ple factors such as brood composition, degree of SSD or intrinsic sex difference in
environmental sensitivity (see also Dijkstra et al. 1990; Fargallo et al. 2006;
Laaksonen et al. 2004). 

In great tits (Parus major), fledging mass is an indicator of rearing conditions and
predicts survival and future fitness (Garnett 1981; Monros, Belda & Barba 2002;
Tinbergen & Boerlijst 1990). Experimental enlargement of brood size in this species
showed that chicks usually grew and survived less well (Hõrak et al. 1999; Hõrak 2003;
Perrins & Moss 1975; Pettifor et al. 2001; Sanz & Tinbergen 1999; Smith, Källander &
Nilsson 1989; Tinbergen & Daan 1990). There is no experimental evidence that par-
ents provision the offspring sexes differentially (Lessells, Oddie & Mateman 1998)
although male great tit nestlings are significantly larger than female nestlings before
fledging (Raderg et al. 2005). No consistent results were found in this species regard-
ing sex-specific effects of rearing conditions (Oddie 2000; Tschirren et al. 2003). Oddie
(2000) manipulated broods to include both small and large nestlings. She found
greater sexual dimorphism among small nestlings than large nestlings at fledging and
interpreted this as evidence for enhanced competitive ability of male offspring under
stressful conditions. In contrast Tschirren et al. (2003) found a reduction in sexual size
dimorphism due to increased parasite load. There is thus a need to study in detail the
effects of rearing conditions on male and female nestling performance.

To understand how sex-specific growth patterns arise, we investigated how
competition shapes the differential growth and survival patterns of male and female
nestlings in a great tit population. As part of a larger study, we manipulated compe-
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tition on two levels: the brood (competition for food among nestlings) and the sub-
population (plot) in which the parents breed (competition for food brought to the
nest among adults). Effects of competition on nestling growth and survival can act at
different levels: parents of different nests compete amongst each other for the food
they can bring to their brood, whereas nestlings compete with their siblings for the
share they get from this amount of food. Nestlings may also compete for other
aspects not related to food such as parental care or the best places in nest in terms of
thermoregulation, but we focused on the effects of food competition. For that pur-
pose, the social environment (defined as the number and the proportion of male and
female nestlings) of 12 plots was altered by manipulating simultaneously brood size
and brood sex ratio in a plot specific direction in three subsequent years (2005-
2007). Each plot received a combination of a density (high or low) and a sex ratio
(female biased, control or male biased) treatment. According to Fisher`s theory
(1998a), any difference in the fitness return per unit of investment in one of the
sexes should lead to a sex-biased investment. A previous study in the same popula-
tion revealed the absence of sex-biased provisioning of the parents when rearing
male and female offspring (Michler et al. submitted). Therefore, we assume that sex-
specific growth patterns will arise from the behavioural response of the nestlings to
the manipulation and not from sex-biased investment of the parents. Because we do
not know yet how fitness relates to male and female nestling growth, we could not
make functional predictions about the effects of competition on offspring fitness. We
could however investigate how our results relate to the “costly sex hypothesis” or
“competitive advantage hypothesis”. If a male is more costly in terms of energy
requirements than a female, sons are expected to perform worse than daughters
when competition rises whereas if their larger size confers them a competitive
advantage over females, they are expected to perform better in a situation of intensi-
fied competition. We expected the level of competition among nestlings to be higher
in enlarged male biased broods and in high density plots where nestlings are expect-
ed to receive less food. 

MATERIAL AND METHODS

Study area and study species
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). Each plot consisted of 50 boxes which were at a distance of 50m apart from
each other and thus were about of the same surface (9-12 Ha; Fig. 3.1). The plots
consisted of young primarily deciduous forests with few natural cavities so that the
majority of the breeding attempts occurred in the nest-boxes. The mean values of
the breeding parameters of the first broods (see definition in data selection part)
recorded in 2005, 2006 and 2007 are presented in Table 3.1.
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Data collection
From the beginning of April, nest-boxes were checked weekly and parameters such
as lay date (back-calculated assuming that one egg was laid per day) and clutch size
were monitored. Before the expected hatching date (12 days of incubation) nest-
boxes were checked daily to determine hatching date (day 0). At day 2, nestlings
were bled (5-10 µl of blood collected and stored in ethanol), nail clipped for individ-
ual identification and sexed using molecular markers (Griffiths et al. 1998). At day 6,
nestlings were weighted (mass ±0.1g), ringed with an aluminium ring and swapped
between nests of the same age to allow manipulations on nest and plot level (see
below). Ringed nestlings from a brood were transported by car where they were kept
warm and swapped within 30 minutes. We always moved or exchanged at least 1
nestling per nest to control for swapping and genetic effects. Detailed genetic effects
including effects of extra-pair paternity (average % of extra-pair young per nest in
2005 and 2006: 11.22±21.33%, n=410 nests) will be addressed elsewhere. Thus all
nests have experienced about the same level of disturbance. At day 7, both parents
were caught with a spring trap in the nest-box, weighted (mass ±0.1g), measured
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(tarsus ±0.1mm and length of the third primary feather ±0.5mm (further referred
to as wing length)) and ringed for identification if necessary. The “original parents”
named in this study are thus the social and not the genetic parents that raised the
nestlings until day 6 before manipulation. The “foster parents” in contrast are the
social parents that raised the nestlings from day 6 onwards after manipulation. At
day 14, juveniles were weighted (mass ±0.1g), measured (tarsus ±0.1mm and wing
length ±0.5mm) and provided with a unique colour-ring combination. At day 14
nestlings have reached their asymptotic mass (Orell 1983), and therefore we refer to
this measure as fledging mass. 

Experimental set-up
In 2005, we started a large experiment that aimed at quantifying the fitness effects of
competition within and between sexes on different spatial scales. In this paper, we
studied the effects of competition on offspring performance at two scales: the brood
and the plot. The primary manipulation is carried out at the brood level (by changing
brood size and/or sex ratio, see below), and the manipulation at the plot level is con-
ducted by changing the proportions of the brood size and brood sex ratio treatments
between the plots (Fig. 3.2 and 3.3). Thus, in contrast to other density experiments
that usually manipulated the density of breeding birds (e.g. Both 1998b; Dhondt et al.
1992; Török & Toth 1988), we manipulated the density of nestlings, leaving the natu-
ral breeding densities (number of breeding pairs per plot) unchanged. We defined
experimental sex ratio as the proportion of male nestlings in a brood or in a plot after
manipulation (at day 6), experimental brood size as the number of nestlings present
in a nest after manipulation (at day 6) and experimental offspring density as the
number of nestlings per plot (i.e. per 50 nest-boxes) after manipulation (at day 6). 
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Table 3.1 Overview of the reproductive parameters of great tits in a study site in Netherlands dur-
ing the three years of experimental manipulations (2005-2007) (CS=clutch size, BS=brood size at
day 6, SR=brood sex ratio at day 6, n=number of nests). 

2005 2006 2007

parameters mean SD n mean SD n mean SD n

CS 8.60 1.44 244 9.75 1.16 166 8.35 1.50 241
BS 7.81 1.72 244 9.02 1.33 166 7.47 1.53 241
SR 0.49 0.19 244 0.49 0.17 166 0.52 0.20 241
day 6 mass (g) 8.87 1.60 239 8.39 1.60 166 8.54 1.68 241
day 14 mass (g) 16.01 1.94 228 15.62 1.93 147 15.64 2.21 226
day 14 wing length (mm) 31.00 4.06 228 28.88 4.29 147 29.30 4.12 226
brood survival at fledging 0.85 0.28 244 0.76 0.35 166 0.81 0.29 239
female survival at fledging 0.85 0.30 244 0.74 0.38 166 0.82 0.31 238
male survival at fledging 0.84 0.32 243 0.76 0.36 166 0.80 0.33 239
fledging age (days) 20.22 1.50 228 20.62 1.34 146 20.39 1.24 225



For the brood size manipulation, we manipulated broods up and down relative to
the mean annual population brood size (named here as control brood). Reduced
and enlarged broods differed by -3 or +3 nestlings from the control broods (Fig. 3.2
and 3.3). Due to year variation in average brood sizes in our population (Table 3.1),
experimental control brood size was centred around 7 or 8 nestlings in 2005, 9
nestlings in 2006 and 7 or 8 nestlings in 2007. Average brood sex ratio was about 50
% for the 3 study years (Table 3.1; average brood sex ratio for the 3 years: 0.50±0.18,
n=651 nests) and was used as a control. Nestling sex ratios of the broods were
manipulated simultaneously and female and male biased broods were either manip-
ulated to ca 25% or 75% male nestlings, whereas control broods were created with
ca 50% male nestlings.

At a plot level, we had 6 different experimental treatments combining manipula-
tion of nestling density and sex ratio. Each treatment was randomly assigned to a
plot, randomized between years and occurred in two replicates per year. The plot
treatment combinations were: Female biased sex ratio with low or high density,
equal sex ratio with low or high density, male biased sex ratio with low or high density
(Fig. 3.2). Within plots, broods were manipulated such as to achieve the desired plot
treatment. For the sex ratio treatment this meant that the brood treatments always
were performed in the direction of the plot treatment (Fig. 3.2). However, we kept
variation in brood size manipulation within plot (reduced, control, enlarged) to be
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Figure 3.2 Experimental treatments applied in a great tit population in the Netherlands during
three consecutive years (2005-07) combining nestling sex ratio and nestling density within and
between plots. The treatment at a plot level (biased sex ratio and low or high density) was achieved
by manipulated 60% of the nests towards the desired treatment keeping 40% of the nests as con-
trols for the other treatments. For brood size manipulation, broods were manipulated up and down
(-3 or +3 chicks) relative to the average brood size of the year. Sex ratio treatment of the nests
between and within broods was in the same direction. (F: female biased brood, C: no biased brood,
M: male biased brood; R: reduced brood size, C: control brood size, E: enlarged brood size).



able to study the effects of the interaction between density (plot level) and brood
size (nest level) on breeding output (Fig. 3.2).

This study was carried out under license of the Animal Experimental Committee
of the University of Groningen (license DEC-4114 B). 

Data selection and analysis
As we manipulated only first broods (defined as clutches started within 30 days of
the earliest clutch in that year), all second broods or replacement clutches of known
females after failure were left unmanipulated. Nests with a clutch size smaller than 3
eggs or with very high mortality rate (>50%) before manipulation were also not
manipulated and were excluded from further analysis (n=13 nests). All dependent
variables were standardized by subtracting the mean trait value of the population
calculated for all the years together from the individual trait value and by dividing
this difference by the standard deviation of the population trait. All the continuous
explanatory variables were centred around the population mean. 

To account for sources of inter-dependency between measurements, we used
generalized linear mixed models (MLwiN versions 2.02; Rasbash et al. 2004) distin-
guishing between variance on four levels: plots, cohorts, nests and individuals.
Because every plot got a new treatment every year and varied in its natural density
and sex ratio between years, we defined cohort as the level corresponding to the re-
samplings of a plot for every study year. Variations in fledging mass and wing length
were studied using normal response models whereas variation in nestling survival
was studied using a binomial response model with a logit function. We did not ana-
lyze variation in tarsus length because tarsus is known to develop relatively early in
life (Orell 1983), so that most of the variation of this structural trait will be deter-
mined by the early conditions of the nestlings before the time of manipulation in this
study. All the explanatory variables fitted in the models are presented in table 3.2.
Years (2005, 2006 and 2007), sex (female=0, male=1) and swapped (young not
swapped=0, young swapped=1) were fitted as factors with respectively 2005 and 0
chosen as reference categories. All the other variables including the experimental
effects were fitted as continuous variables. Because the natural offspring density and
the experimental offspring density were highly correlated (r=0.81, n=36, P<0.001),
we tested for an effect of the natural offspring plot density and the change in off-
spring density (r=-0.09, n=36, P=0.594) defined as: experimental number of off-
spring in a plot - natural number of offspring in a plot (Table 3.2). Since we were
interested in the effect of competition between the nestlings, the final brood size
rather than the change in brood size was the appropriate parameter to study. The
analyzes were also performed using the change in brood size and the change in
brood sex ratio. The results were similar but the models had less support of the data,
i.e. they differed with more than 2 AIC units (see explanation below) from the same
model using absolute numbers. The treatments of the plot or of the nest and their
original properties (Table 3.2) included in the models are those of the foster parents
and not of the original parents of the nestlings.
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We did not expect the natural and experimental plot sex ratio to have strong
effects on the level of food competition during the nestling phase whereas it may be
more important after fledgling for local competition for food, mates and territories
processes. Therefore we did not include these parameters in the analyses. The
effects of plot sex ratio were nevertheless tested at first in the models but as expect-
ed they were not significant (effect of natural plot sex ratio on: fledgling mass:
χ2=2.437, df=1, P=0.118; wing length: χ2=0.833, df=1, P=0.361, survival in the
nest: χ2=0.019, df=1, P=0.890; effect of experimental plot sex ratio on: fledging
mass: χ2=0.202, df=1, P=0.653, wing length: χ2=2.092, df=1, P=0.148, survival in
the nest: χ2=0.593, df=1, P=0.593). 

Fitness components are generally negatively related with hatching date because
food quality and availability decline with the season (Perrins 1965). Moreover, varia-
tion in structural size and mass can be partly attributed to genetic variation (Garnett
1981; Gebhardt-Henrich & Van Noordwijk 1994) or maternal effects (e.g. Navara,
Hill & Mendonca 2006), therefore the following non-experimental parameters were
included in the models: hatching date, nestling mass at day 6 and reproductive traits
of the original parents (clutch size, brood sex ratio and body size). Characteristics of
the foster parents (clutch size and brood sex ratio) were also included to control for
a potential effect of parental or local environmental quality. 
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Table 3.2 List of all the explanatory variables fitted as fixed effects in the statistical models on
effects of brood size (BS) and sex ratio (SR) manipulations on nestling growth parameters and
nestling survival. The variables are separated into non-experimental parameters and experimental,
and clustered according to their level of variation in the hierarchical models. There are no vari-
ables at the plot level. 

Fixed effects
Non-experimental parameters Experimental parameters

cohort level
natural offspring density change in density
years

nest level
BS foster parents experimental BS
brood SR foster parents experimental brood SR
hatch date

individual level
sex swapped
day 6 mass
BS original parents
brood SR original parents
mass or wing length original mother
mass or wing length original father



Interactions between the treatments, natural offspring density x treatments, sex x
treatments, years x treatments, day 6 mass x treatments, brood size foster parents x
experimental brood size and the quadratic term of the treatments and day 6 mass
were also fitted in the models. To visualize how the experiment affected nestling
male growth relative to nestling female growth, we further calculated sexual size
dimorphism (SSD) in each experimental group using Storer`s index (see review in
Benito & Gonzalez-Solis 2007):

SSD =          
male trait - female trait

x100 
(male trait + female trait) x0.5

We did not perform statistical analysis on this parameter.
Model selection was primarily based on backwards elimination of the non-signifi-

cant terms in the order of their significance assessed by its Wald statistics.
Significance level was set at P<0.05. We also used Aikake’s information criterion
(AIC) (Anderson, Burnham & White 1998; Burnham & Anderson 2002) to perform
model comparison. The model with the smallest AIC was considered as the one sup-
porting the data best. Models within two AIC-units of each other (∆ AIC ≤ 2) were
considered equally well-supported. Means are expressed with standard error.

RESULTS

Manipulation
Our manipulation did affect the densities and sex ratios of the nestlings over the
area. The brood size manipulation had the expected effect: manipulated brood sizes
differed significantly from original brood sizes in both reduced and enlarged nests
(paired t-test: reduced broods: t=10.227, df=2, P=0.009; enlarged broods:
t=–31.972, df=2, P<0.001) but not in control nests (paired t-test: control broods:
t=–0.194, df=2, P=0.864) (Fig. 3.3). The brood sex ratio experiment was also suc-
cessful: manipulated brood sex ratio significantly differed from the original brood
sex ratio in female and male biased nests (paired t-test: female biased broods:
t=32.019, df=2, P<0.001; male biased broods: t=–0.259, df=2, P=0.006) but not in
control brood sex ratio nests (t=0.462, df=2, P=0.711) (Fig. 3.3). The number of
offspring per plot before manipulation was significantly different from the number
of offspring after manipulation (paired t-test: low density plots: t=6.693, df=2,
P=0.020; high density plots: t=–7.357, df=2, P=0.019) (Fig. 3.3), although in 2006
this did not result in a difference in density between treatments after manipulation,
due to the experimental low density plots having higher densities before manipula-
tion. 

Results at the cohort level
In plots where the natural offspring density was higher, fledgling mass, wing length
and nestling survival were all significantly lower (Tables 3.3, 3.4 and 3.5 respectively).
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Nestling traits differed between years. In 2005, nestlings grew and survived better
compared to 2006 and 2007 (Table 3.1). We did not find a significant effect of the
experimental change in offspring density on any of the nestling traits but the effect
scaled in the same direction as the descriptive effect (effects of change in density on:
fledging mass: –0.001±0.002, χ2=0.134, df=1, P=0.714; day 14 wing length:
–0.002±0.002, χ2=1.869, df=1, P=0.172; survival: –0.006±0.006, χ2=0.932, df=1,
P=0.334) suggesting that natural and experimental effects were similar.
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Figure 3.3 Overview of the experimental changes in mean plot nestling density (L=low, H=high),
mean brood size (R=reduced, C=control, E=enlarged) and mean brood sex ratio (F=female
biased, C=control and M=male biased) of a great tit population in the Netherlands over the 3
study years (2005-2007). The grey and the black bars give respectively the mean values before and
after the manipulation. The values for sex ratio were the same on a brood or plot level. Averages
are presented with standard deviations (raw data). 



Results at the nest level
Enlargement of brood size had a very strong negative effect on fledging mass, wing
length and survival and this stronger for 2006 and 2007 (interaction years x experi-
mental brood size, Tables 3.3–3.5; Fig.3.4). This negative effect was enhanced for
fledging mass and wing length when nests were located in a natural high offspring
densities, indicating that enlarged clutches were especially detrimental in a situation
with more competition (interaction natural offspring density x experimental brood
size, Tables 3.3 and 3.4). We found a negative effect of hatching date on all the
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Table 3.3 Effect of experimental brood size and sex ratio manipulations on fledging mass in a
great tit population in the Netherlands. Model summary of a hierarchical model (“nat”=natural,
“exp”=experimental, “BS”=brood size, “SR”=sex ratio; n = 4252 nestlings). 

Parameter level β s.e. (β) χ2 df P

intercept –0.032 0.082
nat. offspring density cohort –0.005 0.002 10.515 1 0.001
BS foster parents nest 0.095 0.016 35.188 1 <0.001
exp. BS nest –0.181 0.017 107.366 1 <0.001
nat. offspring density x exp_BS nest –0.001 0.000 9.599 1 0.002
hatching date nest –0.035 0.006 29.253 1 <0.001
sex indiv. 0.266 0.018 211.567 1 <0.001
sex x exp_BS indiv. -0.021 0.007 9.535 1 0.002
day 6 mass indiv. 0.213 0.011 385.601 1 <0.001
day 6 mass2 indiv. –0.018 0.003 42.135 1 <0.001
brood SR original parents indiv. –0.192 0.061 9.753 1 0.002
mass original mother indiv. 0.080 0.016 26.047 1 <0.001
mass original father indiv. 0.074 0.015 24.607 1 <0.001
years cohort 27.165 2 <0.001
2006 cohort –0.134 0.110
2007 cohort –0.527 0.104
years x exp_BS nest 11.122 2 0.004
2006 x exp_BS nest –0.010 0.026
2007 x exp_BS nest –0.072 0.023
years x day 6 mass indiv. 18.188 2 <0.001
2006 x day 6 mass indiv. 0.034 0.017
2007 x day 6 mass indiv. 0.066 0.015

Random effects σ2plot 0.023 0.017 1.797 1 0.180
σ2plot 0.032 0.015 4.538 1 0.033
σ2nest 0.268 0.019 207.815 1 <0.001
σ2individual 0.231 0.006 1683.915 1 <0.001

Rejected terms
change in density swapped
brood SR foster parents quadratic terms and interactions
exp_brood SR



nestling traits studied (Table 3.3–3.5). Brood size of the foster parents had also a
positive effect on those traits, indicating an effect of foster parental phenotypic or
environmental quality (Tables 3-5). For nestling survival, a significant interaction was
found between the natural brood size of the foster parents and the experimental
brood size: foster parents with originally larger broods had a higher nestling survival,
but part of this effect was reduced at larger brood sizes (Table 3.5). Brood sex ratio
of the foster parents and experimental brood sex ratio did not affect any of the
nestling traits studied (effects of original sex ratio on: fledging mass: 0.099±0.135,
χ2=0.545, df=1, P=0.460, day 14 wing length: 0.203±0.128, χ2=2.492, df=1,
P=0.114; survival: 0.273±0.491, χ2=0.308, df=1, P=0.579; effects of experimental
sex ratio on: fledging mass –0.072±0.160, χ2=0.201, df=1, P=0.654; day 14 wing
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Table 3.4 Effect of experimental brood size and sex ratio manipulations on day 14 wing length in a
great tit population in the Netherlands. Model summary of a hierarchical model (“nat”=natural,
“exp”=experimental, “BS”=brood size, “SR”=sex ratio; n = 4237 nestlings). 

Parameter level β s.e. (β) χ2 df P

intercept 0.200 0.084
nat. offspring density cohort –0.003 0.001 4.146 1 0.042
BS foster parents nest 0.083 0.016 25.603 1 <0.001
exp_BS nest –0.086 0.017 25.661 1 <0.001
nat. offspring density x exp_BS nest –0.001 0.000 19.701 1 <0.001
hatching date nest –0.030 0.006 22.789 1 <0.001
sex indiv. –0.058 0.015 14.768 1 <0.001
sex x exp_BS indiv. –0.015 0.006 7.019 1 0.008
day 6 mass indiv. 0.428 0.006 5756.440 1 <0.001
day 6 mass2 indiv. –0.029 0.002 168.337 1 <0.001
swapped indiv. 0.047 0.016 9.213 1 0.002
BS original parents indiv. 0.030 0.007 17.222 1 <0.001
wing length original mother indiv. 0.002 0.001 6.422 1 0.011
years cohort 51.319 2 <0.001
2006 cohort –0.452 0.096
2007 cohort –0.619 0.090
years x exp_BS nest 10.918 2 0.004
2006 x exp_BS nest –0.038 0.026
2007 x exp_BS nest –0.076 0.023

Random effects σ2plot 0.043 0.023 3.542 1 0.060
σ2plot 0.017 0.011 2.621 1 0.105
σ2nest 0.280 0.018 229.856 1 <0.001
σ2individual 0.179 0.004 1792.974 1 <0.001

Rejected terms
change in density brood SR original parents
brood SR foster parents wing length original father
exp_brood SR quadratic terms and interactions
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Table 3.5 Effect of experimental brood size and sex ratio manipulations on nestling survival
between day 6 and fledging in a great tit population in the Netherlands. Model summary of a hier-
archical model (“nat”=natural, “exp”=experimental, “BS”=brood size, “SR”=sex ratio; n = 5100
nestlings). 

Parameter level β s.e. (β) χ2 df P

intercept 2.421 0.256
nat. offspring density cohort –0.013 0.005 6.855 1 0.009
BS foster parents nest 0.334 0.064 27.556 1 <0.001
exp_BS nest –0.333 0.068 23.826 1 <0.001
BS foster parents x exp_BS nest –0.067 0.023 8.344 1 0.004
hatching date nest –0.061 0.024 6.260 1 0.012
day 6 mass indiv. 0.468 0.034 192.837 1 <0.001
day 6 mass2 indiv. –0.044 0.012 14.560 1 <0.001
years cohort 6.406 2 0.040
2006 cohort –0.709 0.337
2007 cohort –0.706 0.327
years x exp_BS nest 7.094 2 0.029
2006 x exp_BS nest 0.030 0.100
2007 x exp_BS nest –0.212 0.093

Random effects σ2plot 0.207 0.159 1.693 1 0.193
σ2plot 0.187 0.141 1.750 1 0.186
σ2nest 3.459 0.285 146.815 1 <0.001
σ2individual - - - - -

Rejected terms brood SR original parents
change in density sex
brood SR foster mass original mother and father
exp_brood SR swapped
BS original parents quadratic terms and interactions
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Figure 3.4 Negative significant effect of brood size manipulation on (a) nestling fledging mass, (b)
day 14 wing length and (c) survival between day 6 and fledging in a great tit population in the
Netherlands for the 3 study years (2005-2007). Nest averages are presented with standard errors
(raw data).



length: –0.160±0.141, χ2=1.284, df=1, P=0.257; survival: –0.858±0.495, χ2=3.008,
df=1, P=0.083). No significant interaction was found between experimental brood
size and experimental brood sex ratio (fledging mass: -0.078±0.044, χ2=3.204, df=1,
P=0.073; day 14 wing length: –0.045±0.043, χ2=1.127, df=1, P=0.288; survival:
3.108±2.016, χ2=2.376, df=1, P=0.123). 

Results at the individual level
For fledging mass and wing length a sex-specific effect of experimental brood size
was found, showing stronger negative experimental effects on nestling males than on
females (interaction sex x experimental brood size, Tables 3.3 and 3.4). This is trans-
lated into a smaller SSD for fledging mass (males > females) and a reversed SSD for
wing length in enlarged broods (Fig. 3.5). No sex-specific effects of the treatments
were found on survival (sex: -0.072±0.094, χ2=0.586, df=1, P=0.444 and sex x

experimental brood size: -0.005±0.038, χ2=0.017, df=1, P=0.896). The survival
model with day 6 mass (Table 3.5; AIC=1063.94) had significantly more support of
the data than the same model with sex and without day 6 mass (AIC=2746.7;
∆AIC=1682.76) meaning that day 6 mass was a better predictor for survival than
sex. Because Oddie`s earlier work (2000) showed that SSD in nestling growth traits
(mass, wing length, tarsus length and gape length) was larger among the smaller
nestlings, we further tested whether the 3 way interaction sex x day 6 mass x experi-
mental brood size explained significant variation in growth and/or survival. It was
not the case in our analyses (interaction tested for: fledging mass: 0.001±0.003,
χ2=0.013, df=1, P=0.909; day 14 wing length: 0.000±0.004, χ2=0.009, df=1,
P=0.924, survival: -0.011±0.023, χ2=0.225, df=1, P=0.635). Negative effects of
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Figure 3.5 Sexual size dimorphism (SSD; size of the nestling males relative to the size of the
nestling females) estimated for each experimental brood size category (R=reduced, C=control
and E=enlarged) for fledging mass and wing length of a great tit population in the Netherlands.
The sample sizes (number of nests) are indicated above the bars. Averages are presented with stan-
dard errors (raw data).



experimental brood size were however stronger for originally light nestlings inde-
pendent of sex (effects of day 6 mass x experimental brood size on: fledging mass
0.013±0.004, χ2=13.866, df=1, P<0.001; day 14 wing length 0.010±0.003,
χ2=12.361, df=1, P<0.001; survival 0.036±0.017, χ2=4.212, df=1, P=0.040).

Over the three years, male nestlings at day 14 were on average 0.7 g heavier than
female nestlings (mean mass males: 16.13g, SD=2.07, n=2082; females: 15.45g,
SD=1.94, n=2161, SSD=4%) and had wings that were on average 2.93 mm longer
than females (mean wing length males: 29.91mm, SD=4.57, n=2082; females:
29.611mm, SD=4.806, n=2161, SSD=1%). Nestling growth and survival were posi-
tively correlated with nestling mass at day 6 but this effect flattened off at high day 6
mass (quadratic effect of day 6 mass, Tables 3.3–3.5). Nestlings originating from
female biased broods were heavier at day 14 than nestlings from more male biased
broods (effect of the brood sex ratio of the original parents; Table 3.3). Wing length
was longer for nestlings originating from larger broods (effect of the brood size of
the original parents; Table 3.4). This indicates an early environmental or parental
quality effect independently of the variation in day 6 mass. No difference was found
in mass or in survival between swapped and non-swapped nestlings (Tables 3.3 and
3.5) but surprisingly nestlings that were swapped grew longer wings (Table 3.4). 

Male sensitivity or sex-biased mortality?
When compared to females, male offspring showed reduced growth in enlarged
broods (interaction sex x experimental brood size, Tables 3.3 and 3.4). This effect
could either be due to males being more sensitive to adverse conditions or to selec-
tive mortality of poor condition females. Because the survival analysis did not detect
a sex-specific effect of the brood size manipulation we further investigated the origin
of the decrease in SSD in enlarged broods to disprove the role of sex-biased mortality.

We thus repeated the analysis on growth (tables 3.3 and 3.4) for two subsets of
the data: one of the nests without (subset 1) and one of the nests with (subset 2)
nestling mortality. If sex biased mortality did not cause the differential brood size
effect for the sexes on growth, the interaction sex x experimental brood size should
also be significant in these subsets. This was not the case: in the subset 1 without
mortality, sex x experimental brood had no significant effect on growth (fledging
mass: sex x experimental brood size=–0.017±0.010, χ2=3.368, df=1, P=0.066,
n=2477; day 14 wing length: sex x experimental brood size=–0.008±0.008,
χ2=0.857, df=1, P=0.355, n=2453 nestlings). In the subset 2 with mortality, sex x
experimental brood size had significant effects on growth (fledging mass: sex x

experimental brood size=–0.037±0.015, χ2=6.219, df=1, P=0.013, n=1774; day 14
wing length: sex x experimental brood size=-0.037±0.012, χ2=9.919, df=1,
P=0.002, n=1774 nestlings). The sex-specific effect of brood size differed signifi-
cantly between the two subsets with a stronger negative effect of the interaction in
the subset with mortality (fledgling mass: sex x experimental brood size x subset=
–0.032±0.016, χ2=3.889, df=1, P=0.049, n=4251 nestlings; wing length: sex x exper-
imental brood size x subset=-0.038±0.014, χ2=7.454, df=1, P=0.006, n=4237
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nestlings). This does suggest a role for selective mortality. If true, in the subset with
mortality we would also expect to find reduced variation in the growth traits among
females of enlarged broods relative to reduced broods due to selective mortality of
the low growth individuals. This was the case: the coefficient of variation for female
growth traits decreased strongly in enlarged broods in the subset with mortality com-
pared to the subset without mortality (Table 3.6). 

DISCUSSION

We investigated the effects of competition on nestling performance using experi-
mental manipulations of brood size and brood sex ratio at different scales (nest and
plot). Nestling growth was negatively affected by the manipulation of brood size but
the sex ratio manipulation had no effect which is consistent with other studies (Fiala
& Congdon 1983; Laaksonen et al. 2004; Szulkin 2003; Røskaft & Slagsvold 1985).
The lack of brood sex ratio effect may come from the fact that for moderate sexually
size dimorphic species with relatively large broods, the effect of sex linked to size
may be weakened by confounding factors such as within-brood hatching date (e.g.
Carranza 2004; Kalmbach, Furness & Griffiths 2005) or egg hormone contents in the
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Table 3.6 Mean mass and wing length of day 14 female and male great tits in reduced and
enlarged broods for two data sets including either all nests with nestling mortality or all nest with-
out any nestling mortality. Means are presented with standard deviation (SD) and their coefficient
of variation (CV) (3 years, raw data).   

fledging mass (g) wing length (mm)

mean SD CV mean SD CV n

with mortality
females

reduced 15.11 2.36 15.60 27.13 5.30 19.52 93
enlarged 14.14 2.01 14.23 27.94 4.45 15.93 636

males
reduced 16.28 2.28 13.98 28.90 4.44 15.37 106
enlarged 14.74 2.00 13.56 28.01 4.51 16.09 625

without mortality
females

reduced 15.98 1.41 8.83 31.11 3.44 11.07 363
enlarged 15.59 1.29 8.25 31.15 3.16 10.13 352

males
reduced 16.59 1.62 9.74 31.24 3.68 11.79 369
enlarged 16.18 1.38 8.53 31.41 3.15 10.01 306



laying sequence (Tschirren, Richner & Schwabl 2004) that are more difficult to con-
trol for the parents and modify the hierarchy and the competitive ability of nestlings
(Carranza 2004). Sexual size dimorphism (SSD) of the offspring in enlarged broods
was smaller for mass and reversed for wing length. This may be caused by biased
mortality towards the smallest individuals, i.e. females in a situation of increased
competition and / or by differential allocation strategies of male and female nest-
lings. In natural high density areas nestlings grew and survived less well and the neg-
ative effect of brood size on growth was stronger. The experimental change of
nestling density controlled for brood size could not be shown to affect nestling per-
formance. Yet the direction of the effect was similar to the effect of natural variation
in density. This is consistent with negative density dependent pattern of reproduc-
tion that leads to reduced growth under high local densities (e.g. Both 1998). 

Early environmental effects
We swapped nestlings between nests at day 6 because the sexes of the offspring had
to be known before swapping. Nestlings that were heavier at the age of day 6 also
were larger/heavier at fledging. We found that the original brood size and/or sex
ratio of the foster parents and traits of the original parents did matter in explaining
growth variation. We dealt with these effects by statistically controlling for them, and
will not discuss them in detail here. Of special interest to this paper is that nestlings
that originated from natural female biased broods were heavier than nestlings from
more male biased broods. This may mean that natural female biased broods occur in
places with less intra-brood competition or that parents invest more into nests biased
towards the dispersing sex when competition is high or that female biased nests
reflect good “quality” of the local habitat or of the original parents. This is in con-
trast to our lack of experimental effect of brood sex ratio from day 6 to 14. Perhaps
sex ratio may have an effect on nestling growth, but at an early stage that we may
have missed with our experimental set-up. 

Sex-specific effects of brood size manipulation
Our results showed that the detrimental effect of experimental brood size on growth
traits was stronger for male than for female nestlings, resulting in a smaller SSD in
enlarged broods. Mass at day 6 was the best individual predictor for survival inde-
pendently of sex. Further analyses indicated that selective mortality of females of low
condition, i.e. the smallest individuals, may explain the brood size related SSD
although we could not detect this directly. 

Two main hypotheses are often proposed as mechanisms explaining variation in
SSD and fledging sex ratio in relation to nest composition. Under the “costly sex
hypothesis”, SSD is associated with differential rearing costs of the sexes so that the
larger sex has higher nutritional requirements for maintenance and growth and suf-
fers more from stressful conditions (Røskaft & Slagsvold 1985; Teather & Weather-
head 1988; Vedder et al. 2005b). In great tits, males should be the costly sex and thus
they should grow less and survive less in enlarged broods and this in interaction with
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brood sex ratio because enlarged male biased broods should be the most costly to
raise for the parents. We found no effect of experimental brood sex ratio on nestling
performance. Differential rearing costs of the sexes are thus an unlikely proximate
factor to explain differential growth between the sexes as found in this study. 

Under the “competitive advantage hypothesis”, SSD is associated with an asym-
metry in competitive abilities between the sexes so that the larger sex benefits from a
dominance advantage over the smaller sex in food competition and suffers less from
stressful conditions (Oddie 2000). In her study, Oddie (2000) found an increased
SSD among small nestlings that experienced high competition and found a survival
advantage for large nestlings that was not sex-specific. In our experiment, the oppo-
site pattern was found. SSD decreased in enlarged broods and sex-specific effects of
experimental brood size were not stronger among small nestlings. We also did not
detect a direct sex-specific effect of the manipulation on nestling survival although
indirect analyzes suggested that in our study biased mortality towards the smallest
individuals (i.e. light females) occurred in enlarged broods. Thus, like Oddie`s study
we can conclude that size is of a prime importance for competitive interactions
between nestlings and can have important fitness consequences. In contrast to
Oddie’s study we can not conclude that males have a competitive advantage over
females (interaction sex x size) because SSD was not larger in enlarged broods and
nestling mass at the day of manipulation was the best predictor for survival inde-
pendently of the nestling sex. Yet it may be possible that sex-specific effect of brood
sex ratio or sex-specific dominance would have appeared if the experiment would
have been performed at an earlier stage. 

Male nestlings remained heavier but grew smaller wings relative to female
nestlings in enlarged broods. This suggests that under stressful conditions the surviv-
ing offspring sexes may adopt different strategies in the allocation of resources as an
adaptive response to their future reproductive roles. Several studies showed that
nestlings can choose strategies in the allocation of limited resources that differ
between sexes (Chin et al. 2005; Dubiec et al. 2006; Tschirren et al. 2003). In our
study, when resources are scarce, females, the dispersing sex, may have invested
more in wing length than in mass because under bad circumstances selection favours
dispersal behaviour. For poor condition females that are likely to be out-competed
in competition for local resources by other birds, the pay-off of dispersal may be
higher than philopatry (Greenwood & Harvey 1982). Males, on the contrary, may
allocate more into mass because mass plays an important role in the out-come of
competitive interactions and thus in the process of territory acquisition (Garnett
1981; Sandell & Smith 1991) or sexual selection (Andersson 1994; but see Blondel et
al. 2002). Differential allocation of resources may be a non-exclusive mechanism
explaining, with the dominance size advantage, the patterns in sexual size dimor-
phism with the manipulation. 

From this study there are no indications for differential provisioning behaviour of
the parents towards male and female offspring. If the smaller sex would have a higher
fitness return per unit of investment under harsh conditions, we expect the parents to
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feed the smaller sex more. However, when we forced parents to raise extra nestlings
or extra males, females did not perform better than males in enlarged or male biased
broods. This result is consistent with an experiment done in the same population:
parental provisioning behaviour did not differ between male and female nestlings
when the brood sex ratio was biased (Michler et al. submitted). 

Effects of plot density
We expected density manipulation to affect the level competition for food among
adults during the rearing phase but it was not the case. We did however find a consis-
tent negative effect of natural offspring density on nestling growth traits and survival.
Although not significant, the experimental effects of offspring density were in the
same direction and magnitude as the effects of natural variation in offspring density.
This suggests that the degree of the density manipulation was probably too small
(mean change: ±13 %) to detect experimental effects.

Because offspring density correlated positively with the natural breeding density
of birds (r=0.84, P<0.001, n=36), these results are consistent with negative density
dependence in reproductive parameters found in other studies (e.g. Both 1998).
Local competition for food during the nestling phase may be an important mecha-
nism behind negative density dependence of reproductive parameters (Both 1998b;
Török & Toth 1988). Although this is in contrast with earlier results from work in the
same population (Nicolaus et al submitted), the effects of local densities found in
the current study indicate that it was beneficial for the parents to produce smaller
broods under natural high local densities because young fledged in better condition
and thus were more likely to survive until fledging. Hence further fitness analyses
are needed to see whether local densities can affect optimal brood size. 

Conclusions
Competition for resources acted at the level of the nestlings (within nests) since
experimental brood size negatively affected nestling growth traits and nestling sur-
vival. The number of offspring rather than the proportion of males and females was
the main factor determining competition level in the nest. Size of the nestlings at the
day of manipulation appeared to be a good predictor for nestling competitive ability
and for survival. A decrease of SSD for mass and a reverse SSD for wing length in
enlarged broods was thus interpreted as being the result of a selective mortality
towards the less competitive nestlings (i.e. the smallest), which were the females that
may have been of low condition. Differential allocation of limited resources between
males and females may also be a non-exclusive mechanism explaining the pattern.
We plan to further study the long term effects of altered competition to investigate
how growth related fitness differs between the offspring sexes.
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Abstract
We describe the use of subcutaneous passive integrated transponder (PIT) tags in
nestling and adult Great Tits Parus major. We investigated whether subcutaneous PIT
tags affected fledging success, winter condition, survival and/or recruitment. We found
no negative effects of PIT tags on any of these measures either in juveniles or in adults.
Subcutaneous PIT tags have the advantage that the risk of tag loss is negligible and that
further data collection can be automated. The subcutaneous implantation of PIT tags
provides a promising technique for researchers aiming at gathering short or long-term
data without the need to handle or disturb small birds after implantation. 

Chapter4
Effect of PIT tags
on the survival and recruitment of Great Tits

Marion Nicolaus, Karen M. Bouwman and Niels J. Dingemanse



INTRODUCTION

Passive integrated transponder (PIT) tags offer a useful technique for monitoring
animal activity in the wild. PIT tags, designed for implantation, do not require bat-
teries and, thus, potentially, have an unlimited lifespan. These tags permit collection
of data without handling or disturbing animals after being equipped with a PIT tag.
Placing antenna at sites that are known to be regularly visited by tagged individuals,
such as nests or feeders, could be used to collect automated data that provide infor-
mation about behaviour (e.g., roosting, feeding activity, and movements) and may
allow survival estimation. 

PIT tags have been used to quantify the provisioning and feeding behaviour of
birds (Ballard et al. 2001; Boisvert & Sherry 2000; Freitag, Martinoli & Urzelai 2001;
Ottosson, Backman & Smith 2001; Weimerskirch et al. 2001), to monitor the survival
of individuals (Becker & Wendeln 1997; Dittmann & Becker 2003; Gendner et al.
2005) and to identify nests in the wild (Booms & McCaffery 2007). To date, PIT tags
have been used primarily in large adult birds (Weimerskirch et al. 2001, Ballard et al.
2001, Gauthier-Clerc et al. 2004, Low et al. 2005), but also in chicks of large birds (e.g.
Applegate et al. 2000; Carver, Burger & Brennan 1999; Gauthier-Clerc et al. 2004;
Jamison et al. 2000). Investigators have reported no negative effects of these tags on
behaviour or survival (Carver et al. 1999; Clarke & Kerry 1998; Gauthier-Clerc et al.
2004; Jamison et al. 2000; Kenward et al. 2001; Low, Eason & McInnes 2005).

For passerines, PIT tags have generally been attached externally to metal or
colour bands (Boisvert & Sherry 2000; Ottosson et al. 2001). Because externally
attached tags may be lost (Jamison et al. 2000), subcutaneously injected PIT tags
would be preferable, especially for monitoring the behaviour or survival of individu-
als over extended periods. However, for small passerines, the effects of subcuta-
neous PIT tags on passerines could differ from those on larger birds. The behaviour
of adult and juvenile Dark-eyed Juncos Junco hyemalis with and without subcuta-
neous implanted PIT tags did not differ (Keiser et al. 2005), but the possible effects
of these tags on fitness components in passerines have not been investigated. Our
objective was to determine if the subcutaneous use of PIT tags had adverse effects
on juvenile and adult Great Tits Parus major and, specifically, to determine if PIT
tags influenced fledging success, condition, survival, and recruitment. 

METHODS

Data collection
We studied Great Tits in the Lauwersmeer (53°23’N, 6°14’E), a wetland area in The
Netherlands. In 2005, we placed 50 nest boxes in each of 12 woodlots. Beginning in
April, boxes were checked weekly to determine laying dates, hatch dates, and clutch
sizes. When 2 days old (day 0 = hatching day), nestlings were bled and subsequently
sexed using molecular methods (Griffiths et al. 1998). At day 6, nestlings were band-
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ed with a metal band and, at day 14, they were weighed (± 0.1 g) and banded with
three colour bands to allow individual identification after fledging. At day 14, the
mean weights were 15.61 ± 1.39 g (N = 1675) for female nestlings and 16.32 ± 1.41 g
(N = 1626) for males. Juveniles typically fledge when 20 days old (2005-06 1st

broods: 20.36 ± 1.48 days, N = 383 nests). 
Survival during the post-fledging period was estimated by observation of colour-

banded juveniles from June - October 2006, following a fixed protocol with constant
effort in the whole study area. Twice a month, each woodlot and its surroundings
were checked for 4 hrs and colour-banded birds were identified using binoculars.
Observations began when the first juveniles fledged. In addition, from September -
December 2005 and 2006, juveniles and adults were captured in mist nets, weighed,
and measured. In mid-December, all boxes were checked for roosting birds. 

PIT tags
In 2005, we conducted a pilot experiment to test the feasibility and potential impact
of subcutaneous injection of PIT tags on nestlings. Nestlings in 24 of 258 nests were
randomly chosen for implantation. Within these 24 nests, 54 of 181 nestlings (27 ran-
dom females and 27 random males) were injected on day 10 and checked for infec-
tion on day 14. During 2006, two or three juveniles per nest were randomly assigned
to receive a subcutaneous PIT tag on day 14. Overall, 444 of 1557 nestlings were
implanted (Table 4.1). In 2005, adult Great Tits captured during the non-breeding
season (see above) were divided into an experimental group implanted with PIT tags
(N = 42) and a control group (N = 99). Adults were implanted using the same pro-
tocol described for juveniles. 

We used Trovan ID100 (Trovan, Ltd., Douglas, UK) implantable PIT tags (2.12 x
11.5mm; 0.1 g). These tags provide a unique 5-byte code read with either a portable
or stationary reader. PIT tags, provided pre-sterilized and ready to use with a dispos-
able needle, were injected subcutaneously in the back of birds above the scapula and
in the featherless area on the right side (Fig. 4.1A). During each procedure, one per-
son held the bird while a second person injected the PIT tag. To facilitate injection,
the second person gently pulled up the skin using a pair of tweezers with round
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Table 4.1 Survival between day 14 and fledging for Great Tit nestlings implanted (“tagged”)  and
not implanted (“control”) with a PIT tag in the breeding season 2006.   

First broods Second broods

N % fledged N % fledged

Control females 432 90.5 133 95.5
males 427 90.2 121 99.2

Tagged females 172 91.3 53 100
males 171 95.9 48 100



extremities (Fig. 4.1A). The perforation of the skin, located below the implanted tag,
was closed by applying a small quantity of topical adhesive (NEXABAND®S/C,
Abbott Laboratory) and pressing the skin with a cotton stick for one second (Fig.
4.1B). The procedure did not require anesthetic and the injection did not cause any
bleeding. After about 2 min, the wound was checked and a Trovan LID 570 Pocket
Reader was used to check whether the PIT tag was detected after implantation
(detection range=380 mm with a pocket reader and 240 mm with a GR250 reader;
Fig. 4.1C). 

Statistical analyses
Binominal response models with logit-link functions were used to study the impact
of the implantation of PIT tags on fledging success (defined as the survival between
day 14 and fledging) and recruitment of nestlings (defined as the probability of a
locally born bird to enter the breeding population the following year knowing that it
fledged). We used Generalized Linear Mixed Models (GLMM) where woodlot, nest
box nested within woodlot, and individual nested within nest box were fitted as ran-
dom effects (using MLwiN v. 2.02(Rasbash et al. 2004). Presence / absence of a sub-
cutaneous PIT tag was fitted as fixed effect as well as several covariates that may bias
the outcome of the estimated effects of PIT tag: sex, hatching date and mass at day
14. All continuous explanatory variables were centered around the mean by subtract-
ing the mean trait value of the population of that year from the individual trait
(Rasbash et al. 2004). In 2005, all nestlings implanted at day 10 successfully fledged
so we could not analyze fledging success. In addition, sample sizes were not balanced,
with 54 implanted nestlings and 1726 non-implanting nestlings. Therefore, to analyze
recruitment, we reduced the sample size of the non-implanted birds by randomly
picking 100 nestlings (50 females and 50 males).
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Figure 4.1 (A) A nestling Great Tit (day 14) being implanted with a PIT tag using a sterile dispos-
able needle. The injection is facilitated by pulling up the skin with a pair a tweezers. (B) After
injection, the PIT tag remains visible under the skin in the middle part of the back. The wound is
closed with tissue glue. (C) The PIT tag code is checked with a hand pocket reader before replacing
the nestling in the nest.



Capture-recapture data analyses were carried out using MARK v. 5.1 (White et
al. 1999). Post-fledging survival (ϕ) and recapture probabilities (p) were estimated
for each month (t) of the re-sighting period using Cormack-Jolly-Seber models.
Starting from a basic time-dependent model known to have a good support of the
data (Michler, unpubl. data), we examined the effects of treatment (two groups:
implanted vs. non-implanted; effect of implantation denoted as T in the model) on
survival. We tested whether the two models ϕ(t)p(t) (model 1) and ϕ(t+T)p(t)
(model 2) differed using a Likehood Ratio test. Goodness-of-fit analysis was per-
formed on the full time-dependent model using the median ĉ-approach. Our global
model was an appropriate starting model (ĉ=1.65). 

For re-captured fledglings, we compared the mass of implanted nestlings (cor-
rected for the PIT tag mass of 0.1 g) to that of non-implanted nestlings using t-tests
for independent samples (STATISTICA v. 7.0). We used a binominal response
model with logit-link function (see above) to estimate adult winter survival, with the
survival probability from winter to the subsequent breeding season used as a
dependent variable. The presence/absence of a PIT tag, sex, and centered winter
mass (see above) were included in the model. Level of significance of the explana-
tory variables was set at P < 0.05. All means are given with standard errors (SE). 

RESULTS

In 2005, all nestlings implanted at day 10 fledged successfully. In 2006, fledging suc-
cess was not affected by the presence of PIT tags, sex, or hatching date. However,
fledging success increased with fledging mass at day 14 (Table 4.2). Juvenile post-
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Table 4.2 Effects of presence of a PIT tag, mass at day 14, sex, and hatching date on fledging suc-
cess and recruitment of young Great Tits in two years. Significant values of P are given in bold face.

Fledging successa Recruitment

β s.e (β) χ21 P β s.e (β) χ21 P

2005
presence of PIT tag - - - - –1.57 0.67 2.7 0.10
mass at day 14 - - - - –0.33 0.23 2.1 0.15
sex - - - - 0.68 0.78 0.7 0.39
hatching date - - - - -0.23 0.11 4.5 <0.05

2006
presence of PIT tag –0.23 0.31 0.6 0.46 0.01 0.16 0.01 0.94
mass at day 14 0.01 <0.01 62.6 <0.001 0.26 0.05 24.6 <0.001
sex –0.01 0.29 <0.01 0.98 –0.05 1.61 0.1 0.78
hatching date 0.02 0.02 1.3 0.25 –0.03 0.01 30.5 <0.001

aThe analysis was not conducted in 2005 because all implanted birds fledged successfully.



fledging survival did not differ between tagged and untagged birds over the first
5 months (LRT: χ21=0.2, P=0.69; deviance model 1=105.90; deviance model 2=
105.74, Fig. 4.2). Survival estimates were 0.78±0.02 for young with PIT tags and 0.77
±0.01 for those without tags. 

Generally, PIT tags remained at the point of injection. When nestlings were
checked four days after implantation and when juveniles were captured after fledg-
ing, PIT tags were still visible under the skin at the site of implantation and no birds
showed signs of infection. For one recaptured juvenile, the PIT tag was not visible,
but had moved into surrounding tissues. 

Winter condition
The mean mass of young females with (17.8±0.1 g, N=18) and without (17.5±0.1 g,
N = 38) tags did not differ (t54=0.8, P=0.42). Similarly, the mean mass of young
males with (18.9±0.1 g, N=35) and without (18.9±0.1 g, N=77) tags did not differ
(t110=1.0, P=0.31). 

Recruitment
For young that fledged in 2005, the recruitment probability was 0.04 for implanted
birds (N=54) and 0.06 for non-implanted birds (N=100). In 2006, recruitment prob-
ability was 0.16 for implanted birds (N=422) and 0.15 for non-implanted birds
(N=1026). For both years, recruitment probability was not affected by either the
implantation of PIT tags or nestling sex (Table 4.2). However, hatching date had a
negative effect on the likelihood of recruitment (Table 4.2, Fig. 4.3) and heavier
fledglings had a higher recruitment probability in 2006 (Table 4.2, Fig. 4.4).
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Figure 4.2 Monthly post-fledging survival estimates for juvenile great tits implanted with a PIT tag
and control birds (i.e. non-implanted). Estimates (±0.95 CI) are for the year 2006 and derived
from a mark-recapture analysis based on the model ϕ(T+t+Tx t)p(t) (where ϕ = survival probabil-
ity, T = presence of PIT tag, t = time intervals and p = resighting probability). PIT tagged and con-
trol birds did not differ in survival. With this model no reliable survival estimate for PIT tagged
birds could be provided for the last interval.



Adult recapture rate
For adult birds captured during the non-breeding season (2005), the probability of
breeding the next year (2006) was 0.24 for implanted birds (N=42) and 0.15 for non-
implanted birds (N=99). Recapture rates were not affected by the presence of a PIT
tag (0.68(0.47), χ2

1=2.1, P=0.15), winter mass (-0.25(0.28), χ2
1=0.8, P= 0.38), or

sex (–0.29(0.54), χ2
1=0.3, P=0.59). 
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DISCUSSION

We found that subcutaneous PIT tags had no adverse effects on nestling survival,
fledging success, survival of juveniles and adults, or recruitment rates in Great Tits.
These results, in combination with those of Keiser et al. (2005), suggest that subcuta-
neous PIT tags can be used on small passerines without deleterious effects for at
least one year. Similar results have been reported for larger birds, with PIT tags hav-
ing no deleterious effects on the behaviour and survival of either adults (Clarke &
Kerry 1998; Gauthier-Clerc et al. 2004; Kenward et al. 2001; Low et al. 2005) or juve-
niles (e.g. Carver et al. 1999; Jamison et al. 2000). 
PIT tags could have a wide range of applications, including the study of behavioural
decisions of nestlings, juveniles and adult passerines over longer time scales and dur-
ing different periods of the year. For passerines that can be attracted to automated
readers, PIT tags may allow researchers to obtain standardized estimates of e.g. spa-
tial behaviour, timing of dispersal, foraging behaviour, and survival. Compared to
telemetry, PIT tags offer the advantage of automated data collection with minimal
disturbance of animals and collection of standardized data for large sample sizes.
Nevertheless further studies are needed to judge how the advantages of this tech-
nique balance its potential disadvantages (e.g. detection range, high cost and detec-
tion accuracy).
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BoxC
Experimental effects of social environment
on post-fledging movements in the great tits
(Parus major)

Marion Nicolaus



INTRODUCTION

In territorial monogamous species, the acquisition of a territory and a mate is a pre-
requisite for reproduction (Begon et al. 1990). Therefore habitat selection and settle-
ment are important determinants for individual fitness. Discrimination among dif-
ferent habitats may be greatly influenced by their local social environment (number
or proportion of different individual types) that determine the level of intra-specific
competition for limited resources or convey information about local breeding per-
formance of conspecifics (public information) (see chapters 8 and 17 in Clobert et al.
2001). In this box we tested which mechanisms (competition vs. public information
use) underlie dispersal patterns of great tit fledglings (Parus major) during the post-
fledging period. This phase is indeed expected to play an important role in habitat
selection process because it precedes the appearance of sexual behaviours (e.g. terri-
torial behaviour) and settlement choice (Drent 1984). 
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To unravel the mechanisms underlying post-fledging movements of male and
female fledgling great tits, we altered for three years the social environment of 12
woodlots (plots) via simultaneous manipulations of local fledgling densities and sex
ratios. In a pilot in 2006, we analyzed post-fledglings movements between feeding
tables of PIT tagged young great tits in relation to the plot manipulations. We then
examined whether these movements correlated with roosting choice in winter and
settlement the next year. In great tits, males is the dominant and philopatric sex
(Greenwood et al. 1979; Wilson 1992). Hence if competition between the sexes is the
main mechanism behind these movements, females are expected to move further
away from male biased high density plots. If competition within the same sex is the
main mechanism behind these movements, birds are expected to move further away
from plots carrying higher number of their sex. Alternatively, if high density and high
proportion of males is a cue for high quality habitat (Doligez, Danchin & Clobert
2002; Doligez et al. 2008), birds are expected to stay or to move less far away from
high density and / or male biased plots. 

MATERIAL AND METHODS

Study area and study species
The study was carried out in a great tit population (Parus major) 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). Each plot consisted of 50 boxes which were at a distance of 50 m
apart from each other (Fig. Box C.1). 

Data collection
BREEDING SEASON

From the beginning of April on, occupied nest-boxes were monitored and breeding
data such as laying date, clutch size or hatching date (day 0) were collected. Nestlings
in each nest were ringed, their growth followed and their parents caught for identifi-
cation. All details concerning the procedure are described in chapter 2. Of impor-
tance for this study, chicks of the first broods were swapped at day 6 among nests of
similar age to achieve the manipulation needed at a plot level (see experimental
part). At day 14, two to three nestlings were randomly chosen in each nest to be sub-
cutaneously implanted with a Passive Integrated Transponder (PITtag; for details see
Nicolaus et al. 2008). This later treatment was also applied to nestlings of the second
broods. In 2006, 157 Pit tagged females and 164 Pit tagged males fledged successfully.

POST-FLEDGING PHASE - WINTER

In 2006, 24 feeding tables (or feeders) were temporary placed in the study area (both
in and in between the nest-box plots) from early August until end of December (Fig.
Box C.1). These feeders were all equipped with an antenna connected to a reader
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(Trovan LID 665 reader). This system allowed the collection of automated data of
the visits of PIT tagged birds. Every bird visit was recorded with time, date and the
transponder number of the bird. The first 3 first weeks of August, the feeders were
continuously filled with sun flower seeds to allow birds to learn their location. After
these first weeks, the feeders were filled semi-randomly once every three weeks (i.e.
allowing only half of the feeders to be filled at the same time). The feeders were vis-
ited once a week to change the battery of the reader, to fill or remove seeds and to
download the readings. 

WINTER AND NEXT YEAR BREEDING SEASON

Mid December all nest-boxes were checked at night to determine which great tits
roosted in them. Recruitment and settlement decisions were determined based on
recaptures of young ringed great tits as breeding birds in our study area the next
year.

Experimental set-up
We altered the social environment (number of males and females) of the great tit
population in the 12 study plots via simultaneous manipulations of plot nestling den-
sities (number per plot, i.e. per 50 nest-boxes) and sex ratios (proportion of nestling
males in a plot) at day 6 leaving the natural breeding densities (number of breeding
pairs per plot) unchanged. That way, we created six different experimental treat-
ments combining a manipulation of nestling density (low/high) and sex ratio
(female/balanced/male). These plot treatments were achieved by manipulating all
the local brood sex ratio and brood size in the direction needed to achieve the plot
treatment. Female and male biased plots were manipulated to ca 25% or ca 75%
male nestlings respectively while balanced plots were manipulated to ca 50% which
reflects a natural situation. Low and high density plots were manipulated to ca
±13% of change in the number of nestlings in a plot. For further details on the
manipulation scheme and the success of the experimental changes, see Nicolaus et
al. (2009b). This study was carried out under license of the Animal Experimental
Committee of the University of Groningen (license DEC-4114 B).  

Analyses
POST-FLEDGING MOVEMENTS

To analyze the effect of altered social environment on post-fledging movements, we
grouped the 24 feeders under 12 areas of which manipulation correspond to those of
the closest plot (e.g. feeders placed outside a nest-box area were arbitrary assigned
to the closest plot; Fig. Box C.1).

The automated data collected on the feeding tables gave us information for each
month on which birds were visiting which feeder. We therefore calculated per bird
the number of different feeders visited per month as well as the maximum distance
travelled per month. The maximum distance was calculated as being the distance
between the nest-box of origin and the feeder visited. The number of months that an
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individual was detected varied from 1 to 4. To account for sources of inter-depend-
ency between measurements (repeats measurements of individuals originated from
the same nest or the same plot), we used generalized linear mixed models (MLwiN
versions 2.02; Rasbash et al. 2004) distinguishing between variance at 4 levels: plot,
nest, individual and month. 

We analyzed the log10 of the maximum distance travelled per month using nor-
mal response models whereas the number of feeders visited per month was analyzed
using Poisson response model with a log link function. We tested for effects of
altered social environment by including in the model the natural plot nestling density
and sex ratio at day 6 and their experimental changes (original values before manip-
ulation – experimental values after manipulation at day 6) and the interaction
among treatments. To test for sex-specific effects, fledgling sex was included in the
models and tested in interaction with the experimental changes of density and sex
ratio. We also controlled the analyses for fledging date, brood size (original brood
size and its change at day 6), time and time2. Apart from sex (female=0 and
male=1) that was fitted as a factor (with female used a reference category), all the
other explanatory variables were used as continuous. All variables except time were
centred around the population mean. In total 37 different individuals were detected
on the feeding tables and 87 repeat measurements of these individuals were available.

CORRELATES WITH LONG TERM DISPERSAL

We investigated whether post-fledging movements were a predictor for long term
dispersal. For that we analyzed the variation in distance to the roosting site in winter
(distance between the nest-box of fledging and the nest-box of roost in December
n=15 birds) and in natal dispersal distance (distance between the nest-box of origin
and the nest-box of breeding the next year; n=11 birds) in relation to the maximum
distances travelled by fledglings during the last month they were detected. To
account for sources of inter-dependency between measurements (individuals origi-
nated from the same nest or the same plot), we used generalized linear mixed mod-
els (MLwiN versions 2.02; Rasbash et al. 2004) distinguishing between variance at 3
levels: plot, nest and  individual. The log10 distances were analyzed using normal
response model. We also tested for sex specific effects by including sex as a factor
(with female =0 used a reference category) and sex interactions in the models. 

RESULTS

Distance travelled
Interestingly, altered plot sex ratio had a sex-specific effect on the maximum dis-
tance travelled per month (Table Box C.1). Female fledglings moved further in
response to sex ratio manipulation as compared to males (sex x ∆SR, Table Box C.1,
Fig. Box C.2A). We also found that birds fledged in reduced density plots moved fur-
ther than birds fledged in increased density plots (∆D, Table Box C.1, Fig Box C.2A).
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This effect was not sex-specific (sex x ∆D: 0.001±0.006; χ2df1=0.05, P=0.821). The
interaction between the treatments was not significant (not shown).

We did not detect further effects of date (0.079±0.048; χ2df1=2.70, P=0.100),
brood size (original BS: -0.033±0.023; χ2df1=1.97, P=0.160; _BS: 0.002±0.021;
χ2df1=0.01, P=0.920) or time (time: -0.030±0.020; χ2df1=2.29, P=0.130, time2:
0.019±0.015; χ2df1=01.55, P=0.213).

Box C

92

Table Box C.1 Model summary of hierarchical models for the maximum distance travelled per
month per PIT tagged great tit fledglings (n=37 individuals) in relation to plot density, sex ratio
manipulations and sex (∆=experimental change, D=nestling plot density; SR=nestling plot sex
ratio). 

Parameter level β s.e. (β) χ2df1 P

intercept –3.084 0.083
∆D plot -0.007 0.003 6.47 0.011
∆SR plot 1.815 0.561 10.46 0.001
sex indiv. –0.270 0.091 8.75 0.003
sex x ∆SR indiv. –1.933 0.611 10.2 0.001

random effects σ2plot 0.000 0.011 0.01 0.975
σ2nest 0.058 0.020 8.13 0.004
σ2indiv 0.000 0.000 - -
σ2month 0.028 0.006 25.67 <0.001
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Figure Boc C.2 Maximum distance travelled by PIT tagged great tit fledglings between their nest-
box of origin and one of the feeders during the post-fledging period in relation to the sex ratio
manipulation (change in the proportion of nestling males in a plot) (A) and the density manipula-
tion (change in the number of nestlings in a plot) (B) performed in their fledging plot. Female
fledglings are indicated in black (n=10) and male fledglings in white (n=27). Raw data. 



Number of visited feeders
The number of different feeders visited per month was not affected by the plot
manipulation (original plot density: -0.001±0.002; χ2df1=0.29, P=0.590, ∆D:
0.002±0.006; χ2df1=0.10, P=0.753; original plot SR: 0.071±3.139; χ2df1=0.01,
P=0.948; ∆SR: -0.551±0.578; χ2df1=0.91, P=0.340). We also did not detect further
effects of sex (0.161±0.232; χ2df1=0.48, P=0.488), date (-0.0690±0.120; χ2df1=0.33,
P=0.565), brood size (original BS: 0.009±0.052; χ2df1=0.03, P=0.863; ∆BS:
0.038±0.041; χ2df1=0.88, P=0.348) or time (time: 0.005±0.089; χ2df1=0.01,
P=0.956; time2: 0.007±0.079; χ2df1=001, P=0.933). Interactions among these vari-
ables were not significant (not shown).

Distance to roosting site
The distance to the roosting site for birds that locally survived until the winter was
significantly and positively related to the maximum distance travelled by fledglings
during the last month they were detected (Table Box C.2A; Fig. Box C.3A). This
relation was similar between the sexes (-0.019±0.111; χ2df1=0.03, P=0.865).

Natal dispersal distance
For the birds that did survive until the next breeding season, their natal dispersal dis-
tance was significantly and positively related to the maximum distance travelled by
fledglings during the last month they were detected (Table Box C.2B; Fig. Box
C.3B). Female dispersed further than males but no significant sex interaction was
found (0.360±0.277; χ2df1=1.68, P=0.194).

DISCUSSION

We expected altered social environment to affect the post-fledging movements of
fledgling great tits. Despite a low sample size our pilot study reveal strong effects of
altered density and sex ratio on the distance travelled by young great tits between
August and December. These distances correlated with the distance to the roost in
winter and with the natal dispersal distance. 

We found that females moved further in response to sex ratio manipulation as
compared to males. This effect did not interact with the altered density meaning that
plot sex ratio per se and not the number of males affected female movements. This
suggests that frequency dependent selection affected female movements. This pat-
tern was not generated by sex-specific effects of sex ratio manipulation on fledgling
survival (Michler et al. submitted). Because of their subordinate status, young
females may be outcompeted by males at the feeding tables and thus may be forced
to leave the area. Inter-sexual competition for food in more general may be the
mechanism behind this pattern. Moreover, great tits fledging in high density plots
moved less far than those in low density plots. This pattern may have several
explanations. In high density plots where the majority of brood sizes were enlarged,
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Table Box C.2 Model summary of hierarchical models for the distance travelled by PIT tagged
great tit fledglings since fledging to the roost site in winter (n=15 individuals) (A) or to the next
year breeding site (n=11 individuals) (B) in relation to the maximum distance travelled to a feeder
the last month they were detected.  . 

Parameter level β s.e. (β) χ2df1 P

A. distance to roost
intercept –1.515 0.528
max distance to the feeder indiv. 1.539 0.189 66.65 <0.001

random effects σ2plot 0.072 0.045 2.55 0.110
σ2nest 0.000 0.000 - -
σ2indiv 0.018 0.009 4.05 0.044

B. natal dispersal distance 
intercept 0.954 0.336
max distance to the feeder indiv. 0.857 0.122 49.79 <0.001
sex indiv. –0.327 0.109 8.92 0.003

random effects σ2plot 0.000 0.000 - -
σ2nest 0.000 0.000 - -
σ2indiv 0.025 0.011 5.50 0.019
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Figure Boc C.3 Relation between the maximum distance travelled to reach a feeder during the
post-fledging phase (from the nest-box of origin) and the distance travelled to the roosting site in
winter (from the nest-box of origin) (A) and the natal dispersal distance (B). Female fledglings are
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juveniles may be on average in worse condition. This reduced body condition may
subsequently affect their behaviour or their metabolism in terms of reduced flight
performance or reduced energy intake which hampered their mobility (Naef-
Daenzer & Grüebler 2008). However, in our population data did not support this
later hypothesis because natal dispersal distance increased with reduced fledging
mass (Tinbergen 2005). Alternatively, high density plots may have appeared attrac-
tive for young great tits since an increased number of fledglings may be perceived as
high local breeding success (public information) (Doligez et al. 2002). Consequently,
great tits in those areas ma have been more prone to stay and exploit the closest
sources of food. Competition together with the use of public information may be the
mechanisms driving bird dispersal decisions. 

We found that the distance travelled to the feeding tables between August and
December correlated with the distance to the roosting site in December and to the
natal dispersal distance. This confirms our prior expectation that settlement deci-
sions are based on experience during the post-fledging phase. It is also consistent
with behavioural observations showing that males already chose their breeding sites
in early autumn and try to defend it until the next spring (Drent 1984). 

We are aware that using data collected on feeding tables may not be representa-
tive for the behaviour of all birds (e.g. biased towards dominant birds or towards
explorative individuals). Direct observations data at the feeding tables are needed to
interpret these data. Moreover, this study was a pilot and was based on one year and
small sample sizes. More years are thus needed to confirm the observed pattern.
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Abstract
Habitat selection can affect individual fitness and therefore settlement choices are
expected to be under strong selection pressure. In this study, we examine how social
environment affects local survival, and settlement of juvenile great tits (Parus major)
focusing on two opposite processes, competition avoidance and the use of public infor-
mation. For that, we altered the social environment of 12 semi-isolated nest-box areas
(plots) via simultaneous nestling density (low / high) and nestling sex ratio (female
biased / balanced / male biased) manipulations during three years. We quantified the
experimental effects of density and sex ratio on local survival, emigration and settle-
ment decisions of female and male juveniles on the basis of recaptures in the subse-
quent year. Under the ‘competition’ hypothesis, high density and male biased plots were
expected to elicit a high level of intra-specific competition and thereby reduce survival
and trigger emigration. Because females are subordinate to males, they are expected to
be more negatively affected by high numbers of males than juvenile males themselves. If
competition within sex is most important, juveniles are expected to be more affected by
their own sex density. Alternatively, under the ‘public information’ hypothesis high den-
sity male biased plots could be perceived as good habitat with high local breeding per-
formance and thus increase settlement. Consistently with the ‘competition’ hypothesis,
juveniles avoided settling in natural high density plots where they suffered from a
reduced local survival chance. This behavior may reduce direct competition with experi-
enced breeders and immigrants, especially in terms of territorial fights among males.
Interestingly, juveniles also settled more in former male biased plots which did not sup-
port the ‘competition’ hypothesis but was in agreement with the ‘public information’
hypothesis. Male biased plots carried more of the philopatric sex which led to higher
local juvenile densities during the post-fledging period. They may have thus appeared
attractive for settlement. Our study provides experimental evidence that local social
environment during the summer plays an important role in the redistribution of juve-
niles over the habitat the next year. 

Chapter5
Effects of social environment on local survival,
emigration and settlement: an experimental
study in juvenile great tits (Parus major) 

Marion Nicolaus, Stephanie P. M. Michler, Kirsten M. Jalvingh, Richard Ubels,
Marco van der Velde, Jan Komdeur, Christiaan Both and Joost M. Tinbergen



INTRODUCTION

Habitat selection is crucial to both individual fitness and population dynamics and
therefore individuals are expected to be under strong selective pressure to make
optimal settlement choices (Fretwell & Lucas 1970; Kristan 2007). When breeding
habitats vary in quality, those with high intrinsic quality modulated by the local social
circumstances such as local competitor density should be chosen. Usually, individual
fitness in a habitat is expected to be negatively affected by density because local
competitor density increases competition and aggression with resident members of
the same species and also among new settlers in the habitat (Fretwell 1972; Holt &
Barfield 2001). Therefore, when resources are limited, the presence of already estab-
lished conspecifics reduces the settlement chance of new individuals (competition
hypothesis). Nevertheless, there are cases where individuals choose to settle close to
conspecifics (Stamps 1988). It may occur when individuals monitor other’s interac-
tions with the environment to gain knowledge about possible suitable breeding habi-
tats (Boulinier & Danchin 1997; Danchin et al. 2004). Such social information, inad-
vertently provided by other individuals, may be used to localize available resources
in the habitat (social attraction) or to assess accurately the quality of the habitat
(public information) (Valone 2007; Valone 1989). In this last case individuals would
settle close to successful breeders to benefit from the same favorable conditions
(Danchin et al. 2004; Stamps 1988) (public information hypothesis). In this study we
experimentally manipulated the social environment to examine its effect on survival
and settlement of the juvenile great tits (Parus major) focusing on two opposite
processes, competition avoidance and the use of public information. We also
addressed the role of sex-specific effects. 

In birds dispersal is typically female biased and takes place primarily between the
site of birth and the site of first reproduction (natal dispersal) but dispersal between
two breeding sites can also occur (breeding dispersal) (Greenwood & Harvey 1982).
Most studies found a positive correlation between local breeding densities and natal
dispersal distance (e.g. Nilsson 1989) and a negative effect of local breeding densities
on juvenile settlement chances (Krebs 1971; Knapton & Krebs 1974). Hence, disper-
sal behaviour is usually seen as an adaptive behaviour to avoid negative fitness conse-
quences of  intraspecific (kin)competition for space and mates (reviewed in Lambin,
Aars & Piertney 2001). Yet this view is not a general rule since there are also cases
where local density enhances individual fitness and where it becomes beneficial to
aggregate. For instance, high local densities of male “candidates” for territories can
facilitate rather than reduce their settlement chance because presumably a high den-
sity of candidates increases the costs associated to territory size for the resident terri-
tory holder (Tinbergen et al. 1987; Drent 1983). Local densities of adults (Forsman et
al. 2008) or juveniles (Doligez et al. 2002, Parejo et al. 2007) can also be used as public
information to judge local habitat quality. In that case, high local densities will convey
positive information about the local breeding performance of conspecifics and subse-
quently reduce the uncertainty of the available settlement options (e.g. Boulinier et al.
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2008). The use of public information should be especially valuable for young birds
without prior breeding experience and unfamiliar with the habitat (Muller et al. 1997)
and should a profitable habitat selection strategy until settling close to conspecifics
increases local competition and reduces local habitat quality (Doligez et al. 2003). 

In this study we investigated the effect of local social environment on dispersal
and settlement decisions of juvenile great tits (Parus major). We also examined
whether dispersal decisions and habitat selection differed between the sexes and were
frequency dependent. In tit species it is known that local densities can influence habi-
tat choice through negative effect of competition (e.g. Delestrade, McCleery &
Perrins 1996; Greenwood et al. 1979) or by signaling habitat quality (Parejo et al.
2008; Parejo et al. 2007). There is also evidence that parents breeding in high quality
areas produce more males (Doligez et al. 2008) which suggests that local sex ratio can
be an element of public information. For these reasons we manipulated in three con-
secutive years (2005-2007) the local fledgling densities (low, high) simultaneously
with the local fledgling sex ratios (female biased, balanced, male biased) of 12 areas
(plots). We then quantified the effect of altered social environments on survival, emi-
gration probability and settlement decisions of both male and female juveniles. Other
possible effects linked to e.g. individual features (e.g; Dhondt & Huble 1968;
Dingemanse et al. 2003; Verhulst 1997) or inbreeding avoidance (Szulkin & Sheldon
2008) were not examined. Under the ‘competition hypothesis’, high density and male
biased plots should elicit a high level of intra-specific competition because the male is
the dominant and the philopatric sex (Drent 1983; Drent 1984) and therefore these
plots are expected to be competitive environments. Juveniles of both sexes are
expected to survive less or avoid settling in those highly competitive environments
(i.e. high density male biased plots). If competition has sex-specific effects and occurs
mainly between sexes, we expect juvenile females, the subordinate sex, to survive less
and settle less in high density male biased plots. If competition within sexes is more
important; we expected the minority sex to survive better and disperse less. In gener-
al, the presence of adult birds, dominants over juveniles (Hogstad 1989), is also
expected to negatively affect juvenile survival and dispersal. Alternatively, under the
‘public information’ view, high density and / or male biased environments are expect-
ed to be perceived as good habitat with high local breeding performance. Therefore
these plots should be attractive with reduced emigration and increased settlement.
We did not have priory sex-specific predictions for the use of public information.

MATERIAL AND METHODS

Study area and study species
The study was carried out in a great tit population (Parus major) established since
1993 in the Lauwersmeer area located in the north-east of the Netherlands (53°23’
N, 6°14’ E). In March 2005, we created 12 new nest-box areas (plots) in a fragment-
ed forest where woodlots are separated by open grasslands or sand paths (see map in
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Appendix A). Each plot consisted of 50 boxes which were placed in a regular grid
with inter-box distances of ca 50 m (mean plot surface ±SD=10.39±1.39 ha). The
plots consisted of primarily 30 year old deciduous woodlots and minimal distance
between the plot edges ranged from 0.3 until 6 km (Appendix A). Territory sizes of
great tits range from ca 0.4–3 ha (Both & Visser 2000; Wilkin et al. 2006). Few natu-
ral cavities were available in the study area so that the majority of the breeding
attempts occurred in the nest-boxes. The mean values of the breeding parameters of
the first broods (defined as clutches started within 30 days of the earliest clutch in
that year) recorded in 2005, 2006 and 2007 are presented in Appendix B.

Data collection
Each year, from the beginning of April, nest-boxes were checked weekly and param-
eters such as lay date (back-calculated assuming that one egg was laid per day) and
clutch size of great tits and blue tits were monitored. Before the expected hatching
date (12 days of incubation) nest-boxes were checked daily to determine hatching
date (day 0). For great tits only, at day 2, nestlings were bled (5-10 µl of blood col-
lected), their toe-nail clipped for individual identification and sexed using molecular
markers (Griffiths et al. 1998). At day 6, nestlings were weighted, ringed with an alu-
minum ring and swapped between nests of the same age to allow manipulations on
nest and plot level (see below and Appendix C). We always moved or exchanged at
least one nestling per nest to control for the swap treatment effects. At day 7, both
parents were caught with a spring trap in the nest-box, measured, weighted and
ringed if they were unringed. At day 14, juveniles were weighed and measured. Only
first broods were manipulated but standard measurements of adults and nestlings of
the second broods (defined as broods laid by females that were known to have suc-
cessfully fledged a first brood) and of replacement broods of known females after
failure were also taken. 

Recruitment probability and settlement decisions of juveniles were estimated on
the basis of recaptures of breeding birds in the study area the next year prior new
manipulation. Breeding dispersal is very limited in our population (2005–2007: mean
breeding dispersal distance (±SD): females: 150±322m, n=177 and males:
113±195m, n=157) therefore we will not investigate patterns in adults. We distin-
guished three categories of breeders in a given year (1) ‘recruited juveniles’ consti-
tuted of first-year breeders that are born and ringed as nestlings in the study area (2)
‘immigrants’ constituted of first-year breeders that are not born in the study area and
were caught and ringed as adults and (3) ‘experienced breeders’ constituted of sec-
ond-year and older individuals that already bred in our study area in previous years
(see Table 5.1). 

Experimental set-up
Between 2005 and 2007, we altered the social environment (number of males and
females) of the great tit population in the 12 study plots via simultaneous manipula-
tions of plot nestling densities (number per plot, i.e. per 50 nest-boxes) and sex ratios
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(proportion of nestling males in a plot) at day 6 leaving the natural breeding densi-
ties (number of breeding pairs per plot) unchanged. That way, we created six differ-
ent experimental treatments combining a manipulation of nestling density (low/high)
and sex ratio (female/balanced/male) (Appendix C). Each treatment was randomly
assigned to a plot, semi-randomized between years (i.e. each plot received a differ-
ent treatment in every study year) and occurred in two replicates per year. These
plot treatments were achieved by manipulating all the local brood sex ratio and most
brood sizes in the direction needed (Appendix C). Female and male biased plots
were manipulated to ca 25% or ca 75% male nestlings respectively while balanced
plots were manipulated to ca 50% which reflects a natural situation (Appendix B).
Low and high density plots were manipulated to ca 13% of change in the number of
nestlings in a plot (Appendix B). From direct bi-weekly observations of ringed birds
during the post-fledging phase in 2005 and 2006, we know that the experimental
changes of plot density and plot sex ratio were detectable for about one to two months
after fledging (i.e. until June-July) expect for plot sex ratio treatment that lasted for 4
months in 2006 (i.e. until October) and that juveniles reached their maximal distance
travelled after fledging within a month (Michler et al. unpublished). For further
details on the manipulation scheme and the success of the experimental changes, see
Nicolaus et al. (2009b). This study was carried out under license of the Animal
Experimental Committee of the University of Groningen (license DEC-4114 B). 

Local recruitment and emigration analyses 
To account for sources of inter-dependency between measurements at various levels,
we used generalized linear mixed models (MLwiN versions 2.02; Rasbash et al. 2004)
distinguishing between variance at 4 levels: plot, cohort (all broods within a plot in a
given year), nest, and individual. We analyzed the local recruitment probability
(probability of a juvenile to be recaptured as a breeder in our study area the subse-
quent breeding season knowing that the bird had fledged) and the emigration proba-
bility (probability of a fledgling surviving until the next year to leave the plot of birth
at year n and breed in another plot in year n+1) for juveniles of the first broods. The
variation in local recruitment (n=4,073 fledglings) and emigration probability
(n=447 recruited individuals) was studied using a binomial response model with a
logit link function. 

We analyzed these parameters in relation to the altered social environment of the
plot of origin (natural plot nestling density and sex ratio before manipulation and their
experimental changes (values before -values after manipulation at day 6, denoted ∆D
and ∆SR respectively)) and individual sex. We chose to use experimental changes and
the original values rather than final experimental values because it reduced correla-
tion between the natural and experimental variables and because due to annual den-
sity variations, the relative change in density rather than the absolute final density was
the appropriate parameter to study. We also controlled the analyses for the brood
manipulation (original brood size of the foster parents before manipulation and its
experimental change at day 6 denoted ∆BS), date, years and the interactions between
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the plot treatments and the two- and three-way interactions between sex, years and
the treatments (brood and plot). We also tested for quadratic effects of ∆D, ∆SR and
∆BS and tested for interactions between the ∆BS2 and the experimental change of
the plot traits. Because it was found that great tit dispersal may be influenced by the
presence of heterospecifics (Parejo et al. 2008), we also included the breeding densi-
ties of blue tits (number of pairs per plot) in the analyses. Apart from sex (female=0
and male=1) and years (2005, 2006 and 2007) that were used as a factor (with respec-
tively female and 2005 used a reference category), all the other explanatory variables
were used as continuous and were centered around the population mean. 

Settlement analysis
We calculated for each combination of plots, the number of juvenile males and
females originating from one plot and settling in the other plot (e.g; for a plot com-
bination i–j, we obtained a count of females born in i and breeding in j and a count
of males born in i and breeding in j) for each of the 3 study years. We thus ended up
with counts for 864 groups (12 (plots) x 12 (plots) x 2 (sexes) x 3 (years)). These
counts were analyzed using a Poisson response model with a log link function with
log (number of fledgling males or females of the plot of origin) used as an offset. We
used generalized linear mixed models (MLwiN versions 2.02; Rasbash et al. 2004)
distinguishing between variance on 2 levels: plot combination and cohort. 

Variation in the count of male and female settlers relative to the number of fledg-
lings were analyzed in relation to the social environment of the plot of origin (natu-
ral plot nestling density and sex ratio before manipulation and their experimental
changes denoted ∆D and ∆SR) as well as in relation to the social environment of the
plot of settlement (final values of density and sex ratio at fledging). Final values of
the plot of settlement were used because juvenile great tits would not be able to
sample information on the social environment before manipulation and before
fledging when they are still in the nest. We also tested for quadratic effects of ∆D
and ∆SR of the plot of origin and of the final experimental values of density and sex
ratio of the plot of settlement. Further, to control for the fragmented structure of the
population that could affect the distribution of the birds (Matthysen, Adriaensen &
Dhondt 2001), the distance between the center of focal plot and the center of other
plots (m) was included in the model. We also fitted the breeding densities of blue tits
(number of pairs per plot) of the plot of origin and of settlement, great tit sex, years
and all the two-way interactions between sex and the altered social environments (of
origin and of settlement), sex and distance, years and altered social environments (of
origin and of settlement) and the interactions between altered social environment of
origin and of settlement. As for the previous analyses, sex (female=0 and male=1)
and years (2005, 2006 and 2007) were fitted as factors (with female and 2005 used as
reference category) whereas the other explanatory variables were fitted as continu-
ous variables centered around the population mean.

For all the analyses, model selection was based on backwards elimination of the
non-significant terms in the order of their significance assessed by its Wald statistics.
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Means are expressed with standard error. In complement to the final models, we will
report only the most relevant non-significant parameters re-tested after elimination
in the final model. Other non-significant effects will not be mentioned. 

RESULTS

Correlations in plot breeding traits 
A high predictability of the environment is expected to increase the value of public
information in dispersal and settlement decisions (Danchin, Heg & Doligez 2001).
The plot breeding density (number of breeding pairs per plot centered around the
annual means) of great tits was significantly and positively correlated between years
(correlation 2005-2006: r=0.72, n=12, P=0.009, correlation 2006-2007: r=0.75,
n=12, P=0.005) and had a repeatability over all the years of 0.70 (following the pro-
cedure in Lessells & Boag 1987). For the blue tits, of which presence may influence
great tit dispersal decisions (Parejo et al. 2008), the plot breeding densities (number
of breeding pairs per plot centered around the annual means) were significantly and
positively correlated only between 2005 and 2006 (correlation 2005-2006: r=0.70,
n=12, P=0.011, correlation 2006-2007: r=0.32, n=12, P=0.314). The repeatability
of plot blue tit density was 0.40. 

In contrast to densities of adults, natural plot nestling densities at day 6 centered
around the annual means were positively but not significantly correlated between
years (correlation 2005-006: r=0.30, n=12, P=0.345, correlation 2006-2007: r=0.49,
n=12, P=0.104; repeatability over all years: 0.37). Also the natural plot nestling sex
ratios at day 6 was not repeatable among years (correlation 2005-2006: r=0.39,
n=12, P=0.204, correlation 2006-2007: r=-0.47, n=12, P=0.120; repeatability over
all years: -0.20). Within years, the plot nestling densities of great tits were significant-
ly and positively correlated to the plot breeding densities (correlation nestling-breed-
ing densities centered around the annual means 2005: r=0.81, n=12, P=0.027, 2006:
r=0.97, n=12, P<0.001, 2007: r=0.91, n=12, P<0.001). 

Local recruitment probability
We did not find any experimental effects of the plot manipulation on recruitment
probability and no differences between the sexes (rejected terms Table 5.1; average
recruitment chance over all the years for females: 11.21±31.56%, n=2087; for
males: 11.38±31.76%, N=1986, figure in appendix D). Yet, juveniles that fledged in
plots with natural high nestling density had a lower probability to recruit (Fig. 5.1A;
Table 5.1). 

We controlled the analysis for brood traits that may influence the survival of the
juveniles. Brood size enlargement reduced the recruitment probability of the juve-
niles (∆BS, Table 5.1) but did not interact significantly with the plot treatments
(rejected terms Table 5.1). Juvenile recruitment decreased with season (date) and
this differed among years (yearxdate interaction, Table 5.1). 
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Emigration probability
Consistently with the sex biased dispersal behavior of this species, females were
more likely to leave the natal plot (Table 5.2; percentage of juveniles that emigrated:
females: 78.70%, n=230 vs. males: 60.37%, n=217). For those juveniles that recruit-
ed into the population, we found no effects of the plot manipulation on their emigra-
tion probability also not in a sex-specific way (rejected terms, Table 5.2). Yet, juve-
niles that fledged in plots with natural high nestling density were more likely to emi-
grate (Table 5.2). The experimental effect of the change in density, although far from
significant, was in the same direction. This pattern was present in years with natural
high breeding densities, i.e. in the years 2005 and 2007 that had respectively 1.5 and
1.6 times higher breeding densities than in 2006 (Appendix B and Table 5.2, Fig.
5.1B). 
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Table 5.1 Model summary examining the recruitment probability for juvenile great tits in relation
to the social environment of their plot and nest in the Lauwersmeer population (nat.=natural;
∆=experimental change; D=plot nestling density; SR=plot nestling sex ratio; BS=brood size;
date=hatching date). Year is fitted as a factor with 2005 being the reference categories (3 study
years; n=4,073 individuals).  

Parameter level β s.e. (β) χ2 df P

intercept -2.480 0.130
nat. density cohort -0.007 0.003 8.20 1 0.004
∆BS nest -0.086 0.022 14.81 1 <0.001
date nest -0.054 0.024 5.33 1 0.021
year 13.95 2 <0.001
2006 cohort 0.707 0.189
2007 cohort 0.282 0.176
year x date 9.11 2 0.010
2006 x date cohort 0.044 0.041
2007 x date cohort 0.105 0.035

random effects σ2plot 0.042 0.039 1.14 1 0.286
σ2cohort 0.017 0.041 0.16 1 0.689
σ2nest 0.306 0.111 7.58 1 0.006

most important rejected terms
∆D cohort 0.003 0.003 0.87 1 0.353
∆SR cohort -0.230 0.321 0.51 1 0.475
∆D x ∆SR cohort -0.001 0.017 0.03 1 0.862
sex indiv -0.075 0.110 0.46 1 0.497
sex x ∆D indiv -0.002 0.005 0.11 1 0.741
sex x ∆SR indiv 0.504 0.585 0.74 1 0.390
sex x ∆BS indiv -0.050 0.040 1.51 1 0.219
∆BS x ∆D nest 0.000 0.001 0.01 1 0.975
∆BS x ∆SR nest -0.131 0.112 1.38 1 0.240



We controlled the analysis for brood traits that may influence the emigration
probability of the juveniles. We found no effect of the natural brood size and its
experimental change (in contrast to earlier findings in this population, Tinbergen
2005) and no effect of date. Brood size manipulation did not interact with the plot
manipulation and did not have differential effects between the sexes (rejected terms,
Table 5.2). 
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Table 5.2 Model summary examining the probability to emigrate for juvenile great tits that recruit-
ed into the population in relation to their social environment in the plot and the nest (nat.=natu-
ral; ∆=experimental change; D=plot nestling density; SR=plot nestling sex ratio; BS=brood size;
date=hatching date). Sex (female=0; male=1) and year are fitted as a factors with female and
2005 being the reference categories (3 study years; n=447 individuals).  

Parameter level β s.e. (β) χ2 df P

intercept 1.339 0.316
nat. density cohort 0.015 0.011 1.91 1 0.167
sex indiv. -0.926 0.220 17.7 1 <0.001
year

2006 cohort -0.156 0.337 0.91 2 0.634
2007 cohort -0.321 0.346

year x nat. density 6.66 2 0.036
2006 x nat. density cohort -0.020 0.012
2007 x nat. density cohort 0.000 0.013

random effects σ2plot 0.059 0.080 0.55 1 0.458
σ2cohort 0.000 0.000 - - -
σ2nest 0.000 0.000 - - -

most important rejected terms
∆D cohort 0.001 0.006 0.03 1 0.856
∆SR cohort 0.046 0.616 0.01 1 0.938
∆D x ∆SR cohort -0.039 0.029 1.61 1 0.204
∆BS nest 0.018 0.041 0.2 1 0.654
sex x ∆D indiv. -0.002 0.011 0.02 1 0.877
sex x ∆SR indiv. -0.317 1.185 0.07 1 0.788
sex x ∆BS indiv. 0.024 0.082 0.09 1 0.769
∆BS x ∆D nest 0.002 0.002 0.87 1 0.350
∆BS x ∆SR nest -0.188 0.202 0.86 1 0.354



Settlement patterns
Consistently with the sex-biased dispersing behavior of this species, female juveniles
settled farther from their natal plot than males (Table 5.3, fig. in Appendix E).
Juveniles were more likely to breed in a plot close to their natal plot (Table 5.3, Fig.
in Appendix E).

PLOT OF ORIGIN

Juveniles settled less in their plot of origin when it had a natural high nestling densi-
ty the year before (Table 5.3). A similar trend was observed for plots of which
nestling density was increased but the magnitude of the manipulation was probably
not strong enough to drive significant effects (rejected terms, Table 5.4). This effect
was similar for females and males (rejected terms, Table 5.3).

PLOT OF SETTLEMENT

Juveniles settled more in plots of which final plot sex ratio was male biased the pre-
vious year (Table 5.3, Fig. 5.2A). This effect was not sex-specific (rejected terms,
Table 5.3). Juvenile males but not females settled also significantly less in plots that
had a high final fledgling density the previous year (sex x final density plot of settle-
ment, Table 5.3, Fig. 5.2B). The slope of this relationship was stronger in 2007 than
in 2005 or 2006 (year x final density plot of settlement, Table 5.3). To check for
causal relationships, the same analysis was performed with the natural density and
sex ratio of the plot of settlement and their experimental changes. This revealed that
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Figure 5.1 The recruitment (A) and emigration probability (B) of female (black) and male (white)
juveniles respectively decreased and increased with the natural plot density (here categorized in 6
groups) in the Lauwersmeer great tit population in the Netherlands. The positive relationship
between emigration probability and plot density was stronger in years with natural high breeding
densities (2005 and 2007 vs. 2006, see Appendix B and Table 5.3). Means are presented with stan-
dard errors (raw data).



the plot sex ratio effect was indeed an experimental effect (natural plot sex ratio:
0.203±1.378, χ2

1=0.02, P=0.882, ∆SR: 0.666±0.266, χ2
1=6.27, P=0.012) whereas

the sex-specific density effect was induced by the natural densities rather than by an
experiment effects although their estimate was the same (natural plot density x sex:
–0.007±0.003, χ2

1=6.23, P=0.013, ∆D x sex: -0.007±0.005, χ2
1=2.39, P=0.122). The

interactions between the social environment of the plot of origin and settlement
were not significant. 

Plot breeding composition the next year
Plot density and sex ratio manipulations lasted up to two months after fledging in
2005 and up to four months in 2006 in our population (Michler unpublished). This
implied that only local birds were able to experience these manipulations unlike
autumn or spring immigrants that arrived after the change in local densities and sex
ratios vanished. The distribution of those late birds the next year should therefore
not relate to the manipulation. As predicted, the number of recruited juvenile males
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Table 5.3 Model summary examining the settlement of juvenile great tits that recruited into the
population in relation to the social environment of the plot of origin and of the plot of settlement
(nat.=natural; ∆=experimental change; D=plot nestling density; SR=plot nestling sex ratio). Sex
(female=0; male=1) and year are fitted as a factors with female and 2005 being the reference cate-
gories (3 study years; n=864 groups).  

Parameter level β s.e. (β) χ2 df P

intercept -5.546 0.153
distance plot combi. -0.664 0.072 84.63 1 <0.001
sex cohort -0.565 0.154 13.4 1 <0.001
sex x distance cohort -0.333 0.094 12.47 1 <0.001
nat. density plot of origin cohort -0.007 0.002 10.87 1 <0.001
final SR plot of settlement cohort 1.081 0.526 4.22 1 0.040
final D plot of settlement cohort 0.001 0.004 0.02 1 0.882
sex x final D plot of settlement cohort -0.006 0.003 4.28 1 0.038
year 8.64 2 0.003

2006 cohort 0.531 0.186
2007 cohort 0.171 0.155

year x final D plot of settlement 9.55 2 0.002
2006 x final D plot of settlement cohort 0.003 0.004
2007 x final D plot of settlement cohort -0.011 0.005

random effects σ2plot combi. 0.227 0.073 9.57 1 0.002

most important rejected terms
∆D plot of origin cohort -0.005 0.003 3.64 1 0.056
∆SR plot of origin cohort -5.572 0.156 1.05 1 0.306
sex x nat. density plot of origin cohort 0.002 0.003 0.28 1 0.597
sex x final SR plot of settlement cohort -1.103 1.035 1.34 1 0.247
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Table 5.4 Correlation matrix among the numbers of different groups of individuals (recruited juve-
niles ‘juv.’, 1st year immigrants ‘imm.’, and experienced breeders ‘exp.’) composing the pool of
breeders in a plot (i.e. a woodlot carrying 50 nest-boxes) in a great tit population. The correlations
between the number of breeders in a plot (year n) and the natural nestling plot density (original
D n-1) and sex ratio (original SR n-1) and their experimental change (∆D n-1 and  ∆SR n-1) the pre-
vious year (n-1) are also given. These correlations are based on three years of data (2006-2008) for
12 plots of the Lauwersmeer population in the Netherlands (n=36). Significant correlations are
denoted in bold.  

juv. imm exp. juv. imm exp.
females females females males males males

imm. females -0.05 - - - - -
exp. females 0.02 0.21 - - - -
juv. males 0.45** -0.03 -0.26 - -
imm males 0.08 0.39* 0.59*** -0.54*** - -
exp. males 0.19 0.34* 0.80*** -0.36* 0.44* -
original D n-1 -0.06 0.08 0.70*** -0.45* 0.49** 0.64***
∆D n-1 0.18 0.17 -0.10 0.10 0.20 -0.16
original SR n-1 0.10 0.16 0.18 0.18 0.20 -0.01
∆SR n-1 0.38* 0.03 -0.09 0.53*** -0.24 -0.07

*P<0.05   **P<0.005   ***P<0.001



and females, but not the number of experienced birds or immigrants, were signifi-
cantly correlated with the altered change in sex ratio n-1 (Table 5.4). 

Interestingly, the number of recruited juvenile males was strongly negatively cor-
related with the number experienced adult males and in more general to the plot
density the previous year (Table 5.4). These negative correlations were absent or not
significant for recruited juvenile females. The number of recruited juvenile males
was also negatively correlated with the number of immigrant males (Table 5.4). This
suggests that male-male competition among yearlings and adults and immigrants is
important in determining juvenile distribution. 

DISCUSSION

We found that juveniles that fledged in natural high density plots were more likely to
leave their plot of fledging and less likely to recruit as breeding bird in the popula-
tion. Both sexes were less likely to be found in distant plots but females dispersed
further than males. The recruited juveniles settled more in plots that were male
biased in the previous year. Juvenile males but not females also settled less in natu-
ral high density plots. Juvenile dispersal or settlement decisions did not correlate
with breeding densities of blue tits. We will discuss the possible mechanisms (compe-
tition vs. public information use) explaining the distribution of juvenile great tits in
our study area including the differences found between the sexes. 

Effects of competition
Under the ‘competition’ hypothesis, high density and male biased plots were expect-
ed to elicit a high level of intra-specific competition and thereby reduce survival and
trigger emigration. Because females are subordinate to males, they were expected to
be more negatively affected by a high numbers of males than the juvenile males
themselves. Our results partly confirmed our hypotheses because all traits studied
were negatively affected by the natural plot nestling densities. However, in contrast
to our expectation, we did not detect any differences between the sexes in terms of
reduced survival and increased emigration.

By biasing the density and the proportion of males in an area, we aimed at
manipulating the level of intra- or inter-sexual competition. Opposite to the predic-
tions, juveniles of both sexes were attracted by male biased plots. This suggest either
that juveniles did not detect the variation created in local sex ratios (e.g. if juveniles
did not express sex-specific behaviors during the period of information gathering) or,
less likely, that mixing between the sexes occurred too rapidly after fledging to allow
sex-specific effects. The scale used to perform the experiment at a plot level may
have been in this latter case too small. 

We found negative effects of natural plot densities on juvenile survival, emigra-
tion and settlement decisions. The effect on settlement was significant in addition to
the positive plot sex ratio effect and it was sex-specific. Although we could not con-
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firm the density effect experimentally, the pattern is in line with the ‘competition’
hypothesis. Adult survival chance (Michler et al. unpublished) was positively and
juvenile recruitment probability negatively related to natural density (both nestling
and breeding density since they are correlated) in our population. Because older
birds have a competitive advantage over juveniles (Hogstad 1989), juveniles of both
sexes may have experienced a high level of agonistic interactions with adults right
after fledging in high density plots. This may have resulted in the increased emigra-
tion and the lower survival chance of the juveniles. Dispersing from high density
plots may be thus a way to avoid negative effect of intraspecific competition in
autumn (Delestrade et al. 1996; Greenwood et al. 1979; Drent 1984). In a later phase
i.e. early spring, returning juvenile males may have had to compete again for territo-
ries with local males, in this case both resident and non-locally born males that
immigrated during winter (Arcese 1989). Unlike locally fledged juveniles, immi-
grants that arrived in winter may have been able to gain knowledge about the habitat
before the local juveniles returned profiting then from a prior residency advantage
(Krebs 1982; Sandell & Smith 1991). Females, being the dispersing sex, may be more
flexible in their settlement options and thus suffered less of competition with already
established birds. 

Use of public information
Under the ‘public information’ hypothesis high density male biased plots were expect-
ed to be perceived as good habitat with high local breeding performance and thus be
attractive. Supporting our expectation, for three years we found that juveniles of both
sexes settled preferentially in plots that were male biased the previous year. Under
high resident male densities, being with many “candidate” males may increase the
chance of settling for the juveniles (positive effect of density, Tinbergen et al. 1987). 

One other hypothesis is that local sex ratio itself provides an element of public
information. Sex allocation theory predicts that when the fitness of the offspring is
affected differently by parental investment, parents should invest more in the sex
that has the steepest fitness gain from the investment (Trivers & Willard 1973).
Hence, in species with sex-biased dispersal and with spatial and temporal variations
in habitat quality, pairs breeding in high quality habitat should produce more of the
philopatric sex, i.e. males for the great tits (Julliard 2000; Doligez et al. 2008). In this
case, juveniles may avoid settling in plots that were female biased the previous year
because they indicated low quality areas. This hypothesis is unlikely since juveniles
did not seem to distinguish between the sexes during the post-fledging period.
Moreover, in natural situations avian population sex ratio at hatching is on average
close to parity (Clutton-Brock 1986). Hence the plot sex ratio variation created in
our study was not reflecting a natural situation and therefore it may be questionable
whether a reaction on it could have been evolved. Also it could explain why use of
public information is not detected more often in other resident passerine species.

A second hypothesis is that sex ratio induced changes in local densities that pro-
vided public information for the fledglings. Female biased plots are expected to lead

Chapter 5

110



to lower local densities because of the occurrence of sex-biased dispersal.
Consequently, female biased plots may have been “emptied” faster after fledging
and may have appeared as areas with low breeding success, i.e. as unattractive, to
prospecting young in the summer. This hypothesis is supported by an analysis per-
formed on the apparent local survival of juveniles during post-fledging in the same
population (mark-recapture data; years 2005 and 2006; Michler et al. submitted):
The apparent survival of juveniles in female biased plots in 2006 was significantly
lower than in control or male biased plots in the early post-fledging phase (June and
July). Low local densities resulting from the early disappearance of the females can
thus very well be an element of public information used for habitat selection of the
juveniles. A similar mechanism was found for collared flycatchers (Ficedula
albicollis) and blue tits (Cyanistes caeruleus) of which adult and juvenile immigration
and emigration decisions were based on conspecific breeding performance in terms
of apparent breeding success (i.e. fledging density) and/or condition of young pro-
duced  and  influenced by intra- or inter-specific competition (Doligez et al. 2002;
Doligez et al. 2004; Parejo et al. 2007). In our case, juveniles rather than adults used
public information for habitat selection, perhaps because adults can use their local
breeding experience to decide on their settlement choice (Greenwood et al. 1979),
which may be more reliable than using indirect cues as plot sex ratio or density. This
also may explain why breeding dispersal is very limited in our population (Tinbergen
2005) and in general in great tits (Greenwood et al. 1979). 

Sequential processes
Our study provides evidence that both the use of socially acquired information and
intraspecific competition avoidance explain aspects of juvenile great tit distribution.
Young birds selected their future breeding habitat early during the post-fledging
period using public information (i.e; apparent local breeding success) avoiding com-
petition with adults. Subsequently the arrival of immigrants in winter may increase
the level of intra-sexual competition for territories and prevent subordinate juvenile
males from settling in natural high density plots. This expected sequence of events is
based on the fact that the manipulation of plot fledgling density and sex ratio disap-
peared within two (2005) or four (2006) months after fledging (direct observational
data of color ringed birds, unpublished). Reliable information about patch specific
reproductive output may thus be adequately assessed by juveniles during the post-
fledging period only. Juveniles also reached on average their maximal dispersal dis-
tance in summer within a month (Michler et al. unpublished), implying that they
would have been able to gather quickly information in other plots. Moreover, an
analysis of variation in the number of juveniles roosting in the nest-boxes in winter
revealed a significant effect of the altered plot sex ratio but not of the natural and
the experimental change in plot density (Appendix F). This pattern is consistent
with the idea that juveniles roost in winter in plots already selected on the basis of
public information and that competition with immigrants and adults did not take
place yet.
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Functional consequences of habitat choice
Doligez et al. (2003) suggested that the success of a habitat selection strategy can be
affected by competition among individuals through density- or frequency-dependent
processes. Using information gathered after fledging might be a strategy for local
juveniles to reduce the level of intra-specific competition for settlement because
fewer birds would be able to make the same choice (no immigrants yet). Social infor-
mation on the breeding habitat quality is only available just after fledging or just
before breeding. Information collected just after fledging may be the best predictor
for local habitat quality the next year for juveniles. Therefore, selecting a future
habitat based on the social environment experienced in early phase of independence
may ultimately increase fitness. Whether this behavior is adaptive will depend on
how the relative costs (e.g. gathering time of information, competition among juve-
niles, reliability of the social information) and benefits (e.g. reducing choice uncer-
tainty, territory acquisition) associated with the use of social information contribute
to individual fitness. 
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Appendix A. Map of the study area in the Lauwersmeer (53°20’N, 06°12’E) in the Netherlands
where a great tit population was monitored. Each black area (1 to 12) represents a plot carrying 50
nest-boxes within a woodlot. Water is indicated in light grey, woodlots in dark grey, and open grass
or agricultural areas in white. Six plot treatments (with 2 replicates) combining nestling density and
nestling sex ratio were randomly assigned to a plot and changed every year. The maximum distance
between the plots is 6 km. 
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Appendix B. Overview of the nestling density (number of nestlings in a plot at day 6; ‘low or high’)
and sex ratio (proportion of male nestlings in a plot at day 6; ‘female’ biased, control or ‘male’
biased) manipulations of the 12 plots of the Lauwersmeer great tit population in the Netherlands.
Mean of nestling density or nestling sex ratio are presented before and after manipulation at day 6.
Breeding parameters of the great tits and blue tits are also presented for the three study years
(2005, 2006 and 2007). Means are presented with their standard deviation (SD) (SR=sex ratio;
BS=brood size).  
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Appendix C. Experimental treatments applied in a great tit population in the Netherlands during
three consecutive years (2005 - 2007) combining nestling sex ratio and nestling density within and
between plots (i.e. woodlots carrying 50 nest-boxes). The treatment at a plot level (biased sex ratio
and low or high density) was achieved by manipulated 60% of the nests towards the desired treat-
ment keeping 40% of the nests as controls for the other treatments. For brood size manipulation,
broods were manipulated up and down (-3 or +3 chicks) relative to the average brood size of the
year (see Appendix B). Sex ratio treatment of the nests between and within broods was in the same
direction. (F: female biased brood, C: no biased brood, M: male biased brood; R: reduced brood
size, C: control brood size, E: enlarged brood size).  

Appendix D. The recruitment probability of the juvenile great tits of the Lauwersmeer population
in the Netherlands did not differ between the sexes and was not affected by the experimental
change in nestling plot density (a) nor by the change of plot nestling sex ratio (b). Means are pre-
sented with their standard error (three years of raw data 2005-2007; n=4,073 individuals). The
change in plot density and sex ratio have been expressed in percentage and categorized in respec-
tively 10 and 3 groups. 
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Appendix E. Natal dispersal distance is female biased in the Lauwersmeer great tit population in
the Netherlands. The number of male settlers significantly decreased as the distance between the
plot of origin and the plot of settlement increased (here categorized into 10 groups; 3 years, raw
data). The arrows indicate the average natal dispersal distance for females and males.

Appendix F. Model summary examining variation in the number of juveniles roosting in the nest-
boxes in December in relation to the altered social environment of the roosting plot (nat.=natural;
_D=change in nestling plot density; _SR=change in plot nestling sex ratio). Years (2005, 2006 and
2007) and sex are fitted as factors (female=0; male=1) with 2005 and female being the reference
category (n=72 individuals).
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intercept 0.961 0.132
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sex x ∆SR cohort 6.202 0.676 84.27 1 <0.001
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2006 cohort 0.165 0.177
2007 cohort -0.274 0.187
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Abstract
Costs of reproduction are fundamental to life-history theory. However, empirical sup-
port for survival costs of increased parental effort is rare which contrasts with the idea
that trading-off fitness benefits with fitness costs of reproduction maximizes fitness gain.
To explain discrepancies among studies, we propose that costs of reproduction depend
on the ecological context, i.e. on the level of local intraspecific competition. To test that
hypothesis, we altered the social environment (nestling density and sex ratio) of 12 nest-
box areas (plots) of a great tit population Parus major for 3 years via brood size and
brood sex ratio manipulations. We expected adults with increased parental effort to pay
higher reproductive costs under a high level of intraspecific competition, i.e. in high
density and male biased environment. We found that costs of reproduction varied with
social environment. In male biased plots, parents rearing enlarged broods had reduced
survival rates compared to those in female biased plots. A similar trend was found for
the probability of producing a second brood. An increase of parental effort may have
affected parental competitiveness and increased their costs of reproduction especially
under a high competitive regime.  
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Social environment affects the cost
of reproduction
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INTRODUCTION

Life history theory predicts that reproductive costs generate trade-offs and that par-
ents should produce the number of offspring that maximizes their fitness (Lessells
1991; Roff 1992). The trade-off between current and future reproduction is central
to this theory. It predicts that an increase of parental effort into current reproduc-
tion reduces parental future fecundity and survival, i.e. parental residual reproduc-
tive value (Charnov & Krebs 1974; Williams 1966). Because parental reproductive
effort also affects the outcome of the trade-off between number and quality of off-
spring (Lack 1947; Lack 1966), individual fitness should encompass both offspring
and adult components of fitness. 

The existence of reproductive costs has been extensively tested in avian studies
using clutch size or brood size manipulations. In short-lived birds these manipulations
revealed that an increase of parental effort during the current reproduction can nega-
tively affect parental residual reproductive value in terms of reduced future fecundity
in the same year (e.g. Tinbergen 1987; Smith, Källander & Nilsson 1987), in the sub-
sequent year (e.g. Gustafsson & Sutherland 1988; Røskaft 1985) or reduced adult
local survival (e.g. de Heij et al. 2006; Siefferman & Hill 2008). However empirical
support for fitness costs of increased parental effort, in particular survival cost,
remains limited since it is not detected in the majority of the experimental studies
(see review in Parejo & Danchin 2006). To understand why costs of reproduction are
detected in some studies but not in others, we propose that costs of reproduction
depend on the ecological context. More specifically, we suggest that costs of repro-
duction depend on the level of local intra-specific competition, with individuals
investing more into current reproduction loosing competitiveness and thereby fitness. 

To test this hypothesis, we manipulated the level of local sex-specific competition
of a great tit population Parus major by altering the social environment (local number
of male and female nestlings) of different woodlots (plots). This was achieved via
simultaneous brood size and brood sex ratio manipulations. We then quantified the
fitness effects of the brood manipulation in relation to the altered social environ-
ment. We assumed the level of local competition to rise as the number of competitors
(density) and the proportion of males (sex ratio) in a plot increase for the following
reasons: In great tits, the male is the dominant (Wilson 1992; Drent 1983) and the
philopatric sex (Greenwood et al. 1979) and high local densities can causally reduce
breeding output through an increase of intra-specific competition for local resources
(e.g. Both 1998b; but see Nicolaus et al. 2009a). Hence, high density male biased plots
are expected to carry a larger number of competitors compared to low density and/or
female biased plots, which should lead to a higher level of local competition. 

Both rearing activity and the acquisition and defence of resources can be costly:
birds may increase their workload and their energy expenditure proportionally to the
number of nestlings to raise (Nilsson 2002; Sanz & Tinbergen 1999; but see
Tinbergen & Verhulst 2000) and competition for resources may imply direct injuries
(Piper et al. 2008), depletion of energy reserves (Heinemann 1992; Tiebout 1992) or
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change in physiological status (Gill, Alfson & Hau 2007). Thus birds may have to bal-
ance their investment into reproduction with their investment into competition for
resources. Presently, we predict that competition driven by the social environment
will affect reproductive costs and thus will affect the outcome of the reproductive
trade-off between current and future reproduction. In high competitive environment
(i.e. high density and/or male biased plots) parents with increased parental effort (i.e.
with enlarged brood) may allocate less energy into competition which may reduce
their competitiveness and ultimately their fitness. Because males and females differ
in competitive abilities (Wilson 1992) and energy requirements (Hogstad 1989), fit-
ness effects of competition may be sex-specific. If competition between the sexes is an
important factor, adult females are expected to pay a higher cost of reproduction in
male biased plots, while if competition within the same sex is the important factor the
minority sex is expected to enjoy reduced reproductive costs and higher fitness. 

MATERIAL AND METHODS

(a) Study area and study species
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). Each plot consisted of 50 boxes which were at a distance of 50 m apart from
each other. The plots consisted of primarily young deciduous woodlots where few
natural cavities were available. The majority of the breeding attempts occurred thus
in the nest-boxes. 

(b) Data collection
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 and swapped between nests of
the same age and between plots according to the experimental set-up (see below).
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 measure-
ments of the juveniles were taken. From day 19 onwards, boxes were checked every
second day to determine the fledge date. Nests were emptied and checked for dead
chicks. Further weekly checks gave information about the incidence of second
clutches and their breeding success. We did not perform any experiment on the sec-
ond broods (see definition in data selection) but the standard measurements of juve-
niles and adults were taken. Local adult survival probability and the number of
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recruits per nest were estimated on the basis of recaptures of breeding birds in the
study area the next year. Overview of the breeding parameters of the first broods of
the three study years (2005-2006-2007) is presented in the appendix A.

(c) Experimental set-up
Between 2005 and 2007, we altered the social environment (number of males and
females) of a great tit population in 12 study plots via simultaneous manipulations of
plot nestling densities (number per plot, i.e. per 50 nest-boxes) and sex ratios (pro-
portion of nestling males in a plot) at day 6 leaving the natural breeding densities
(number of breeding pairs per plot) unchanged. That way, we created six different
experimental treatments combining a manipulation of nestling density (low/high)
and sex ratio (female/balanced/male). Each treatment was randomly assigned to a
plot, semi-randomized between years (i.e. each plot received a different treatment in
every study year) and occurred in two replicates per year. Female and male biased
plots were manipulated to ca 25% or ca 75% male nestlings respectively while bal-
anced plots were manipulated to ca 50% which reflects a natural situation
(Appendix A). Low and high density plots were manipulated to ca ±13% of change
in the number of nestlings in a plot (Appendix A).

Within plots, broods were manipulated such as to achieve the desired plot treat-
ment. For the sex ratio treatment this meant that the brood treatments always were
performed in the direction of the plot treatment. However, we kept variation in brood
size manipulation within plot (small, intermediate and large) to be able to study the
effects of the interaction between brood size (nest level) and density and plot sex
ratio (plot level) on breeding output. The “small” and “large” brood size categories
differed by ± 3 nestlings from the “intermediate” category (Appendices A and B).
The intermediate broods were created to equal the average brood size in a given year
(Appendices A and B). Consequently all broods were manipulated. For further
details on the manipulation scheme and the success of the experimental changes, see
Nicolaus et al. (2009b). This study was carried out under license of the Animal
Experimental Committee of the University of Groningen (license DEC-4114 B).  

(d) Fitness components and data selection 
We analyzed the number of recruits per nest (number offspring per nest breeding in
our population the next year), the probability of producing a second brood (given that
the first brood was successful) and the adult local survival probability (probability to
survive in our study area until the subsequent breeding season). 

Our experiment was performed over 3 years (2005-2006-2007) during which we
manipulated the first broods (defined as clutches started within 30 days of the earli-
est clutch in that year) and monitored breeding traits of the second broods (defined
as broods laid by females that were known to have successfully fledged a first brood).
Thus repeat clutches of known females after failure were left unmanipulated as were
nests with a clutch size smaller than 3 eggs or with very high mortality rate (>50%)
before manipulation because they often reflect a disturbed situation. Unmanipu-
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lated brood and nests with a clutch size smaller that 3 eggs where excluded from fur-
ther analysis as were broods where only one of two parents was identified. 

Some adults bred repetitively in two or three of the study years (n=260 individu-
als). To account for inter-dependency between the measurements, we used one ran-
dom breeding event for each male and female adult in the analysis (n=1013 individ-
uals and n=506 broods). To check for the robustness of our analyses, all the models
were run with different random sub-samples. The randomization did not affect the
results of the adult survival analysis. Yet, the final models for the probability of pro-
ducing a second brood and for the number of recruits per nest differed in their side
effects (i.e. of less importance for the hypotheses tested) depending on the random
selection made. Therefore, for these parameters we will present the overall model
for one of the random sub-sets but detailed analyses per year can be found in the
Appendices (Appendix D and E).  

(e) Analyses
To account for sources of inter-dependency between measurements, we used general-
ized linear mixed models (MLwiN versions 2.02; Rasbash et al. 2004) distinguishing
between variance on 3 or 4 levels: plot, cohort, nest, and/or individual. We defined as
cohort the level corresponding to the re-samplings of a plot for every study year (e.g.
different plot treatments in each year). The number of recruits per nest was analyzed
using Poisson response models with a log link function. Variation in the probability of
producing a second brood and the adult survival probability were studied using a
binomial response model with a logit link function. Adult local survival was analyzed
with mixed models rather than using mark-recapture models that control for recap-
ture rates because mixed models can deal with hierarchical structure in the data and
in our population adult recapture rate between year is high (0.90 see Tinbergen &
Sanz 2004), leaving little space for experimental effects on recapture rate. 

To test for the experimental effects, we used the original values of nestling densi-
ty, plot sex ratio and brood size and their experimental changes calculated as the dif-
ference between the original values and the experimental values at day 6 (respective-
ly denoted ∆D, ∆plotSR and ∆BS). We chose to use experimental changes and the
original values rather than final experimental values because it reduces correlation
between the natural and experimental variables. Laying date, parental sex, years and
quadratic terms of the experimental variables as well as two- and three-way interac-
tions among the variables were also fitted in the models. Years (2005, 2006 and
2007) and sex (female=0, male=1) were fitted as factors with respectively 2005 and
female chosen as reference categories. All the other variables including the experi-
mental effects were fitted as continuous and covariates were centred around the
population mean. Model selection was based on backwards elimination of the non-
significant terms in the order of their significance assessed by their Wald statistics. In
addition to the best models, we reported the most relevant non-significant results
retested after elimination in the best model. Means are expressed with standard
error. Level of significance was set at P=0.05.
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RESULTS

(a) Population breeding traits
Population breeding density (number of breeding pairs per ha) varied between years
with 2006 being a low density year compared to 2005 or 2007 (Appendix A). In 2007,
birds started reproduction about 4 days earlier than in the other years (Appendix A).
Consistently with a negative effect of density, high density years (2005 and 2007)
were associated with lower fecundity (clutch size, brood size, fledgling production,
occurrence of second broods) and with lower number of recruits per nest and lower
adult survival (Appendix A). In contrast to the density variation, natural plot sex
ratio presented very small inter-annual variation (Appendix A), indicating that birds
produced on average a balanced sex ratio that did not vary with the natural breeding
densities or other annual environmental traits. 

(b) Number of recruits per brood
Surprisingly, the number of recruits per nest was not affected by the experiment
(Table 6.1A). Brood size manipulation had no effect on this fitness component
(∆BS: 0.031±0.023, χ2

df1=1.77, P=0.183, see figure in Appendix C), also not in rela-
tion to the altered social environment (∆Dx∆BS: –0.001±0.001, χ2

df1=0.57,
P=0.450; ∆plotSRx∆BS: –0.179±0.107, χ2

df1=2.81, P=0.094). The interaction
between the plot manipulations was not significant (∆Dx∆plotSR: –0.011±0.019,
χ2

df1=0.32, P=0.571; ∆D: 0.011±0.004, χ2
df1=0.12, P=0.526; ∆plotSR: –0.589

±0.385, χ2
df1=2.34, P=0.126). There was also no indication for non-linear effects of

the manipulations (not shown). Pairs breeding in natural high density plots recruited
less offspring, suggesting that natural high density plots may carry higher level of
intra-specific competition or may be of lower “quality” (e.g. in terms of food avail-
ability or bird phenotype). We also found significant effects of the original breeding
traits of the parents (original brood size and lay date) on the number of recruits per
nest (Table 6.1A). Parents with natural large brood recruited more offspring, sug-
gesting a role of parental or territory quality. Late breeders recruited less offspring
in 2005 and 2006 but the opposite pattern was observed in 2007 (year x lay date,
table 6.1A). Selection on lay date may thus vary between years. Patterns among dif-
ferent random sub-sets of the data were qualitatively all very similar to analysis
shown presently (for analyses per year see Appendix D). 

(c) Adult local survival probability
We found strong evidence for a survival cost of increased parental effort that varied
with plot sex ratio. Pairs with enlarged broods survived worse in male biased or con-
trol plots compared to female biased plots (Table 6.1B, Fig. 6.1A-C). We found how-
ever no significant effects of the interaction between brood size manipulation and
density manipulation or between the plot manipulations (∆Dx∆BS: –0.001±0.001,
χ2

df1=1.06, P=0.304; ∆Dx∆plotSR: -0.007±0.021, χ2
df1=0.12, P=0.731). Overall

survival probability did not differ between the sexes (-0.149±0.149; χ2
df1=1.01,
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P=0.314). The experimental effects found were linear and not sex-specific (not
shown). 

Adult survival probability was lower in 2005 than in 2006 and 2007 (Table 6.1B
and Appendix A). Adult survival probability did not related to the original plot den-
sity or plot sex ratio neither to the original breeding traits of the adults (not shown).

(d) Probability of producing a second brood
As for adult local survival probability, the effect of the brood size manipulation on
the probability of producing a second brood varied with plot sex ratio; however in
contrast to the survival analysis this effect differed among years (yearsx∆plotSRx
∆BS, Table 6.2). Overall, parents with increased parental effort were less likely to
initiate a second clutch in male biased or control plots compared to female biased
plots (Fig. 6.1D-F). Birds also produced less second broods if they bred in a high
density plots (natural and experimental effects, Table 6.2). The experimental change
in plot density and plot sex ratio interacted significantly with each other
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Table 6.1 Model summary of hierarchical models for the number of great tit recruits per nest of
the 1st broods (n=506 broods) (a) and the adult local survival probability (n=1013 individuals) (b)
analyzed in relation to the brood size, density and sex ratio manipulations (∆=experimental
change, D=nestling plot density; SR=nestling plot sex ratio; BS=brood size). Significant values
are shown in bold.  

Parameter level β s.e. (β) χ2 df P

A. number of recruits
intercept -0.631 0.143
natural plot density cohort -0.009 0.003 10.43 1 <0.001
original BS nest 0.088 0.038 5.41 1 0.020
lay date nest -0.059 0.022 7.21 1 0.007
years cohort 4.63 2 0.099

2006 cohort 0.49 0.228 .
2007 cohort 0.185 0.206

yearsxlay date nest 10.58 2 0.005
2006xlay date nest 0.004 0.040
2007xlay date nest 0.100 0.033

B. adult survival probability
intercept -1.810 0.171
∆plotSR cohort -0.258 0.432 0.35 1 0.551
∆BS nest -0.016 0.029 0.30 1 0.581
∆plotSRx∆BS nest -0.486 0.145 11.24 1 <0.001
years cohort 30.95 2 <0.001

2006 1.028 0.227
2007 1.053 0.203



(∆Dx∆plotSR; Table 6.2), such that birds were less likely to produce a second brood
in high density male biased plots (i.e. with expected high level of competition). We
did not find significant interaction between brood size and plot density manipula-
tions on the probability of producing a second brood (∆Dx∆BS: -0.003±0.003,
χ2

df1=0.62, P=0.429). 
In contrast to the experimental effects found, natural plot sex ratio had a positive

effect on the production of second broods, indicating that natural male biased envi-
ronment may reflect good quality habitat or good quality breeders. Late breeders
had a lower chance to produce a second clutch than early breeders (Table 6.2). Birds
produced more second broods in 2006 than in 2005 and 2007 (Table 6.2 and
Appendix A). Patterns among different random sub-sets of the data were qualitatively
all very similar to analysis shown presently (for analyses per year see Appendix E). 
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Figure 6.1 The effect of brood size manipulation on adult local survival probability (A-C) and on
the probability of producing a second brood (D-F) varied with the plot sex ratio in the
Lauwersmeer great tit population (see Tables 6.1B and 6.2). Averages are presented with standard
errors (raw data; n=1013 individuals (A-C); n=654 broods (D-F)). For graphical purpose the
broods that have been reduced or enlarged by more than 4 nestlings are pooled together.



DISCUSSION

The aim of our study was to investigate the sex-specific fitness consequences of brood
size manipulation under varying competitive regimes in great tits. The experiment did
not affect the number of recruits per nest, i.e. the fitness benefits of reproduction.
However, consistently for the three years, survival and fecundity costs of reproduc-
tion of both sexes increased with the proportion of males in a plot, a parameter
expected to affect the level of intra-specific competition. The results support our
hypothesis that parents should balance the investment between energetically costly
activities (reproduction vs. defence and acquisition of resources) and provide the first
experimental evidence that costs of reproduction depend on the ecological context,
i.e. on the level of competition. We judge it unlikely that the effect of sex ratio on
brood related fitness was a brood rather than a plot effect because we could not
detect any fitness effects of brood sex ratio during the nestling period (effect on
nestling performance, Nicolaus et al. 2009b).  

Cost of reproduction and social environment

127

Table 6.2 Model summary of hierarchical models for the probability of producing a second brood
(n=506 broods) analyzed in relation to the brood size, density and sex ratio manipulations in a
great tit population (∆=experimental change, D=nestling plot density; SR=nestling plot sex ratio;
BS=brood size). Significant values are indicated in bold face.  

Parameter level β s.e. (β) χ2 df P

intercept -3.528 0.706
natural plot density cohort -0.022 0.008 7.88 1 0.005
∆plot density cohort -0.031 0.02 6.98 1 0.008
natural plot SR cohort 22.593 6.161 13.45 1 <0.001
∆plotSR cohort -8.629 3.121 7.65 1 0.006
∆plot densityx∆plotSR cohort -0.182 0.065 7.86 1 0.005
∆BS nest -0.395 0.200 3.90 1 0.048
∆plotSRx∆BS nest -1.281 0.884 2.10 1 0.147
lay date nest -0.237 0.048 24.07 1 <0.001
years cohort 34.89 2 <0.001

2006 cohort 2.700 0.729
2007 cohort -1.120 0.853

yearsx∆plotSR cohort 7.64 2 0.022
2006x∆plotSR cohort 4.995 3.573
2007x∆plotSR cohort 10.895 3.946

yearsx∆BS nest 2.75 2 0.252
2006x∆BS nest 0.215 0.220
2007x∆BS nest -0.096 0.272

yearsx∆plotSRx∆BS nest 9.28 2 0.010
2006x∆plotSRx∆BS nest 0.519 0.977
2007x∆plotSRx∆BS nest 3.485 1.288



(a) Parental effort and number of recruits
There is experimental evidence that brood enlargement increases parental feeding
activity and energy expenditure (Nilsson 2002; Sanz & Tinbergen 1999; but see
Tinbergen & Verhulst 2000), indicating that reproductive effort and brood size are
positively related. In our population enlarged broods fledged more young but those
young were in worse condition (Nicolaus et al. 2009b; Tinbergen & Sanz 2004) and
less likely to recruit (Tinbergen & Sanz 2004). We also know that brood enlargement
in our population significantly increased parental visit rate to the nest (K.M.
Bouwman personal communication). This suggests that parents with increased brood
size must have increased their parental effort to successfully fledge extra nestlings.
Yet unlike other studies (e.g. Tinbergen & Sanz 2004) this increased parental effort
did not result in a higher number of recruits in our study. The lack of apparent exper-
imental effects on the number of recruits per nest most likely is the outcome of con-
flicting and opposite forces: brood size enlargement increased young productivity
which happened to be counter-balanced by a reduced survival of those offspring.

Altered social environment did, against our expectation, not affect the number of
recruits per nest also not in interaction with brood size manipulation.  This could
happen if juveniles disperse and mix quickly after fledging in flocks of which compo-
sition minimizes the level of intra-specific competition. Yet, we found a negative
relation between the natural plot density and the number of recruits, which suggests
that juveniles may have suffered from a contest type of competition with other juve-
niles or adults. Although the effect of the experimental change in density scaled in
the same direction we could not confirm the effect experimentally perhaps because
the magnitude of the density manipulation has been too small.

(b)  Costs of reproduction in an ecological context
OVERALL EFFECTS

An increase of parental effort may reduce the phenotypic quality of birds rearing
enlarged broods through some physiological changes (e.g. reduced body mass, Nur
1984; reduced immune response, Pap & Markus 2003 or delayed moult, Svensson &
Nilsson 1997). This change of phenotypic quality may have then drastic effects on
bird competitiveness because it could set competitive asymmetries among individu-
als and influence the outcome of agonistic interactions (Gosler & Carruthers 1999;
Lindström, Hasselquist & Wikelski 2005; van Oort et al. 2007). Therefore birds with
increased parental effort may engage less competitive interactions, loose dominance
and pay higher costs of reproduction especially if the level of competition for
resources is high (see overview in Fig. 6.2). Consistently, our results suggested that
parents with enlarged broods had to work harder and showed that those parents
paid higher costs of reproduction when breeding in male biased or control plots.
Male biased plots contained more of the philopatric and dominant sex implying that
they were more likely to carry high numbers of competitors. This may explain why in
those plots parents with enlarged broods may have lost competition and suffered
from reduced fecundity and survival (Fig. 6.2). In this population we also found evi-
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dence that juveniles were attracted by male biased plots which may have enhanced
the negative effect of competition on the weakest parents in these areas (Nicolaus et
al. unpublished). Moreover, it is known that parents with enlarged broods provide
longer parental post-fledging care to the young (Smith et al. 1987). Therefore, adults
may also have traded-off the duration of the post-fledging parental care of the first
brood with the production of a second brood (Verhulst, Tinbergen & Daan 1997;
Smith et al. 1987), resulting in a lower chance to produce a second brood for parents
with enlarged broods. An overall increase of the intra-specific level of competition in
male biased plots may have increased the fitness cost associated with extended
parental care or with multiple breeding explaining why fewer birds initiate second
broods in these areas. 

The absence of sex-specific experimental effects on survival and fecundity also
suggests that plot sex ratio manipulation did affect the overall level of intra-specific
competition but not the level of intra- or inter-sexual competition. This may be due
to the fact that in summer juveniles do not express sex-specific behaviours yet (e.g.
territorial behaviour starting only after moult at the onset of autumn, Drent 1983)
and thus compete with adults for non sex-specific resources (e.g. food). Their overall
number may have affected the overall level of intra-specific competition and the
adult sexes in a similar way. 

ADULT SURVIVAL PROBABILITY IN FEMALE BIASED PLOTS

We predicted the negative effect of brood size enlargement on survival to increase
with the proportion of males in a plot. This is what we observed in male and control
plots. Nevertheless, this could not explain the positive association between brood
enlargement and survival in female biased environment.

Rearing a second brood is known to bear a survival and fecundity cost (Verhulst
1998). We found that adults with reduced broods in female biased plots were more
likely to produce a second brood, which could explain why these individuals suffered

Cost of reproduction and social environment

129

Parental effort Phenotypic quality Competitiveness Fitness

Social environment

Figure 6.2 Overview of the mechanisms underlying the costs of reproduction in an ecological con-
text: an increase of parental effort reduces parental phenotypic quality and subsequently affects
competitive abilities of the parents, resulting in a reduced fitness for those pairs especially when
the level of local competition is high (i.e. high proportion of males).  



from higher mortality. Nevertheless, this was not supported by the data because the
production of a second brood did not associate negatively with female survival (test-
ed but not shown). Only high phenotypic quality females may have initiated a second
breeding attempt. Although we do not understand the observed pattern in female
biased plots, we proposed that two other combined mechanisms linked with sex-
biased dispersal in this species could underlie this pattern: It is acknowledged that
dispersing individuals in birds are often females and/or individuals of lowest condi-
tion (Clobert et al. 2001). In female biased plots, most young females (i.e. 75% of the
fledglings) were expected to disperse, especially those with bad condition originated
from enlarged broods. In great tits, parents provide post-fledging care to their off-
spring during a few weeks depending on their brood size (Drent 1984; Verhulst &
Hut 1996). Consequently the early disappearance of young females may relax the
overall level of competition in these plots and may relieve adults with enlarged
broods from post-fledgling parental care. This may then be translated into a higher
survival probability for parents. Alternatively but non-exclusively, parents with
enlarged female biased broods may invest less in (post-fledging) parental care
because offspring females in bad condition are more likely to be outcompeted and
thus have a reduced fitness prospect. 

(c) Evolutionary aspects
Birds are expected to choose the strategy that maximizes their fitness, implying that
a brood size manipulation often affects either investment in current or in future
reproduction. Interestingly in our study both aspects were affected since brood
enlargement increased parental effort and reduced future fecundity and survival. We
did not calculate one fitness estimate combining adult components and recruits
because dispersal rates differ strongly between these age groups and bias the fitness
estimate. Yet, considering control sex ratio plots that reflect a natural situation, we
found that parental future fecundity and return chance were negatively associated
with brood enlargement. These findings showed thus that selection on brood size
was directional towards small broods. The negative directional selection on brood
size found is in contrast with earlier conclusions made in the same population where
there was a positive selection on brood size (Tinbergen & Sanz 2004). The ecological
settings of our population have changed over time and thereby may have modified
the selective forces acting on brood size. 

We hypothesized that inconsistencies among studies regarding the fitness conse-
quences of brood size manipulations may come from differences in social context
that affect costs of reproduction. Our findings confirmed that social effects are
important for costs of reproduction and thus for optimal brood size. Yet, to under-
stand population differences, full knowledge of the mechanisms underlying competi-
tion (e.g. level of resources vs. number of competitors) is needed. We thus showed
that the local social environment is an important selection pressure acting on indi-
vidual reproductive rates and therefore is expected to play a key- role in micro-evo-
lutionary processes acting on fitness related traits.
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Appendix A. Overview of the breeding parameters and the adult survival of first broods of the
Lauwersmeer great tit population. Breeding density represents the number of breeding pairs per
ha. A density (“low D/high D”) and a sex ratio (“female/control/male”) treatment were assigned to
every plot. The mean plot density (total number of nestlings per plot) and mean plot sex ratio (pro-
portion of male nestlings in a plot) are presented before and after manipulation at day 6. Laying
date is expressed in April date (1=1st of April). Means are presented with their standard deviation
(SD) and their sample size for the three study years 2005, 2006 and 2007.

2005 2006 2007

parameters mean SD n mean SD n mean SD n

plot traits
breeding density 2.10 0.51 12 1.43 0.60 12 2.24 0.71 12
low D before 156.83 28.27 6 134.33 48.73 6 166.83 19.57 6
low D after 137.83 26.35 6 119.67 48.90 6 143.00 22.02 6
high D before 161.50 16.28 6 118.00 27.62 6 144.83 34.50 6
high D after 181.17 17.33 6 132.67 32.67 6 168.67 42.97 6
female before 0.48 0.02 4 0.47 0.06 4 0.46 0.01 4
female after 0.24 0.00 4 0.24 0.02 4 0.25 0.02 4
control before 0.47 0.02 4 0.50 0.02 4 0.51 0.04 4
control after 0.49 0.01 4 0.49 0.01 4 0.50 0.03 4
male before 0.50 0.03 4 0.49 0.04 4 0.52 0.06 4
male after 0.74 0.02 4 0.79 0.03 4 0.76 0.02 4

brood traits
laying date 24.68 5.05 201 25.10 3.00 107 19.81 4.12 198
clutch size 8.54 1.48 201 9.64 1.20 107 8.26 1.55 198
brood size 7.67 1.72 201 8.96 1.27 107 7.35 1.58 198
brood sex ratio 0.49 0.18 201 0.48 0.17 107 0.49 0.18 198
no. fledglings 6.35 2.90 201 6.24 3.62 107 5.74 2.52 198
no. recruits 0.53 0.79 201 1.09 1.26 107 0.60 0.85 198
p(second brood) 0.09 0.29 201 0.32 0.47 107 0.12 0.32 198

adult survival
female survival 0.15 0.36 201 0.39 0.49 107 0.33 0.47 198
male survival 0.15 0.36 189 0.26 0.44 115 0.34 0.47 203
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Appendix B. Frequency distribution of (A) the original brood sizes before manipulation at day 6
(B) the changes in brood size at day 6 and (C) the experimental brood sizes after manipulation at
day 6 of the 1st broods of the Lauwersmeer great tit population in 2005, 2006 and 2007. 
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Appendix C. Brood size manipulation did not significantly affect the number of recruits per first
broods in the Lauwersmeer great tit population. Averages are presented with standard errors
(years 2005, 2006 and 2007 combined; n=506 broods; raw data). The broods that have been
reduced or enlarged by more than 4 nestlings are pooled in two groups for graphical purpose.  

Appendix D. Model summary of hierarchical models for the number of recruits per brood in rela-
tion to brood size, plot density and plot sex ratio in a great tit population in the Netherlands
(∆=experimental change, D=nestling plot density; SR=nestling plot sex ratio; BS=brood size).
Effects of lay date (date) and of the original brood size of the foster parents have been also tested.
The final models are presented per year. Significant values are shown in bold.  
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Parameter level β s.e. (β) χ2
df=1 P

2005 (n=224 broods)
intercept –0.667 0.145
date nest –0.049 0.021 5.27 0.022

2006 (n=158 broods)
intercept 0.061 0.086
∆D cohort 0.001 0.005 0.03 0.872
∆plotSR cohort 0.853 0.375 5.17 0.023
∆Dx∆plotSR cohort 0.066 0.021 9.84 0.002
natural density cohort –0.008 0.002 13.86 <0.001
original BS nest 0.138 0.055 6.25 0.012

2007 (n=242 broods)
intercept –0.651 0.131
natural density cohort –0.011 0.005 5.62 0.018
original BS nest 0.143 0.059 5.84 0.016
date nest 0.045 0.022 4.22 0.040



Cost of reproduction and social environment

135

Appendix E. Model summary of hierarchical models for the probability of producing a second
clutch in relation to brood size, plot density and plot sex ratio in a great tit population in the
Netherlands (∆=experimental change, D=nestling plot density; SR=nestling plot sex ratio;
BS=brood size). Effects of lay date (date) and of the original brood size of the parents have been
also tested. The final models are presented per year. Significant values are shown in bold. 

Parameter level β s.e. (β) χ2
df=1 P

2005 (n=224 broods)
intercept -0.667 0.145
∆D cohort -0.048 0.021 5.39 0.020
∆plotSR cohort -4.679 2.331 4.03 0.045
∆BS nest -0.382 0.175 4.78 0.029
∆BSx∆plotSR(*) nest -1.378 0.810 2.90 0.089
date nest -0.325 0.088 13.76 <0.001

2006 (n=158 broods)
intercept 0.061 0.086
natural density cohort -0.021 0.006 12.94 <0.001
natural plot SR cohort 18.192 6.144 8.77 0.003
∆plotSR cohort -1.501 1.029 2.13 0.145
∆BS cohort -0.120 0.068 3.13 0.080
∆BSx∆plotSR nest -0.763 0.320 5.68 0.017
date nest -0.301 0.076 15.88 <0.001

2007 (n=242 broods)
intercept -0.651 0.131
natural density cohort -0.035 0.011 9.72 0.002
∆D cohort -0.034 0.016 4.44 0.035
natural plot SR cohort 17.972 6.396 7.88 0.005
∆plotSR cohort -3.934 2.201 3.19 0.074
∆Dx∆plotSR cohort -0.132 0.059 5.05 0.024
∆BS nest -0.207 0.105 3.90 0.048
date nest -0.113 0.550 4.19 0.041

(*) trend
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Abstract
We studied variation in phenotypic selection on brood size over time by comparing the
fitness consequences of brood size manipulations in two distinguished periods (1995-
1998 vs. 2005-2007) in one population of the great tits (Parus major). Selection on the
offspring component was positive in period 1 but non-existent in period 2. Selection on
the parental component was non-existent in period 1 and negative in period 2. Overall
phenotypic selection on brood size was therefore positive in period 1 and negative in
period 2. Variation in selection within the periods was small compared to the variation
between periods implying a consistent change over time perhaps related to increased
competition or decreased resource availability. This consistent temporal variation in
directional selection on brood size is relevant to understand how temporal and spatial
variation in ecological circumstances may interact with the microevolution of reproduc-
tive rates.  

Chapter7
Brood size under changing phenotypic selection 

Marion Nicolaus, Christiaan Both and Joost M. Tinbergen



INTRODUCTION

Life-history theory assumes that selection maximizes some measure of fitness and
that the existence of reproductive trade-offs limits variation in life-history traits
(Roff 1992). Extended to avian clutch size, theory predicts that birds produce the
number of eggs that maximizes their fitness by trading-off investment into current vs.
investment into future reproduction (Charnov & Krebs 1974; Williams 1966). The
amount of energy allocated into the current reproduction is expected to affect the
outcome of the trade-off between the number and the quality of young produced
(Lack 1947; Lack 1966). At an individual level, the number of eggs produced may be
tuned to the local circumstances and to the phenotypic quality of the parents and
therefore be individually optimized (Perrins & Moss 1975). Overall it is thus expect-
ed that selection on clutch size should be stabilizing at the local population or at the
individual level, implying that clutch size could evolve at the individual, population
or meta-population level.  

Among the different approaches possible to measure the action of natural selec-
tion on avian life-history traits, the experimental change of parental breeding choice
provides a way to quantify the fitness consequences of variation in these traits
(reviewed in Dijkstra et al. 1990; Parejo & Danchin 2006). The outcome of the clutch
size or brood size manipulations is inconsistent among populations, implying that
avian populations do not always produce a clutch size that maximises fitness. Within
the same species, the fitness benefits associated with brood size can be higher for
reduced broods (negative selection, Rytkönen & Orell 2001; Verhulst 1995), for con-
trol broods (stabilizing selection, Lindén 1990; Tinbergen & Daan 1990) or for
enlarged broods (positive selection; Tinbergen & Sanz 2004). At an individual level,
there is some experimental evidence that individual optimization of clutch size
occurred (e.g. Gustafsson & Sutherland 1988; Högstedt 1980; Perrins & Moss 1975;
Pettifor et al. 2001; Smith et al. 1989) but not in all populations (e.g. Both et al. 1998;
Tinbergen & Both 1999; Visser & Lessells 2001; Tinbergen & Sanz 2004). These dis-
crepancies among populations are important for the development of life-history the-
ory in an ecological context because they question the notion of optimality at a local
population and urge us to understand the origin of this lack of local adaptation. 

Several explanations have been proposed for the mismatch between the most
common clutch / brood observed in the population and the one associated with the
highest fitness gain. First, if selection on clutch size fluctuates in space, optimal
clutch size may differ in the different habitats and therefore gene flow between pop-
ulations that are under different selective pressures prevents local adaptation
(Dhondt et al. 1990; Dias & Blondel 1996). Second, if selection on clutch size fluctu-
ates between years (e.g. selection towards large clutches in “good” years and toward
small clutches in “bad” years), the variance in fitness for birds producing large
clutches will increase and will slow down the expected evolution of clutch size (e.g.
Boyce & Perrins 1987). Hence, the ecological settings of populations (e.g. stability of
the environment or connectivity between populations facilitating exchanges) may
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play an important role in understanding the absence of optimization. It is also
acknowledged that conclusions regarding clutch size or brood size related fitness and
the action of natural selection on these traits are limited to the breeding phase in
which they are manipulated. Selective forces acting on clutch size and brood size
may differ between the different phases of the breeding cycle. The existence of costs
related to eggs production (Visser & Lessells 2001) or incubation (de Heij et al.
2006; Monaghan & Nager 1997; Visser & Lessells 2001) may for instance explain
why birds lay smaller clutches than those that maximize fitness as measured via
brood size manipulation in the nestling phase. 

In the Lauwersmeer great tit population (Parus major), selection on brood size
was found to be positive in an early period (period 1: 1995-1998; Tinbergen and Sanz
2004) and negative in the current years (period 2: 2005-2008; Nicolaus et al submit-
ted). In this population breeding density increased and breeding success decreased
over years, a reason to study whether these changes could induce a significant shift
in selection on brood size over time. With that aim we compared the fitness conse-
quences of the brood size manipulations performed in the two distinguished periods
and examined which components of fitness were affected. We aimed at documenting
temporal variation in selection on brood size, relevant to understand how temporal
and spatial variation in ecological circumstances may interact with the microevolu-
tion of reproductive rates. We also discuss how our findings relate to the optimality
approach to explain clutch size variation.  

MATERIAL AND METHODS

Study area and study species
The study was carried out on a great tit population in a mixed deciduous forest in
the Lauwersmeer area in the north of the Netherlands (see details in Tinbergen &
Sanz 2004). This great tit population is monitored since 1993 and the number and
position of the nest boxes in the study has changed according to the experiments per-
formed over the study years. We distinguish 3 phases: First, from 1994 onwards 200
nest-boxes were unevenly spread over 8 nest-box areas (plots) so that plots carried
high or low number of boxes (period 1). Second, in 2004, 200 nest boxes were added
in 4 additional plots, offering in total 400 available nest sites. Third, before the 2005
breeding season, we reorganised the existing study area by establishing 12 new plots.
Each plot consisted of 50 boxes offering thus 600 nest sites available for the tits
(period 2). The 8 plots of period 1 located in a northern and southern area (means
plot surface±SD: 34.17±18.24 ha) and the 12 plots of period 2 located in the north-
ern area only (means plot surface±SD: 10.39±1.39 ha) were not physically the same
(see maps in Appendix A). Few natural cavities were available in the study area so
that all the breeding attempts occurred in the nest-boxes. 
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Data collection-standard measurements
From the beginning of April, 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). In the period 2, nestlings were weighted
(mass ±0.1g) and ringed with an aluminium ring at day 6 which was done at day 7 in
the period 1. At day 7, both parents were caught with a spring trap in the nest-box,
weighted, measured and ringed for identification if necessary. At day 14, growth
measurements of the juveniles were taken. From day 19 onwards, boxes were
checked every two days to determine the fledge date, nests were emptied and
checked for dead chicks. Further weekly checks gave information about the inci-
dence of second clutches and their breeding success. We did not perform any experi-
ment on the second broods but the standard measurements of juveniles and adults
were taken. Local survival probability of adults (or return rate) and recruitment
probability of juveniles were estimated on the basis of recaptures of breeding birds
in the study area the next year. Overall natural breeding parameters are presented in
Table 7.1. 

Brood size manipulations
PERIOD 1 (1995, 1997 AND 1998)

In this first period, brood size manipulations were performed at day 2 among nests
with similar hatching date and clutch size. These brood manipulations were spread
among the 8 plots carrying either low or high breeding densities (see details concern-
ing the plot manipulation in Nicolaus et al. 2009a). Reduced and enlarged broods
were created by adding or removing 3 young from the original brood size. Control
broods were left with their natural brood size. All nests including the control nests
were visited at the same frequency, meaning that they have all experienced the same
level of disturbance (see details in Tinbergen & Sanz 2004). We defined experimental
brood size as the number of nestlings present in a nest after manipulation at day 2.

PERIOD 2 (2005, 2006 AND 2007)
In the second period, brood size manipulations were performed within the frame of
a large experiment that aimed at studying the effect of competition within and
between the sexes at the scale of the plot. For three years, the social environment
(offspring density and offspring sex ratio) of the plots were manipulated via simulta-
neous brood size and brood sex ratio manipulation at large scale (for details see
Nicolaus et al. 2009b). Because sexes of the nestlings needed to be known, brood size
and brood sex ratio manipulations were performed later, at day 6, among nests with
similar hatching date. We assigned all the nests to become “small”, “intermediate”
or “large” broods. The “small” and “large” categories differed by ± 3 nestlings from
the “intermediate” category. The intermediate broods were created such that they
equalled the average brood size in a given year, meaning 7 or 8 nestlings in 2005
(7.69±1.71, n=243), 9 nestlings in 2006 (8.97±1.38, n=165) and 7 nestlings in 2007
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(7.29±1.56, n=247). Final brood sizes (e.g. 6, 9 and 12) were thus created independ-
ently of the original brood size of the parents. Simultaneously, the same nests were
also assigned to become “female biased”, “control” or “male biased”. Female and
male biased broods were manipulated to ca 25% or 75% male nestlings respectively,
whereas control broods were created with ca 50% male nestlings. In this paper, we
controlled statistically for the sex ratio manipulation but we will not quantify its fit-
ness consequences because we concentrated on the difference in the fitness effects
of the brood size manipulation between the periods. All nests have experienced the
same level of disturbance. We defined experimental brood size as the number of
nestlings present in a nest after manipulation at day 6. 

Fitness components
For first broods, we analyzed the fledgling mass (at day 14), the number of fledglings
per nest (number of nestlings present in the nest at day 14), the fledging probability
(probability to be alive at day 14 given that the nestlings were alive at day 2 or 6), the
number of recruits per nest (number of offspring per nest that bred in our population
the next year), the recruitment probability (probability to recruit into the population
after day 14), the probability of producing a second brood (given that the first brood
was successful) and the adult return probability (probability to be recaptured in our
study area the subsequent breeding season) in relation to the brood size manipula-
tion and its differential effect between the two periods (see details the “analyses”
part). For the second brood, we analyzed the variation in  the number of recruits per
nest in relation to the manipulation performed on the first broods (see details the
“analyses” part) so that we could test for carry over effects of the early manipulation
on the subsequent breeding attempt in the same year. 

Data selection 
Our experiment was performed over 6 years spread between two periods during
which we manipulated the first broods (defined as clutches started within 30 days of
the earliest clutch in that year) and monitored breeding traits of the second broods
(defined as broods from which we knew that the female had successfully fledged a
first brood). Thus repeat clutches of known females after failure were left unmanip-
ulated as were nests with a clutch size smaller than 3 eggs or with very high mortality
rate (>50%) before manipulation because they often reflect a disturbed situation.
Those nests were excluded from further analysis. Broods that failed after manipula-
tion were kept in the analyses.

In period 2, we manipulated brood sizes relative to the mean annual brood size.
Therefore to reach the final brood sizes that differed from ± 3 young from the annual
mean brood size, we reduced and increased broods in rare cases until –6 and +7
nestlings. To compare the fitness effects of brood size manipulation of period 1
(n=168 broods) with period 2 (n=586 broods), we restricted the data set of the peri-
od 2 to the nests that have been enlarged or reduced by maximum 3 nestlings. We
did so because the extremely manipulated broods may affect the pattern by
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reinforcing the positive or negative fitness effects of the brood size manipulation and
we do not know how these broods would have affected the pattern in the period 1.
Some adult females bred repetitively in two or more of the study years. To account
for age effects and inter-dependence between the measurements, we selected one
random breeding event for each female. The final sample sizes were 150 broods for
the period 1 and 433 broods for the period 2.

Checking for experimental artefacts 
In the two periods, breeding densities (period 1) or nestling density and sex ratio
(period 2) were manipulated at a plot level. We know that experimental local breed-
ing densities did not affect components of fitness in the period 1 (Nicolaus et al.
2009a). Yet, to check for potential effects of the plot manipulation in period 2 that
may confound the experimental effect of brood size, we tested the effects of the plot
treatments fitted as factors in the main analyses (for density: reduced density=1,
unchanged=2 or increased density=3; for sex ratio: female biased=1,
unchanged=2, males biased=3). The “unchanged” treatments were used as refer-
ence category. For the period 1, the plot treatments were entered as “unchanged”
because of the absence of plot nestling manipulation. The results showed no addi-
tional significant effect of the plots treatment on the components of fitness studied
(mixed model with plots, cohort and broods included as random effects: effect of
density manipulation on: the number of fledglings per nest: χ2

2=0.31, P=0.854;
number of recruits per nest: χ2

2=0.46, P=0.796; adult return probability: χ2
2=2.70,

P=0.259; effect of plot sex ratio manipulation on: the number of fledglings per nest:
χ2

2= 0.90, P=0.638; the number of recruits per nest: χ2
2= 0.55, P=0.759 and adult

return probability: χ2
2= 2.94, P=0.229). Therefore, we did not keep the plot manip-

ulations in further analyzes. 
We also checked whether the outcome of the brood size manipulations was

affected by the nest-boxes being located either in the northern or the southern area
in the period 1 (Appendix A). This was not the case (mixed model with plots, cohort
and broods included as random effects: effect of location x change of brood size on:
the number of fledglings: –0.225±0.257, χ2=0.77, P=0.381; number of recruits: -
0.115±0.141, χ2=0.67, P=0.413; adult return probability: -0.171±0.279, χ2=0.37,
P=0.541).

In period 1 the brood size manipulation took place at day 2 while in the period 2
it took place at day 6 because the sex of the nestlings was needed. This difference in
experimental set-up may leave more time for early mortality to occur in the period 1
because parents may use it as an adjustment to the ecological situation. Hence, we
checked for the period 1 when nest mortality related to the brood size manipulation
occurred, by comparing the number of chicks dead between day 2 and day 7 and
between day 7 and day 14 (which is comparable to the manipulation of period 2).
For that we analyzed the number of dead chicks before and after day 7 in the nest
using a mixed model with a Poisson distribution and a log link function that included
plots and broods as random effects. The analyses were controlled for the original
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brood size of the nest and the number of days over which nest mortality was meas-
ured (in case the nest was not visited exactly at day 7 or day 14). We found that for
1995 and 1997, mortality induced by brood size enlargement was higher after day 7
than before day 6 (phase (before/after day 7) x final brood size2: 1995: -0.121±0.038,
χ2=10.10, P=0.001; 1997: -0.233±0.188, χ2=3.91, P=0.048). For 1998, the interac-
tion between “phase” and “final brood” was not significant but more chicks died
after than before day 7 (phase: 1.386±0.342, χ2=16.45, P<0.001). In conclusion, the
negative effects of the brood size manipulation on nestling mortality occurred in
majority after day 7 (See figure in Appendix B).

Analyses of fitness components
To account for sources of inter-dependence between measurements, we used gener-
alized linear mixed models (MLwiN version 2.02; Rasbash et al. 2004) distinguishing
between variance on 3 levels: plots, cohorts, and nests. For the analyses of fledgling
mass, fledgling probability, recruitment probability and adult return probability, a
fourth level of variation “individual” was added to the model. We defined cohort the
level corresponding to the re-samplings of a plot for every study year. We have thus 3
cohorts (re-sampling of 1995, 1997 and 1998 or of 2005, 2006 and 2007) nested with-
in each plot. Variation in fledgling mass and number of fledglings per nest was stud-
ied using normal response models. Variation in the probability of producing a sec-
ond brood, fledging probability, recruitment probability and adult return probability
were studied using a binomial response model with a logit function. The number of
recruits per nest for the first and second broods was analyzed using a Poisson
response model with a log link function. Because mean population brood size pre-
sented important year difference, the original brood size and the final brood size
included in the models were centred on the annual means. For fledgling mass the
standardized values were used by subtracting the mean trait value of the population
calculated for all the years together from the individual trait value and by dividing
this difference by the standard deviation.  

To test for a change of selection on brood size over time, we tested whether the
components of fitness were affected by the brood size manipulation (∆BS) and this
differentially between the two periods. ∆BS was calculated as the difference between
the original brood size and the final brood size after manipulation (at day 2 or 6).
The full models included the experimental changes in brood size (∆BS and ∆BS2),
the original brood size of the parents (original BS), the periods and the two and
three way interactions among the variables. For the analyses of fledging mass, age of
the nestling was also included in the model because some nests were not exactly vis-
ited at day 14. For adult return probability, the adult sex and the two- or three-way
interaction with sex were fitted in the model. Period (1 or 2) and sex (female=0,
male=1) were fitted as factors with respectively period 1 and female chosen as refer-
ence categories. All the other variables including the experimental effects were fitted
as continuous variables. We also performed all the analyses using the final experi-
mental brood size instead of the experimental change to check whether the final
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number of offspring centred per year rather and the change affected bird fitness. We
will only report these last results if they differ from the analyses using the change in
brood size. Model selection was performed using backwards elimination of the non-
significant terms in the order of their significance assessed by its Wald statistics. The
level of significance was set at P=0.05. We will also report the non-significance of
the most important parameters (re-tested in the final models after elimination).

Testing the occurrence of individual optimization
Individual optimization hypothesis predicts that the parents produce a brood size
that maximizes their fitness (Perrins & Moss 1975; Pettifor et al. 1988). Following the
procedure given by Tinbergen and Sanz (2004), we first tested whether the number
of recruits per nest of the 1st broods differed with original brood size (i.e. occur-
rence of individual optimization). For that, we included in the models the final
experimental brood size (BS centred per year) and its square (BS2) to model the fit-
ness maximum in relation to final brood size and subsequently included the brood
size manipulation (∆BS) in interaction with the brood size and/or its square to judge
whether the fitness maximum differed between reduced, control and enlarged cate-
gories. If it is the case the interaction ∆BSxBS or ∆BSxBS2 should be significant. If
the fitness maximum associated with reduced, control and enlarged broods differed
between the periods, the interaction periodx∆BSxBS or periodx∆BSxBS2 should be
significant. 

Further, if the analysis of adult return probability revealed the existence of costs
of reproduction (e.g. if ∆BS or ∆BSxoriginal BS is significant), adult survival should
be combined with the recruits in one fitness measure, estimated as (the number of
recruits per nest + number of surviving parents per nest)/2 see Tinbergen and Sanz
(2004). 

RESULTS

Change of population density and breeding traits over time
Population breeding density (first broods only) significantly increased over the years
(1994-2008: F1,14=24.35, P=0.001; Appendix C) changing from 0.33 to 1.95 pairs/ha
which is consistent with the addition of nest-boxes in the area. The mean breeding
densities were 0.38±0.02 pairs/ha in the period 1 and 1.84±0.38 pairs/ha in the peri-
od 2. The breeding densities significantly differed between the two periods (1995-96-
98 versus 2005-06-07: t-test: t=–6.573, df=4, P=0.003). In period 1, birds laid on
average 2.7 day later and produce on average 1.3 eggs and chicks more per nest than
in period 2 (see t-test in Table 7.1). Fledglings of period 1 were on average 1 g heavier
and their wing 0.3 cm longer than fledglings in period 2 (see results of general linear
model where age at measurement and period were fitted in the model in Table 7.1).
Therefore we considered that the brood size manipulations in the two periods were
conducted under different ecological circumstances. 
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Brood size manipulations
FLEDGLING MASS (N=4100 INDIVIDUALS)

Brood enlargement had a negative effect on fledgling mass and this significantly
stronger in period 2 than in period 1 (periodx∆BS, Table 7.2A; Fig. 7.1A). Fledgling
mass was positively related to the age of the nestling and negatively to the original
brood size of the foster parents (Table 7.2A). This last effect did not differ between
the periods studied (periodxoriginal BS: –0.036±0.043; χ2

1=0.72, P=0.397). The
effect of original brood size was positive when tested with the final experimental
brood (0.092±0.021; χ2

1=18.52, P<0.001) and reflected probably an effect of
parental or territory quality. 

NUMBER OF FLEDGLINGS PER NEST – 1ST BROODS (N=583 BROODS)
The number of fledglings per nest was positively associated with brood enlargement
indicating that parents were able to raise extra nestlings successfully (∆BS; Table
7.2B). This pattern levelled-off for large broods (∆BS2, Table 7.2B). In period 1, the
number of fledglings per nest was higher and more juveniles fledged from enlarged
broods than in period 2 (periodx∆BS, Table 7.2B, Fig. 7.1B, mean number of fledg-
lings (±SD): period 1=8.26±3.07, n=150; period 2=7.75±2.54, n=433). The num-
ber of fledglings per nest was positively related to the original brood size of the foster
parents (Table 7.2B). This positive effect of original brood size did not differ between
the periods studied (periodxoriginal BS: –0.022±0.049; χ2

1=0.21, P=0.651).

FLEDGING PROBABILITY – 1ST BROODS (N=4714 INDIVIDUALS)
In period 1, nestlings had a higher chance to fledge (period: –1.903±0.569;
χ2

1=11.20, P<0.001, mean fledging probability (±SD): period 1=0.95±0.22,
n=1349; period 2=0.84±0.37, n=3365). The effect of brood size enlargement on
the fledging probability was non linear and differed between the two periods (∆BS:
–0.176±0.090; χ2

1=3.79, P=0.051; periodx∆BS: –0.164±0.110; χ2
1=2.23, P=0.136,
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Table 7.1 Overview of the breeding parameters of the first broods of a great tit population in the
two study periods (period 1: 1995-98; period 2: 2005-07). In period 1 clutch size, brood size and
fledgling body condition (mass and wing length at day 14) of the early fledglings were all signifi-
cantly larger than in period 2. Birds in period 1 laid later than in the period 2.   

Period 1 Period 2 1 vs. 2
mean SD n mean SD n test

lay date (April date) 25.36 7.20 147 22.69 5.02 434 t1, 579=4.96**
clutch size 9.93 1.28 149 8.66 1.49 434 t1, 581=9.23**
brood size 9.03 1.50 149 7.80 1.64 434 t1, 581=8.04**
mass (g) 16.88 0.06 1277 15.89 0.04 2823 F1, 4099=188.12**
wing length (cm) 3.36 0.01 1260 3.04 0.01 2819 F1, 4078=480.52**

** P<0.001



∆BS2: –0.114±0.057; χ2
1=3.93, P=0.047; periodx∆B2: 0.144±0.068; χ2

1=4.55,
P=0.033, Fig. 7.1C). An analysis per period revealed that this non-linear effect came
from the fact that in period 1 young from control and reduced brood had a higher
probability to fledge than young from enlarged broods (∆BS: –0.179±0.076;
χ2

1=5.58, P=0.018; ∆BS2: -0.1122±0.051; χ2
1=5.78, P=0.016). In contrast, in the

period 2, the effect of brood size enlargement on fledging probability was linear and
negative (∆BS: –0.346±0.063; χ2

1=30.11, P<0.001; ∆BS2: 0.041±0.036; χ2
1=1.26,

P=0.281). Fledging probability was independent of original brood size of foster par-
ents (original BS: –0.040±0.071; χ2

1=0.31, P=0.575) and this effect did not differ
between the two periods (periodxoriginal BS: 0.065±0.179; χ2

1=0.13, P=0.715). 
The analysis performed with the final experimental brood size revealed lower

fledging probability in period 2 and a linear negative effect of final brood size (BS:
–0.181±0.04; χ2

1=17.01 P<0.001) that did not differ between the periods
(periodxBS: -0.019±0.100; χ2

1=0.04; P=0.847, Fig. 7.1C).

NUMBER OF RECRUITS PER NEST – 1ST BROODS (N=583 BROODS)
The number of recruits per nest did not differ between the periods (Table 7.2C,
mean number of recruits (±SD): period 1=0.74±1.11, n=150; period 2=
0.83±0.1.12, n=583). Overall, the number of recruits per nest was positively associ-
ated with brood enlargement (∆BS; Table 7.2C). Yet, the positive pattern, strong in
period 1, debilitates in period 2 (periodx∆BS Table 7.2C; Fig. 7.1D). In both periods,
parents with natural large broods recruited significantly more young (Table 7.2C;
periodxoriginal BS: 0.007±0.083; χ2

1=0.01, P=0.933). 

RECRUITMENT PROBABILITY – 1ST BROODS (N=4714 INDIVIDUALS)
Juveniles recruitment probability did not differ between the periods (period:
0.166±0.242; χ2

1=0.36, P=0.550, mean recruitment probability (±SD): period
1=0.84±30.22, n=1349; period 2=0.86±0.28, n=3365). Yet, the brood size manipu-
lation had a positive effect in period 1 but a negative effect in period 2 (∆BS:
0.064±0.048; χ2

1=1.09, P=0.297; periodx∆BS: -0.197±0.060; χ2
1=8.22, P=0.004;

Fig 7.1E). Recruitment probability was not related to the original brood size of fos-
ter parents (original BS: 0.009±0.042; χ2

1=0.045, P=0.832) and this similarly for the
two periods (period_original BS: 0.016±0.097; χ2

1=0.03, P=0.867).

PROBABILITY OF PRODUCING A SECOND CLUTCH (N=583 BROODS)
Brood size enlargement reduced the probability of producing a second clutch (Table
7.3A). In period 1, birds were more likely to initiate a second clutch than in period 2
(Table 7.3A, mean second brood probability (±SD): period 1=0.37±0.48, n=150;
period 2=0.15±0.35, n=433). Although not significant, there was a trend for the
brood size manipulation effect to be stronger in period 2 than in period 1
(periodx∆BS: -0.204±0.118; χ2

1=2.98, P=0.084, Fig. 7.1F). We further analysed the
two periods separately to check the origin of this trend. Brood size manipulation did
not have a significant effect in period 1 (∆BS: 0.006±0.078; χ2

1=0.01, P=0.938)
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whereas brood enlargement significantly reduced the probability of producing a sec-
ond brood in period 2 (∆BS: –0.187±0.071; χ2

1=6.99, P=0.008). The probability of
producing a second clutch was not related with the original brood size of the parents
(original BS: 0.075±0.089; χ2

1=0.71, P=0.398) and this was so for both study peri-
ods (periodxoriginal BS: 0.123±0.181; χ2

1=0.46, P=0.497). 
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Table 7.2 Model summary of hierarchical models where variation in fledgling mass (A), in the
number of fledglings per nest of the 1st broods (B) and in the number of recruits per nest of the 1st

broods (C) are analysed in a great tit population in relation to the original brood size of the parents
(original BS centred per year), the experimental change of brood size (∆BS or ∆BS2) for the two
study periods (period 1: 1995-1998; period 2: 2005-2007). Significant values are shown in bold.  

Parameter level β s.e. (β) χ2
df=1 P

A. fledgling mass 1st broods
intercept -3.313 1.815
period plot -0.494 0.144 11.75 <0.001
age indiv 0.261 0.126 4.25 0.039
original BS nest -0.102 0.019 31.12 <0.001
∆BS nest -0.096 0.021 21.18 <0.001
periodx∆BS nest -0.137 0.026 27.13 <0.001

random effects σ2plot 0.039 0.027 2.12 0.146
σ2cohort 0.064 0.025 6.24 0.012
σ2nest 0.314 0.023 179.2 <0.001
σ2indiv. 0.365 0.009 1178.32 <0.001

B. number of fledglings 1st broods
intercept 0.599 0.125
period plot -0.642 0.138 21.77 <0.001
original BS nest 0.257 0.021 150.98 <0.001
∆BS nest 0.236 0.024 95.85 <0.001
periodx∆BS nest -0.097 0.030 10.47 <0.001
∆BS2 nest -0.020 0.008 5.69 0.017

random effects σ2plot 0.024 0.027 0.79 0.375
σ2cohort 0.086 0.033 6.61 0.010
σ2nest 0.500 0.031 265.67 <0.001

C. number of recruits 1st broods
intercept -0.502 0.186
period plot 0.243 0.216 1.26 0.262
original BS nest 0.120 0.034 12.11 <0.001
∆BS nest 0.168 0.042 16.21 <0.001
periodx∆BS nest -0.204 0.051 16.27 <0.001

random effects σ2plot 0.000 0.000 - -
σ2cohort 0.324 0.092 12.37 <0.001
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Figure 7.1 Overview of the fitness effects of the brood size manipulations for great tits of the
Lauwersmeer population. The fledgling mass (A), the number of fledglings per nest (B), the fledg-
ing probability (C), the number of recruits per nest (D) the recruitment probability (E) and the
probability of producing a second brood (F) are presented in relation to the brood manipulations
performed in the in the period 1 (1995-1998; black dots; n=150 broods) and in the period 2 (2005-
2007; white dots; n=433 broods). Averages are presented with standard errors (raw data) against
the change in brood size and against the final brood sizes after manipulation. For graphical pur-
pose, final brood sizes ≤ 5 and ≥ 12 were pooled together (dotted ines=non significant trend).   



The analysis performed with the final experimental brood size revealed no effect
of brood size on the probability of producing a second clutch (final BS: –0.061
±0.051; χ2

1=1.42, P=0.233) and this similarly between the periods (periodxBS:
–0.096±0.102; χ2

1=0.88, P=0.348, Fig. 7.1F).

NUMBER OF RECRUITS – 2ND BROODS (212 BROODS)
For both periods, we did not detect any carry over effects of the brood size manipu-
lation performed in the 1st broods on the number of recruits of the 2nd broods (peri-
od: –0.104±0.572; χ2

1=0.03, P=0.856; ∆BS: 0.041±0.116; χ2
1=0.12, P=0.727; peri-

odx∆BS: –0.290±0.196; χ2
1=2.19, P=0.139). The number of recruits of the 2nd

broods tended to relate to the original brood size produced by the parents in the 1st

brood (original BS: –0.325±0.174; χ2
1=3.51, P=0.061) and this similarly between

the periods (periodxoriginal BS: 0.289±0.239; χ2
1=1.45, P=0.227). The analysis per-

formed with the final experimental brood size showed a similar pattern.

PARENTAL RETURN PROBABILITY (N=1137 INDIVIDUALS)
Adult return rate was lower in period 2 than in period 1 (Table 7.3B, mean adult
return probability (±SD): period 1=0.36±0.48, n=290; period 2=0.28±0.45,
n=847). We found a sex-specific effect of the brood manipulation on adult return
probability that differed between the two periods (periodxsexx∆BS, Table 7.3B, Fig.
7.2A). To understand the pattern, we analysed the data-sets of periods 1 and 2 sepa-
rately. It appeared that brood enlargement did not have sex-specific effect on sur-
vival in period 1 (sexx∆BS: 0.134±101; χ2

1=1.75, P=0.185, Fig. 7.2A) but affected
significantly and negatively males in period 2 more than females (sexx∆BS: –0.176
±0.076; χ2

1=5.39, P=0.020, Fig. 7.2A). Moreover, we also found sex-specific effects
of the original brood size of the parents on their return probability (sexxoriginal BS;
Table 7.3B). Female survival was negatively related to original brood size whereas
male survival tended to be positively related to original brood size (Table 7.3B, Fig.
7.2B). This pattern was similar for the two periods (periodxsexxoriginal BS:
0.084±0.208; χ2

1=0.165, P=0.684, Fig. 7.2B). 

Individual optimization
We modelled the fitness maximum in relation to final brood size (BS and BS2 cen-
tred per year) and subsequently included the change in brood size (∆BS) in interac-
tion with the final brood size and/or its square. We did this to detect whether the
original brood size of the parents explained fitness variation on top of the squared
brood size effect, an indication for parental quality differences or even, depending
on the exact outcome, of individual optimisation. 

The number of recruits was positively related to the final brood size but did not
present any “peak” which we would expect if selection would be stabilizing on this
fitness component (BS: 0.143±0.042; χ2

1=11.93, P<0.001; BS2: 0.009±0.013;
χ2

1=0.46, P=0.498). The interaction between period and final brood size was signifi-
cant meaning that the slope of the linear relationship between the number of
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recruits and final brood changed over time (periodxBS: –0.0122±0.049; χ2
1=6.27,

P=0.012). Furthermore, the interaction between period and ∆BS was significant on
the number of recruits indicating the existence of parental quality differences in the
period 2 (periodx∆BS: –0.204±0.093; χ2

1=4.88, P=0.027). The change of brood size
square was not significant also not in interaction with period (not shown).
Concerning adult survival, a linear survival cost associated with brood enlargement
was found in period 2. In their study Pettifor et al. (2001) tested the occurrence of
individual optimization by analyzing the effect of the original clutch size of the par-
ents, ∆BS and ∆BS2 on the number of recruits. Tested in a similar way, the number
of recruits positively related to the original brood size of the parents (0.123±0.035,
χ2

1=12.53, P<0.001) in the two periods but not to ∆BS and ∆BS2 (not shown).
Hence our results showed that individual optimization did not occur in the
Lauwersmeer population although difference in parental qualities exists. 
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Table 7.3 Model summary of hierarchical models where variation in the probability of producing a
second brood (A) and in the adult return probability (B) are analysed in a great tit population in
relation to the original brood size of the parents (original BS centred per year), the experimental
change of brood size (∆BS or ∆BS2) for the two study periods (period 1: 1995-1998; period 2: 2005-
2007). Significant values are shown in bold.   

Parameter level β s.e. (β) χ2
df=1 P

A. p(second clutch)
intercept –0.832 0.409
period plot –1.186 0.503 5.56 0.018
∆BS nest –0.116 0.059 3.92 0.048

random effects σ2plot 0.000 0.000 - -
σ2cohort 1.88 0.575 10.77 <0.001

B. p(adult return)
intercept –0.571 0.281
period plot –0.558 0.336 2.77 0.096
original BS nest –0.201 0.067 8.86 0.003
∆BS nest –0.124 0.075 2.77 0.096
periodx∆BS nest 0.717 0.095 3.25 0.071
sex indiv. –0.545 0.263 4.30 0.038
sexxperiod indiv. 0.564 0.309 3.32 0.068
sexxoriginal BS indiv. 0.355 0.094 14.32 <0.001
sexx∆BS indiv. 0.174 0.106 2.69 0.101
sexxperiodx∆BS indiv. –0.362 0.133 7.45 0.006

random effects σ2plot 0.095 0.128 0.55 0.457
σ2cohort 0.400 0.170 5.54 0.019
σ2cohort 0.160 0.178 0.81 0.368



DISCUSSION

We examined whether directional phenotypic selection on brood size changed over
time within the Lauwersmeer great tit population. We found that the fitness conse-
quences of the brood size manipulations differed significantly between the two study
periods. Selection on the offspring component was positive in period 1 but non-exis-
tent in period 2. Selection on the parental component was non-existent in period 1
and negative in period 2. Overall phenotypic selection on brood size was therefore
positive in period 1 and negative in period 2. We found no evidence for individual
optimization of brood size in the two periods. Variation in selection within the peri-
ods (not shown) was small compared to the variation between periods implying a
consistent change over time rather than annual fluctuations (Boyce & Perrins 1987).
We will discuss the possible mechanisms behind the shift of selection on brood size.
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Figure 7.2 Overview of the fitness effects of the brood size manipulations for the adult return
probability in the Lauwersmeer great tit population. A change of brood size has a sex-specific
effect on adult return probability in period 2 (2005-2007; n=433 broods) but not in period 1 (1995-
1998; n=150 broods) (A). The relationship between adult return probability and original brood
size also differ between males and females but in the same way between the periods (B). Averages
are presented with standard errors (raw data).  For graphical purpose, original brood sizes ≤ 5 were
pooled together.   



1. Methodological artefact
The fitness consequences of the brood size manipulations changed over time.
Because we performed the brood size manipulations at different nestling ages in the
two periods (day 2 in period 1 and day 6 in period 2), this may be the cause of the
differential effect between the periods. Nestlings that are swapped early may cope
better with a change in their nest environment because they would have more time
to adjust their growth strategy accordingly via e.g. reallocation of limited resources
or change of behaviour such as begging (Neuenschwander et al. 2003). As a result,
brood enlargement performed at an earlier stage (i.e. day 2) could have a less dele-
terious effect on nestling development and future survival than if performed at a
later stage (i.e. day 6). Additionally, parents that experienced a brood size change at
an early stage may compensate for the manipulation and find the strategy that will
minimize their costs of reproduction (e.g. change of provisioning strategy or reduc-
tion of brood size in early phase). 

Comparing the outcome of brood size manipulation in great tit studies revealed
that there is no clear pattern regarding the consequences of brood size enlargement
performed at different nestling age on the number of fledglings or the number of
recruits, contrasting the ‘growth adjustment’ hypothesis (Table 7.4). However, the
only studies that detected a survival cost of reproduction are those where brood size
manipulations were performed late at day 5 or 6 (Table 7.4). This supports the idea
that parents that are forced to raise extra day 5 or day 6 old nestlings cannot adjust
their reproductive strategy and pay higher reproductive costs. Yet, the analysis of
nest mortality within the period 1 showed that most of experimental effects on nest
mortality occurred after day 7 (see also Appendix B). This suggests that the experi-
mental effects induced by brood size change in period 1 and 2 are likely to take place
around the same period (after day 6 or 7) and thus a difference in the experimental
set-up could not explain the difference in the fitness consequences. Further brood
size manipulations performed at different nestling age in the same year should be
conducted to discard the hypothesis that fitness consequences of brood enlargement
differ with the time of manipulation.

2. Change in ecological settings
Our results showed that selection on brood size has shifted over time favouring large
broods in the period 1 and small broods in the period 2. When looking at the popu-
lation breeding traits, we observed that birds in period 2 bred earlier, laid smaller
clutches and produced smaller and lighter fledglings while population breeding den-
sity increased over time (see also Appendix C). This indicates that food situation
may have deteriorated with time and/or that an increase of population density may
have increase the level of intra-specific competition for resources. Although we do
not have any quantitative data about these environmental changes, we will discuss
the possibility that they could underlie the shift of selection.   

In territorial species, the acquisition of a territory is a crucial step for individual
fitness because it is a pre-requirement to access reproduction (Begon et al. 1990). As
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population density increases, it may become harder for the juveniles to recruit into
the natal population as old birds benefit from a prior residency advantage (Sandell
& Smith 1991) and are dominant over yearlings for resource acquisitioning (Hogstad
1989; Sherry & Holmes 1989). Moreover, juveniles originating from enlarged broods
are known to be in lower condition (Nicolaus et al. 2009b) and therefore when over-
all competition increases they are expected to be less likely to win territorial fight
(Gosler & Carruthers 1999; Drent 1984), less likely to survive (Tinbergen & Boerlijst
1990) or more likely to disperse (Tinbergen 2005). If local competition increased
over time, natural selection may have favoured the most competitive offspring, i.e.
those from small broods, explaining why juvenile recruitment chance decreased with
brood enlargement in period 2 but not in period 1. This negative relationship may
have counter-balanced the increased productivity of brood enlargement, resulting in
an apparent lack of selection on the number of recruits per nest in period 2. The fact
that numbers of recruits per nest were on average similar between the periods is
consistent with the idea that the number of recruits is determined by the number of
open places in the population, thus by parental mortality if populations are roughly
stable. Parents may thus adjust their clutch size to the number of vacancies for their
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Table 7.4 Overview of the studies that quantified the fitness consequences of brood manipulations
in great tits in terms of number of recruits, fecundity and survival costs of reproduction (0 indicate
no experimental effect, -, + and 2 indicate respectively negative, positive or quadratic effect of
brood size enlargement; 0/+ or 0/- indicate that the experimental effects are found only in some
years). Conclusions made regarding the existence of individual optimization (IO) is indicated.

population manip age F R Ft mS fS Ft+1 IO references

Wytham, UK - 0 + 0 2 0 0 0 yes (no) 1, 2, 3 (4)
Hoge Veluwe, NL - 0 + 1-3 2 - 0 0 0 yes 5 ,6 ,7
Hoge Veluwe, NL - 0 + 1-4 0 0 -/0 0 0 no 8
Hoge Veluwe, NL 0 + 2 + -/0 0 +/0 0 no 9
Lauwersmeer, NL - 0 + 2 + + 0 0 0 0 no 10, 11
Tartu, E - 0 + 2 0 2 0 0 + 0 no 12
Gotland, SE - 0 + 2-3 - 2 - 0 0 0 yes 13
Buunderkamp, NL - 0 + 2-4 0 no 14
Revinge, SE - 0 + 5 + 2 0 - - yes ? 15, 16, 17
Lauwersmeer, NL - 0 + 6 + 0 - - - 0 no 18

1 Perrins and Moss 1975; 2 Pettifor et al. 1988; 3 Pettifor et al. 2001; 4 Boyce and Perrins 1967; 5 Tinbergen
and Daan 1990; 6 Both et al. 2000; 7 Tinbergen et al. 1987; 8 Tinbergen and Both 1999; 9 Visser and Lessells
2001; 10 Tinbergen and Sanz 2004 and this study (period 1); 11 Sanz and Tinbergen 1999;  12 Hõrak 2003; 13
Lindén 1990; 14 Both et al. 1998; 15 Smith et al. 1987, 16 Smith et al. 1988, 17 Smith et al. 1989, 18 this study
(period 2) 

manip= experimental categories (- reduced 0 control + enlarged); age=age at which chicks were swapped;
F=number of fledglings; R=number of recruits, Ft=probability of producing a second brood; mS=adult male
survival, fS=adult female survival; Ft+1=fecundity the next year



offspring in the population as suggested in an earlier study in this population
(Nicolaus et al. 2009b).

A change of ecological circumstances over time may also elicit higher competi-
tion for the access to resources among parents. We showed that pairs with an
enlarged brood were less likely to produce a second brood and paid higher survival
costs in period 2 than in period 1, especially true for males. We discussed in another
study (Nicolaus et al. submitted) the possibility that costs of reproduction may be
expressed only if birds with increased parental effort experience a high level of com-
petition. Because rearing activity can be energetically demanding (Nilsson 2002 but
see Tinbergen & Verhulst 2000; Sanz & Tinbergen 1999), adults with increased
parental effort may loose phenotypic quality (Lindén 1990; e.g. reduced body mass;
Nur 1984; delayed moult; Svensson & Nilsson 1997) and thereby become less good
competitors. This may reduce their fitness under high levels of competition. It has
been shown that in natural “bad” years (i.e. with low winter seed stock) associated
with a high level of competition for food, great tits paid a higher survival cost of
reproduction (Tinbergen, Vanbalen & Vaneck 1985). Hence in period 2, an overall
increase of competition may have affected selection on the parental fitness compo-
nent in this period negative, resulting in a directional selection towards small broods.
If high reproductive effort indeed reduces competitiveness, reproductive costs linked
to male territorial behaviour may explain the differential survival effect of brood
manipulation between the sexes in period 2. Males usually stay all year around in the
area to defend their territory which may imply costs (e.g. energetic costs or preda-
tion risk) especially if the number of candidate settlers is high (Drent 1984). 

No optimal brood sizes detected
In both periods studied, birds produced a brood size that neither maximized fitness
at the population nor at the individual level. The brood sizes produced in period 1
were too small and in period 2 too large. We can therefore conclude that in this pop-
ulation great tits produced brood sizes that were locally maladaptive during the
nestling period. We did not detect individual optimization but the significant positive
effect of original brood size on the number of recruits indicated that bird or territory
“quality” matters.  

The lack of local adaptation may have several origins: First of all, fitness effects
in other periods may matter, (de Heij et al. 2006; e.g. costs of egg production and/or
incubation, Monaghan & Nager 1997; Visser & Lessells 2001). In period 1 of our
population the existence of incubation costs associated to large clutches explained
why birds produced too small broods that did not maximize fitness during the
nestling phase (see discussion in de Heij et al. 2006). Second, if birds use environ-
mental cues to take breeding decisions, any abnormal variation in the environment
could prevent birds to produce the adequate brood size (e.g. Blondel 1998; Török et
al. 2004). Third, in the absence of competition for food during the nestling phase
(Nicolaus et al. 2009a) birds may not be selected to produce a clutch size tuned to
the local food situation. Fourth, the presence of gene flow may prevent local adapta-
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tion (Dhondt et al. 1990; Postma & Van Noordwijk 2005). In our subsets, the per-
centage of immigrants (i.e. non-locally born birds) represented 41% of the breeding
birds in period 1 and 46% in period 2. Hence the presence of immigrants leaves the
opportunity for genetic mixing that could prevent genotypes to respond to selection. 

Sex-specific survival patterns
In the two periods, female survival was negatively related to the original brood size
while males were not affected. This suggests that producing large broods entailed
larger fitness costs for females than for males as expected if there exist a fitness cost
of egg production (Visser & Lessells 2001) and/or incubation (de Heij et al. 2006;
Monaghan & Nager 1997; Visser & Lessells 2001) that females have to pay.
Moreover, we found for period 2 a differential cost of reproduction between the
parental sexes such that brood enlargement reduced the survival of the males but
not of the females. In great tits where parental care is shared between the sexes, a
sexual conflict over the brood size to produce may appear if the costs of brood care
are higher for males than for females (Trivers 1972). A differential cost of reproduc-
tion between the sexes may thus indicate that the optimal brood size for males is
smaller than for females. Hence a sexual conflict over the number of offspring to
produce could result in a compromised brood size that did not optimize individual
fitness. The fact that we found no effect of the brood size manipulation on the num-
ber of recruits per nest in period 2 (Nicolaus et al. unpublished) makes the existence
of a sexual conflict over brood size unlikely.

Conclusive remarks
Our study provides evidence for consistent temporal variation in directional selec-
tion on brood size. General conclusions regarding the existence of directional or sta-
bilizing selection on population life-history traits based on data collected in a specific
time period should therefore be considered with caution. Reproductive decisions of
birds may not track the environment where resources and competition are changing
over time and where a lot of genetic mixing is occurring. 
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Appendix A. Maps of the Lauwersmeer study area where brood size manipulations were per-
formed in a great tit population (Parus major). In the period 1 (1995-1998), 200 nest-boxes were
spread over 8 plots distributed in a northern and southern area (A). In the period 2 (2005-2007),
600 nest-boxes were spread among 12 plots distributed in the northern area only (B). 
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Appendix B. In great tit population where brood size manipulations were performed at day 2,
most of the nest mortality (% of dead chicks per nest) related to brood size occurred between day
7 and fledging (late) rather than between day 2 and day 7 (early). Time differential mortality was
tested for 3 years 1995 (n=48 broods), 1997 (n=58 broods) and 1998 (n=41 broods). Means are
presented with standard errors (raw data).
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Appendix C. Significant increase over time of the natural breeding densities of a great tit popula-
tion located in the Lauwersmeer in the Netherlands. The black stars indicate the years when the
brood size manipulations were performed. These manipulations were carried out within two distin-
guished periods (period 1: 1995-1998 and period 2: 2005-2007). Between 1994 and 2003, 200 nest-
boxes were available in the study area. In 2004 the number of boxes raised to 400 and from 2005
onwards to 600.
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INTRODUCTION

Life-history theory assumes that individuals behave optimal and hence the reproduc-
tive decisions they take should maximize fitness (Lessells 1991; Roff 1992). Optimal
reproductive investment involves trading-off both the number versus the quality of
offspring produced (Lack 1947) and the current versus the future reproduction of
the parent (Charnov & Krebs 1974; Williams 1966). To be adaptive, reproductive
decisions may be tuned to environmental factors, including social factors. In wild
populations, phenotypic adjustment of reproductive decisions provides a rapid way
to respond to spatial and temporal variability of the environment (Stearns 1989).
Density dependence of clutch size, ubiquitous in avian populations (Both 2000), is
one of the well known examples of reproductive adjustment to environmental fac-
tors. Experimental studies showed that negative density dependence of clutch size
was a response to an increase of local competition for food prior- or during the
nestling phase (e.g. Arcese & Smith 1988; Both 1998b; Nager et al. 1997; Soler &
Soler 1996 but see Dhondt et al 1992) and this may be adaptive (Both et al. 2000).
Nevertheless, there is also growing evidence that local density can convey positive
information about habitat quality rather than being an indication of competition
level. If birds cue on the breeding performance of conspecifics (public information)
to make settlement and reproductive decisions, a high local density in one year can
indicate high quality habitat in which breeding could enhance fitness the next year
(Danchin et al. 2001). Therefore, in this thesis we 1) experimentally quantified how
social environment (local density and local sex ratio) causally affected the fitness con-
sequences of variation in reproductive choices and 2) determined the spatial scale at
which phenotypic selection on individual decisions took place in a single great tit
meta-population (Parus major). Negative effects of intra-specific competition induced
by altered social environment on brood size related fitness were primarily examined
but positive effects (e.g. via public information use) were also considered. We also
examined the effects of social environment on juvenile redistribution over the study
area to unravel the mechanisms underlying variation in individual decision making. 

DISCUSSION OF THE GENERAL FINDINGS

The Lauwersmeer great tit population (Parus major) is characterized both by an
increase of population over time and by a negative density dependence of clutch size
between the years. Unlike other studies (Both 1998b; Török & Toth 1988), the
decrease of clutch size with density was not caused by an increase of competition for
food during the nestling phase and was the result of individual adjustment rather
than the result of selection (chapter 2). If the decrease of clutch size over time was
caused by a density effect the birds must have adjusted their clutch size to competition
experienced at a scale much larger than the area where they collect food for the young
(e.g. competition for food in early spring or competition for space after fledging). 
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I will summarize in the next paragraphs the main findings regarding causal effects
of altered social environment on habitat choice and reproductive trade-offs and will
discuss their implications for further studies.

Dispersal and habitat selection
Whether to disperse and where to go are the first important decisions a fledged bird
has to take in its early life and therefore individuals are expected to be under selec-
tive pressures to make optimal settlement choices (Fretwell & Lucas 1970; Kristan
2007). Yet, on which basis juveniles take these decisions is still largely unknown.
Besides the intrinsic quality of the environment, discrimination among possible suit-
able habitats may be greatly influenced by their social environment (e.g. local densi-
ties). The presence of other individuals in a habitat may elicit competition for limit-
ed resources and aggression among settlers, implying that individual fitness in a
habitat is density dependent (Fretwell 1972). We may thus expect that juvenile settle-
ment decisions will be driven by the avoidance of competition. On the other hand,
there are many cases where individuals prefer to settle close to conspecifics (Stamps
1988). This may occur when individuals monitor other’s interactions with the envi-
ronment to gain knowledge about possible suitable breeding habitats (Danchin et al.
2004). Social information inadvertently provided by other individuals may be used to
localise available resources in the habitat (social attraction) or to assess the quality
of the habitat (public information) (Valone 2007; Valone 1989). Public information
can be accessed through the local breeding performance of hetero- or conspecifics
that share similar requirements (see review in Danchin et al. 2001). If public infor-
mation is used, individuals would settle close to successful breeders to benefit from
the same favourable conditions. Yet use of public information is expected to be
counterbalanced by competition. If all individuals of a population make similar
choices, habitat quality will deteriorate due to increased local density (Doligez et al.
2003) and raised competition (Courchamp, Clutton-Brock & Grenfell 1999). 

In this thesis, the mechanisms underlying the dispersal and settlement decisions
of juvenile great tits were examined with the focus on these two opposite processes,
competition avoidance and the use of public information. In this species, individuals
can express territorial behaviour at the onset of the first autumn following fledging
(Drent 1984). In our study the fledglings reduced their post-fledgling movements on
average within a month (Michler et al. unpublished) indicating that settlement deci-
sions occurred in an earlier phase, i.e. just after fledging. We studied how an experi-
mentally altered social environment experienced by birds during the critical period
after fledging affected their post-fledgling movements and settlement decisions. We
examined whether increased fledging density and increased sex ratio (male biased
plots) were unattractive (competition avoidance hypothesis) or attractive (public
information hypothesis) and whether this effect differed between the sexes.  

Female juveniles dispersed and settled further from their natal plots than males
(chapter 5 and box C), as reported before in this species (Greenwood et al. 1979).
Females may have avoided competition for food with males during the post-fledging
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period (Fig 8.1-8.G; box C). Overall, natural plot nestling density had a strong nega-
tive effect on yearling habitat selection. Birds were more likely to emigrate from
high density plots and less likely to settle in such high density plots, especially males
(chapter 5, Fig. 8.1-7.F. and 8.1-9.F), the latter effect being perhaps the consequence
of permanent emigration from these plots. Juveniles may have left natural high den-
sity plots after fledging and never return back in these areas the next spring. Our
findings were consistent with the ‘competition view’ where high local density
enhanced competition for local resources especially competition for territories and
prevented juveniles from settling in these habitats (e.g. Delestrade et al. 1996; Krebs
1971; Nilsson 1989; Fig. 2). Whether juveniles actively avoided these high competi-
tive environments as a means to increase fitness or whether they were forced to
leave because they were out-competed by prior resident birds is still unknown
(Krebs 1982; Sandell & Smith 1991). 

Interestingly, habitat choice was also affected by the plot sex ratio manipulation
such that juveniles settled preferentially in plots that were male biased the previous
year (Fig. 8.1-9.G; chapter 5). This result was in agreement with the ‘public informa-
tion’ hypothesis. High juvenile densities resulting from philopatric behavior of these
males rather than high proportions of males per se may have signaled good quality
habitat to prospecting young in the summer (Doligez et al. 2002; Doligez et al. 2008;
Fig. 2). This effect can also explain why juveniles fledged in increased fledging densi-
ty plots dispersed less far during the post-fledging phase (Fig. 8.1-8.E; box C). A sim-
ilar mechanism was found for adult collared flycatchers (Ficedula albicollis) of which
immigration and emigration decisions were based on conspecific breeding perform-
ance in terms of apparent breeding success (i.e. fledging density) and/or condition of
young produced (Doligez et al. 2002; Doligez et al. 2004). In collared flycatchers and
in blue tits (Cyanistes caeruleus), juvenile habitat choice was also negatively affected
by intra- or inter-specific competition (Doligez et al. 2004; Parejo et al. 2007) consis-
tent with our findings. An alternatively explanation for the increased settlement in the
male biased plots is that adult survival with enlarged broods was lower in male biased
environments (chapter 6 discussed in the following section). Their disappearance may
have provided vacancies allowing more juveniles to settle in male biased plots.

Our study provides experimental evidence that the local social environment dur-
ing the summer plays an important role in the redistribution of juveniles over the
habitat the next year and is a key-factor in understanding population dynamics. Both
the use of social information and intra-specific competition are important to under-
stand the decision to leave and the decision to settle (Fig. 8.2). The predominance of
one of the two mechanisms (use of public information vs. competition) in explaining
dispersal and settlement patterns of juveniles will depend on the ecological settings
in the local environment (e.g. overall level of competition for resources), the time
during which public information is available (e.g. shorter period of time for migrato-
ry species), the individual features (e.g. competitive abilities) and the ability of juve-
niles to gather this information (e.g. flocking behaviour of juveniles in tit species may
facilitate this process). 

Chapter 8

164



Juveniles should select the habitat that will maximize their fitness. Because the
habitat selection process is affected by the local social environment of these young,
their subsequent reproductive decisions are expected to be influenced by these social
effects as well. Young great tit social environments in the nest or in the fledging plot
could for instance induce physiological changes that influence individual reproduc-
tive capacities. Different individual histories may then underlie variation in laying
date or clutch size. Alternatively but not exclusively, social effects on reproductive
decisions may work after settlement because the redistribution of juveniles over the
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Figure 8.1 Overview of the effects of the social factors at a brood and a plot level on the different
fitness components studied in this thesis (chapters 3-6, box C) in 2005, 2006 and 2007 in the
Lauwersmeer great tit population. Positive or negative dashed lines indicate trends while flat short
dashed lines indicate the absence of effects.   



area creates new local environments that birds may use to tune their breeding deci-
sions on (see also Fig. 8.3). Furthermore, by manipulating local social environments
we altered the reliability of the social information that juveniles used for taking dis-
persal decisions. That implies that juveniles may have been tricked and consequently
may not have been able to make the best possible choice. If they did not readjust
their breeding decisions to the local conditions in the next spring, their breeding per-
formance may be worse than other birds in the plot. This hypothesis should be fur-
ther investigated. In the next section we will discuss the social effects on reproduc-
tive trade-offs. 

Reproductive decisions
Once individuals have settled and mated, they face the decision on how many off-
spring to produce. During this phase when birds are confined to small areas, we
expect a high local density to generate a high level of competition and thereby to
affect brood size related fitness negatively. Because the sexes are equally expensive
to raise for the parents (see discussion below) but male is the dominant sex (Hogstad
1989), a high local proportion of males is expected to elicit a high level of competi-
tion once juveniles have fledged and start competing with the adults. In our study,
the effect of altered competition on fitness costs and benefits of brood size can work
via (1) brood size related competition among parents in the plot and among
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Figure 8.2 Overview of the social factors involved in emigration and immigration decisions of juve-
nile great tits in the Lauwersmeer population over time (summary of effects found in chapter 5 and
box C). The mechanisms supposed to be involved in these processes are indicated in italics.
Dashed arrows and grey text summarized the preliminary results found in the study of post-fledg-
ing movements (box C).   



nestlings in the nestling period (2) competition for resources (food, mates or territo-
ry) among parents and yearlings in the plot after fledging. For both periods we quan-
tified the causal effects of competition on reproductive trade-offs. The general
expectation was that the fitness costs associated with large broods are higher in high
competitive environments (high density and / or male biased plots). Because females
are subordinate to males they may be more negatively affected by a high proportion
of surrounding males if competition between the sexes is important. If competition
with the sexes is important, the rarer sex is expected to enjoy higher fitness. 

NESTLING PHASE

Consistently with theoretical expectations (Lack 1947) and most empirical studies
(see reviews in Dijkstra et al. 1990; Parejo & Danchin 2006), brood enlargement
increased the number of young fledged to the detriment of their quality (Fig. 8.1-
1.A, chapter 3). There were no effects of brood sex ratio on growth and nest survival
(Fig. 8.1-1.C and 8.1-2.C), showing that nestling males were not more costly to raise
(Slagsvold et al. 1986) or did not benefit from a competitive advantage over females
(Oddie 2000). The negative effect of brood size enlargement on nestling growth was
stronger for males resulting in smaller sexual size dimorphism (SSD) in enlarged
broods (Fig. 8.1-1.A). Under intensified levels of sibling competition, mortality may
have been biased towards the chicks in poorer condition (which may have been the
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Figure 8.3 Overview of the implications of local social environment for local adaptation process
and population dynamics: individuals take reproductive decisions (e.g. clutch size or settlement
decision) shaped by selection and adjusted to the environmental circumstances (e.g. food situa-
tion). The local social environment (e.g. local density or sex ratio) where these individuals breed
affects the fitness costs and benefits of their choices and its subsequent fitness consequences. New
social environments will then be created as a result of natural selection (e.g. through selective
morality or non-random dispersal) that will influence the environmental outputs used by birds to
take reproductive decisions the next year.  



smallest females) explaining the decrease in SSD. Alternatively, nestling sexes may
adopt different strategies in the allocation of limited resources under stressful condi-
tions (Dubiec et al. 2006; Tschirren et al. 2003). Chapter 3 also revealed that natural
traits of both the original and the foster parents were associated with nestling
growth, leaving scope for maternal effects, early environmental effects and effect of
foster parents phenotypic or territory quality to occur. Further analyses should tease
these effects apart. The use of the pedigrees in genetic analyses (“animal models”)
including the swapped nestlings raised by foster parents provide material to disen-
tangle sources of variation (Postma & Charmantier 2007).

The significant interaction between the natural plot densities and the brood size
manipulation on nestling performance (Fig. 8.1-1.F; chapter 3) is interesting because
it suggests a sharper fitness decrease with brood size under high competition.
Although not significant, the experimental effects of plot density on nestling growth
and survival were in the same direction (chapter 3). In natural high density plots,
competition for food among adults during the chick rearing period may have been
higher (which contrasts with previous findings in this population, chapter 2) and in
these high density period, it may be beneficial to produce smaller broods in a high
competitive environment. In that way parents could produce fewer young of better
condition which are relatively more competitive and more likely to recruit (Both,
Visser & Verboven 1999). 

AFTER FLEDGING

Offspring components of fitness
Surprisingly we found no effects of our experiments on the number of recruits per
nest neither at the brood level (brood size manipulation) nor at the plot level (densi-
ty and sex ratio manipulations) (Fig. 8.1-4.A, 8.1-4.E and 8.1-4.G; chapter 6). Yet,
fledglings originated from enlarged broods were less likely to recruit (Fig. 8.1-3.A;
chapter 5). In great tits, nestling mass is a predictor for survival and future fitness
(Garnett 1981; Monros et al. 2002; Tinbergen & Boerlijst 1990). Reduced body mass
of fledglings originated from enlarged broods (chapter 3) may explain their lower
recruitment chance (as also supported by the results of chapter 4). The increased
productivity of enlarged broods may have been counter-balanced by a reduced
recruitment probability of those young and may have resulted in an apparent lack of
experimental effects of brood size variation on the number of recruits per brood.

One striking result of this experiment lies in the absence of sex-specific effects. We
designed the experiment such that competition within and between the sexes should
be affected. This means either that our experiment did not affect the sex-specific level
of competition or that juveniles moved too quickly after fledging to allow a sex-specif-
ic effect. The fact that altered plot sex ratio affected future fecundity    (second
broods) and survival of parents with increased brood size and also affected juvenile
settlement confirms that the manipulation was effective but did not drive sex-specific
effects. We might have modified competition for non sex-specific resources such as
food during a phase (e.g. post-fledgling) when birds do not express sex-specific
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behaviour. Our results highlight the need to know more about what resources birds
compete for and when competition occurs. Future studies in our population should
aim at gaining more insight about the mechanisms underlying competition.

Parental components of fitness
Giving extra nestlings to rear is expected to increase parental investment into the
current reproduction (e.g. Hegner & Wingfield 1987; Sanz & Tinbergen 1999).
Consistently our findings showed that parents with enlarged broods fledged success-
fully extra nestlings (chapter 3), suggesting that parental effort did increase with
brood size. Yet, parents did not meet the full energy requirements of enlarged
broods because those nestlings were in lower condition and had lower chances of
fledging (Fig. 8.1-1.A and 8.1-2.A; Chapter 3). This may be the outcome of parents
balancing the offspring demands against their self maintenance (Williams 1966) or
of parents being time constrained in their ability to collect food. Quality of the prey
item correlates often positively with searching time (e.g. Grieco 2002). Thus when
parents have to increase their provisioning effort, they might trade-off the quality of
prey collected against their number, bringing more of lower quality prey that are eas-
ier to get (Smith et al. 1988; Tinbergen 1981). This shift of nestling diet may no
longer cover brood energy or nutritional requirements. 

Importantly and in contrast to many empirical studies (see reviews in Dijkstra et
al. 1990; Parejo & Danchin 2006), we found that brood size manipulation did entail
reproductive costs. Interestingly, these costs expressed in terms of reduced probabili-
ty of producing a second brood and adult local survival depended on the proportion
of males in the plot, i.e. on the levels of local competition (Fig. 8.1-5.A and 8.1-6.A;
chapter 6). Male biased plots were expected to elicit high level of competition both
because males are dominant and philopatric (Greenwood et al. 1979; Wilson 1992)
and consequently more fledglings were expected to remain in these plots. The analy-
sis of local survival of juveniles after fledging confirmed that in 2006 juveniles in
male biased and control plots had an apparent higher survival than juveniles in
female biased plots which may be explained by a higher philopatric behaviour of
birds in these plots (Michler et al. unpublished). In addition, this high level of com-
petition may also have been reinforced by the non-random settlement of juveniles
that were attracted to male biased plots (chapter 5). Therefore, we propose that the
mechanisms involved in the expression of reproductive costs are the following: 

Parents with enlarged brood size become of lower phenotypic quality (e.g. lower
body mass, Nur 1984; Smith 1988; lower immune response, Pap & Markus 2003;
delayed moult, Svensson & Nilsson 1997) because allocating more resources to off-
spring production implies allocating less to self maintenance. In high competitive envi-
ronments, parents of reduced phenotypic quality may then be outcompeted by birds in
better shape and in the long run pay a higher cost of reproduction (reduced residual
reproductive value). The cost of reproduction is thus expressed as an ecological cost. 

In female biased plots, the relationship between brood enlargement and adult sur-
vival was positive (Fig. 8.1-6.A; chapter 6) which did not support the last reasoning
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because this relationship was expected to be also negative but with a less steep slope.
Although we do not understand the pattern in female biased plots, we propose that it
may perhaps be explained in the following way. In birds, dispersal is often biased
towards females and individuals of poor condition (Clobert et al. 2001; Tinbergen
2005). Therefore in female biased plots, a large number of juveniles is expected to dis-
perse quickly after fledging especially those from enlarged broods. As a result, these
plots will carry relatively few competitors and will relieve parents with enlarged broods
from their post-fledging parental duties if the absolute number of fledglings they care
of is less (Verhulst & Hut 1996). This may translate into higher survival chance for par-
ents with enlarged broods and lower survival chance for parents with reduced broods.

IMPLICATION FOR OPTIMAL CLUTCH SIZE

Life-history theory states that parents should produce the number of offspring that
maximizes their fitness (Roff 1992). Therefore when local circumstances change,
birds should adjust their breeding decisions to the environmental factors by the
means of phenotypic plasticity. Ecological studies provide evidence for the existence
of plastic adjustment of clutch size to extrinsic factors. It has been shown that birds
reduced clutch size when population density increases at a local scale (Both 1998a
but see Dhondt et al 1992) or at the population scale (chapter 2) or when local food
situation changes (Arcese & Smith 1988; Nager et al. 1997; Soler & Soler 1996). It
was suggested that this adjustment can be adaptive and that optimal clutch size
decreased with population density, i.e. with the level of competition for food during
the nestling period (Both et al. 2000). When the clutch size decision is tuned to the
local circumstances and to the phenotypic quality of the birds, it is expected to opti-
mize fitness at an individual level (Perrins & Moss 1975; Pettifor et al. 1988). In this
thesis we found no evidence that fitness peaked at intermediate brood size and no
evidence for individual optimization (chapters 6 and 7) although we detected varia-
tion in parental phenotypic or territory quality in period 2 (chapter 7, Fig. 8.1-2.A). 

In the box D, we depict the relationship between fitness and brood size in six dif-
ferent situations where the selective forces acting on brood size at a population level
are stabilizing or directional in the presence or absence of an effect of bird pheno-
typic variation in quality and individual optimization. When these scenarios are com-
pared with known studies in the great tit, it appears that stabilizing selection on
brood size at a population or individual level is not a general phenomenon (Table 1
in box D). Out of twelve situations summarized, only four showed stabilizing selec-
tion at a population level and / or revealed individual optimization (Table 1 in box
D).  In the rest of the studies, selection on brood size was either directional or fluc-
tuating between years without occurrence of individual optimization. This observa-
tion questions the notion of local optimization of reproduction as being a general
rule in avian populations. The implications of our findings for optimal brood size will
be discussed in the following sections.
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The main problem when studying optimization of reproduction is that it is very
hard to quantify fitness consequences of brood size for two reasons: Firstly, the
unknown fraction of offspring that disperses outside the study area prevents unbi-
ased fitness estimates of brood size manipulation, especially if there is a fitness cost
of reproduction to the parents.  The clutch size that maximizes individual fitness
results from a trade-off between parental fecundity and parental survival (Charnov
& Krebs 1974). Therefore overall brood fitness needs to encompass both recruit-
ment of the current brood and adult survival. However, combining these fitness
components in one fitness measure is problematic because the rate of dispersal
between adults and juveniles differs strongly (Greenwood & Harvey 1982) resulting
in an unknown fraction of mainly offspring that leave the area that will bias fitness
estimate. Without full knowledge of dispersal, the estimates of fitness are impossible.

Secondly, the existence of fitness costs and benefits associated to clutch or brood
size in other reproductive phases  (e.g. costs of egg production and / or incubation,
de Heij et al. 2006; Monaghan & Nager 1997; Visser & Lessells 2001) also prevents
unbiased estimates of the fitness consequences of clutch size (see discussion in de
Heij et al. 2006). Without a complete fitness estimate it is not possible to detect the
clutch size that maximizes fitness. That is the reason that I discuss the fitness compo-
nents (adults and offspring) separately in this thesis. 

In chapter 7, we found for period 2 a differential cost of reproduction between
the parental sexes such that overall brood enlargement reduced the survival of the
males but not of the females. In great tits where parental care is shared between the
sexes, a sexual conflict over the brood size to produce may appear if the costs of
brood care are higher for males than for females (Trivers 1972). A differential cost
of reproduction between the sexes (chapter 7) indicates that the optimal brood size
for males may be smaller than for females. Hence a sexual conflict over the number
of offspring to produce could result in a compromised brood size that did not opti-
mize individual fitness. The fact that we found no effect of the brood size manipula-
tion on the number of recruits per nest (chapter 6) makes the existence of sexual
conflict over brood size unlikely in our study period.

In the Lauwersmeer population selection on brood size was positive in an early
period (period 1: 1995-1998) and negative a later period (period 2: 2005-2007)
(Chapter 7). Tinbergen and Sanz (2004) proposed that the existence of costs of incu-
bation associated with large clutches could explain why birds produced “too small”
clutches in the first period (de Heij et al. 2006). Nevertheless this explanation can
not explain why birds lay “too large” clutches in the second period. It is usually
expected that reproductive trade-offs and costs of reproduction are detected under
“bad circumstances” (Lindén & Møller 1989). Therefore, the high costs of reproduc-
tion associated with large broods in the second period (chapter 6) indicate that great
tits in the Lauwersmeer experienced worse conditions in the current years than 10
years ago. This may have been caused by a degradation of the habitat over time. In
support, we observed a decrease in reproductive traits and body size of offspring
(chapter 2) and adults (unpublished) between years. We have evidence that local
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densities in period 1 did not generate competition for food during the nestling phase
(see chapter 2) while it may now play a role (period 2, 2005-2007; a negative effect of
natural local densities on nestling growth and survival, chapter 3). A reduction of
resources and an increase of breeding density over time may have modified the
intensity and the scale of competition and may have affected the selective pressures
acting on brood size. Selection on brood size in the same population can thus change
over time 

Other processes can explain the absence of fitness peak at intermediate brood
sizes. If birds use environmental cues to take breeding decisions, any unpredictable
variation of the environment could prevent birds to produce the adequate brood size
(e.g. Blondel 1998). We do not have quantitative data about environmental compo-
nents over time such as food or vegetation so we cannot rule out the possibility that
bird reproductive decisions did not track changes in the environment. The presence
of gene flow that homogenizes the population gene pool may be also another mech-
anism underlying the lack of local adaptation (Dhondt et al. 1990; Postma & Van
Noordwijk 2005). In our population, the percentage of immigrants (i.e. non-locally
born birds) represented up to 46% of the breeding birds in certain years. Hence the
presence of immigrants leaves the opportunity for genetic mixing that could prevent
genotypes to respond to selection. Detailed genetic analyzes would be needed to
investigate this possibility. Moreover, the brood size manipulations (period 1 or 2,
chapter 7) revealed the existence of reproductive trade-offs at a phenotypic level.
Yet as discussed by Roff (1992), these findings do not prove that these trade-offs
have an evolutionary significance. Variation in brood size may reflect for instance
variation in female condition that is uncorrelated with genetic variation (Price &
Liou 1989). If true, this would prevent natural selection to operate on this trait
because the genetic basis of life-history traits is a requirement for evolution.
However, in this population the repeatability and heritability (±se) of clutch size
were respectively 0.58 and 0.36±0.16 which indicates that clutch size in our popula-
tion presented large genetic variation (box A). This leaves scope for natural selec-
tion to shape the evolution of brood size in this population.

SOCIAL EFFECTS ON INDIVIDUAL DECISIONS

Of importance for further studies on optimal clutch size, we found that social effects
play an important role for the individual decision making process (see scheme in Fig.
8.3). Juvenile emigration and settlement decisions were the outcome of a cascade of
events where juveniles balanced use of public information (i.e. positive effect of
fledgling density) and avoidance of competition (i.e. negative effect of adult density)
(chapter 5). We also showed that local competition affected the cost of reproduction
(chapter 6), such that it was beneficial to produce smaller broods in high competitive
environments (i.e. in male biased plots) and larger broods in low competitive envi-
ronments (i.e. female biased plots). The individual decisions on where to settle and
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what brood size to produce are interconnected because the attraction of juveniles to
male biased plots may have enhanced the competition pressure on parents of lower
phenotypic quality (i.e. with enlarged brood size) while in female biased plots the
departure of the juveniles may have relaxed the level of competition. Consequently
the non-random settlement of juveniles may have reinforced the fitness costs of
large broods in competitive environments. Alternatively the adults may have died
first leaving more vacancies in male biased plots and allowing more juvenile settlers.
If female biased and natural high density plots are considered as source plots (high
emigration and low settlement) and male biased plots as sink plots (high settlement),
non-random dispersal of juveniles in combination with selective mortality of parents
in high competitive environments may be important for both population dynamics
and local adaptation process. These processes will indeed modify the local breeding
composition of the plots the next year, affecting the local level of competition and
influencing individual breeding decisions (Fig. 8.3). 

The existence of a differential cost of reproduction between plots of varying
social composition showed that local social environment influenced the selective
pressures on brood size at a very small scale, i.e. at the scale of a plot. Selection
favoured small broods in high competitive environments and large broods in low
competitive environments. This leaves scope for a rapid evolutionary differentiation
of clutch size at a small spatial scale as found with body mass in the Wytham great tit
population (Garant et al. 2005). Tinbergen (2005) showed that brood size affected
natal dispersal distance and suggested that if clutch size was heritable, local adapta-
tion of clutch size will depend on the spatial heterogeneity of the habitat. The fitness
effects of the social environment found in our study bring thus new perspectives for
micro-evolutionary processes determining clutch size.

CONCLUDING REMARKS

Our findings highlight several important issues illustrating that social effects can play
an important role in micro-evolutionary processes determining clutch size: 
1. Local social environment affected the cost of reproduction consequently optimal

clutch sizes may depend on the social environment.
2. Local social environment affected the settlement decisions of juveniles, both as a

cue for high quality habitat and as a predictor for high competition.
3. The cost of reproduction differed between the sexes potentially resulting in a sex-

ual conflict over reproduction.
4. The direction of selection can change dramatically over time. Reproductive deci-

sions of birds may not track the environment when resources and competition
are changing over time and where a lot of genetic mixing is occurring.

5. When dispersal is not fully known, estimate of the fitness consequences of clutch
size variation is impossible. This is why we quantified the consequences of brood
size manipulation on components of fitness.
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BoxD
Phenotypic selection on brood size:
from population to individual level 

Marion Nicolaus



INTRODUCTION

The population mean of phenotypic traits can change due to natural selection ((dis-)
appearance of phenotypes) or due to phenotypic plasticity (within-individual
changes), the latter being also under the influence of natural selection. Considering
both levels (within- and between-individuals) at which selection pressures may exert
their influence on life-history traits is important to understand micro-evolutionary
processes. 

Avian clutch size has been the subject of numerous investigations because it is a
phenotypic trait that presents variation and is partly under genetic control which
leaves scope for the action of natural selection (Postma & van Noordwijk 2005). By
experimentally altering the parental breeding choice, it becomes possible to quantify
the fitness consequences of variation in this trait and to investigate the action of
selection at an individual and a population level. From life-history theory, birds are
expected to produce the clutch size that maximizes their fitness (Lessels 1991; Roff
1992) trading-off the quantity of the offspring produced against their quality (Lack
1947) and the investment into the current reproduction against the investment into
future reproduction (Charnov & Krebs 1974; Williams 1966). Clutch size may also
be individually optimized when it is tuned to the phenotypic quality of the birds and
its environmental conditions (Perrins & Moss 1975; Pettifor et al. 1988). In this box,
we describe six hypothetical situations where selection on brood size differ within-
and between-individuals in presence or absence of variation in bird phenotypic
“quality”. We give an overview the studies that quantified the fitness consequences
of clutch size or brood size manipulations in great tits (Parus major) (table Box D.1)
and relate the findings to one of the most likely situation described in figure Box
D.1.  

1. Stabilizing selection at a population level (Fig. Box D.1A):
Under stabilizing selection at the population level, it is expected that selection will
favour one brood size for which fitness is maximal. If selection on brood size is stable
over time, it is then expected that the brood size with higher fitness will be the most
common one in the population, resulting in one curve relating brood size and fitness
that peaks at the optimal brood size. The fitness consequences of a brood size
manipulation in such situation (black arrows) will depend on the original brood size
of the parents (black dots). 

2. Stabilizing selection at a population level and variation in
bird phenotypic quality (Fig. Box D.1B):

If individual of the same population differ in their phenotypic quality (including
their territory quality) so that some birds can be considered as “good” or “ bad”
quality, under stabilizing selection, we expect the fitness-brood size curve to differ
among birds of different quality. In that case, the brood that maximizes fitness will
remain the same for every individual but for similar brood size “low quality” breed-
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ers are expected to have lower fitness than “high quality” breeders. As in situation
A, the fitness consequences of a brood size manipulation in such situation will
depend on the original brood size of the parents (black dots and arrows).

3. Stabilizing selection at a the individual level (Fig. Box D.1C and 1F)
In the situation where selection is stabilizing at the individual level, we expect birds
of different phenotypic quality to have different optimal brood sizes so that fitness
should be maximized at smaller brood size for low quality breeders than for high
quality breeders. In that case, any deviation from the original brood size of the birds
should result in lower fitness because birds should produce a brood size that is tuned
to their phenotypic quality and their local environment (black dots and arrows). The
fitness associated with these optima may depend on the phenotypic quality of the
birds (situation C) or may be equal among all individuals (situation F). Whether the
selection at the population level will favour one particular brood size depends on the
parameter responsible for the phenotypic variation among birds. E.g; if competitive-
ness is the factor underlying quality variation, high quality birds may spread in the
population and therefore selection at the population may be stabilizing on large
broods (situation C). If territory quality is the factor underlying quality variation and
if the numbers of high quality territories are limited, only fewer birds would occupy
them and the most common brood size that may be selected at the population level
will be smaller. 

4. Directional selection at the population level (Fig. Box D.1D):
If selection on brood size is directional at a population level (e.g. positive or nega-
tive), we expect the relation between fitness and brood size to be linear without any
optimal brood size where fitness would “peak”. The fitness consequence of a brood
size manipulation is expected then to be the same for any individuals of the popula-
tion (dots and black arrows). For instance, under positive selection, fitness is expect-
ed to be higher for birds with enlarged broods and lower for birds with reduced
broods.  

5. Directional selection at the population level and variation in
bird phenotypic quality (Fig. Box D.1E):

If bird phenotypic quality differs among the members of a same population, we
expect for equal brood size the fitness of the “low quality” breeders to be lower than
the fitness of the “high quality” breeders. If selection on brood size is directional in
this population, the slope of the linear relation between fitness and brood size
should differ among birds of different “quality”. In case of positive selection on
brood size, a brood enlargement will result in higher fitness while a brood reduction
will lower fitness and this stronger for high quality breeders than for low quality
breeders (dots and black arrows).
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Figure Box D.1 Six hypothetical scenarios for selection on brood size: First stabilizing selection at
a population level (A), in the presence of variation in bird phenotypic quality (B), in the presence
of stabilizing selection at an individual level (C and F). Second, directional (here positive) on
brood size (D), in the presence of variation in bird phenotypic quality (E). Large white arrows indi-
cate the action of selection on brood size at a population level. Black arrows indicate what would
be the fitness consequences of a brood size manipulation for a certain brood size (black dots). The
stars represent the optimal brood size at a population (white) or individual (black) level.  
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Voortplanting in een sociale omgeving
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Natuurlijke selectie bevoordeelt individuen die zich zo gedragen dat de genetische bij-
drage aan toekomstige generaties maximaal is (maximale fitness). Welke selectieve
krachten individueel gedrag vormen en op welke ruimtelijke schaal dat gebeurt, is van
cruciaal belang om variatie in gedrag te begrijpen. Daarom is het nodig het effect van
natuurlijke selectie op individueel gedrag zoals voortplantingsgedrag te bestuderen.

Veel onderzoek heeft zich gericht op het begrijpen van variatie in voortplantings-
gedrag. Het blijkt dat naast omgevingsfactoren zoals voedselbeschikbaarheid en nest-
gelegenheid en de daaruit voortvloeiende effecten op  conditie en gezondheid ook de
sociale omgeving van een individu het gedrag sterk kan beïnvloeden.  Maar hoe dat
werkt is vaak niet duidelijk. Zo zijn er bijvoorbeeld tegengestelde effecten van de
dichtheid van soortgenoten op het vestigingsgedrag van jonge dieren mogelijk.
Enerzijds voorspelt een hoge populatiedichtheid veel competitie en kan zij een nega-
tief effect op de vestiging hebben maar anderzijds kan diezelfde populatiedichtheid
samenhangen met een hoge kwaliteit van het leefgebied en dus een positief effect op
de vestiging hebben. Niet willekeurige verdeling van individuen over de omgeving cre-
ërt zelf ook weer variatie in de lokale sociale omgeving en daarmee variatie in de loka-
le competitie om hulpbronnen zoals territoria, voedsel en partners. 
In dit proefschrift bestudeer ik het effect van de sociale omgeving op het broedsucces
van Koolmezen (Parus major). Mijn primaire interesse is om de fitness consequenties
van legselgrootte onder verschillende sociale omstandigheden te kwantificeren. Dit
om na te gaan of sociale omstandigheden selectie op legselgrootte beïnvloeden en
daarmee variatie in legselgrootte kunnen verklaren.

We creëerden terreinen met verschillende dichtheden en geslachtsverhoudingen
van uitgevlogen jongen. Vervolgens hebben we gemeten hoe dit de dispersie en de
overleving van de ouders en de groei, dispersie, vestiging en overleving van de jongen
beïnvloedde. Onze proefopzet maakte het mogelijk om te onderzoeken of en op welke
schaal de sociale omgeving de selectie op legselgrootte beïnvloedde. In de komende
samenvatting bespreek ik de proefopzet, daarna geef ik mijn voorspellingen aan de
hand van de bestaande theorie en ten slotte bespreek ik de belangrijkste resultaten.

PROEFOPZET

Manipulatie van de lokale broedvogeldichtheden
Gedurende de periode 1994 tot 2004 werden lokale broedvogeldichtheden gemani-
puleerd door in drie van acht verschillende terreinen het oorspronkelijk lage aantal
nestkasten per hectare te verhogen. We verwachtten daarmee verschillen in compe-
titieniveau tussen de broedvogels in de terreinen te creëren (bijv. competitie om
voedsel of territoria).

Manipulatie van de lokale jongendichtheden en sekseverhouding
Van 2005 t/m 2007 hebben we de sociale omgeving van koolmezen in de
Lauwersmeer in 12 verschillende terreinen, met ieder 50 nestkasten, gemanipuleerd. 
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De broedselgroottes werden gemanipuleerd rond het jaargemiddelde (de contro-
le categorie), zodat verkleinde en vergrootte broedsels ongeveer 3 jongen verschil-
den van controle broedsels. De sekseverhoudig in nesten werd zo gemanipuleerd dat
het aantal mannetjes ongeveer 25% verschilde ten opzichte van controle broedsels
waar de sekseverhouding op het jaargemiddelde (50%) gehouden werd.

De dichtheid van uitvliegende jongen en hun sekseverhouding (proportie man-
netjes) in de verschillende terreinen werd gemanipuleerd door per terrein vooral
vergrootte of verkleinde broedsels of vooral nesten met veel mannen of veel vrou-
wen samen te stellen. Zo creërden we terreinen met een hoge of lage dichtheid
(maximaal 13% verandering in dichtheid) aan jongen en/of  terreinen met meer
mannetjes (ongeveer 75% mannentjes), evenveel mannetjes als vrouwtjes of juist
meer vrouwtjes (ongeveer 75% vrouwtjes). Tussen jaren was de toewijzing van een
experimentele behandeling  willekeurig. Binnen een jaar had een behandeling twee
replica’s.

ALGEMENE VERWACHTINGEN

Onze belangrijkste verwachting voor beide experimenten is dat een verhoging van
de lokale dichtheid en/of een verhoging van de lokale proportie mannen (bij kool-
mezen het dominante en plaatstrouwe geslacht), een verhoging van de competitie-
druk tot gevolg heeft en dat dit de reproductie negatief beïnvloedt. Met andere
woorden, we verwachten dat de broedselgrootte die de fitness maximaliseert
afneemt met een toename van het competitieniveau. De manipulatie van de sekse-
verhouding in het tweede experiment maakt het mogelijk om verder in te gaan op
seksespecifieke effecten. Van belang daarbij zijn de zogenaamde frequentieafhanke-
lijke patronen, waarbij het succes van een individu afhangt van de samenstelling van
de populatie (in ons geval de sekse verhouding). In de komende paragrafen ga ik
meer gedetailleerd in op de verwachte uitkomsten en de resultaten van de experi-
menten.

Dispersie en habitatkeuze
VERWACHTINGEN

Tot op heden zijn twee mogelijke mechanismen beschreven die ten grondslag liggen
aan dispersie en vestiging van juvenielen in relatie tot de sociale omgeving. Het eer-
ste mechanisme gaat uit van het vermijden van competitie, al of niet met familiele-
den (de competitie-hypothese), het tweede stelt dat vogels allomverkrijgbare infor-
matie, zoals de dichtheid of het broedsucces van soortgenoten, kunnen gebruiken bij
hun beslissing zich ergens te vestigen. Hoge dichtheden kunnen in dit geval ook een
signaal zijn voor de hoge kwaliteit van een broedgebied en vestiging positief  bein-
vloeden (de publieke informatie hypothese).

Als jonge koolmezen van de geboorteplaats vertrekken om het negatieve effect
van competitie te ontlopen (competitie hypothese; negatief effect van dichtheid en
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of sekseverhouding), dan verwachten we dat jongen uit gebieden met een hoge
dichtheid en/of gebieden met voornamelijk mannetjes, een lagere overleving hebben
of meer dispersie vertonen. Daarnaast voorspellen we dat individuen minder
geneigd zijn zich in plots te vestigen met een hoge dichtheid en/of een hoge dicht-
heid aan mannetjes (mannetjes zijn de dominante sekse bij koolmezen). Wanneer
competitie geslachts-speciefiek is en vooral speelt tussen de geslachten dan verwach-
ten we dat jonge vrouwtjes (de ondergeschikte sekse) slechter overleven en/of meer
verspreiden in terreinen met een hoge dichtheid aan mannetjes. Wanneer competitie
binnen de sekses van groter belang is verwachten we dat de zeldzame sekse beter
overleeft en minder geneigd is te vertrekken.

Als jongen de lokale dichtheden en sekseverhouding daarentegen gebruiken als
signaal voor habitatkwaliteit (publieke informatie hypothese; positief effect van
dichtheid en of sekseverhouding), dan verwachten we dat gebieden met een hoge
dichtheid en/of veel mannetjes juist aantrekkelijke vestigingsgebieden zijn. De voor-
spelling is dan dat we in deze gebieden juist een verlaagde emigratie en verhoogde
vestiging zullen vinden.  

RESULTATEN

Zoals eerder gevonden bij koolmezen, vestigden jonge vrouwtjes mezen zich
gemiddeld verder van hun geboorteplaats dan mannetjes (hoofdstuk 5 en box C).
Zoals door de “competitie hypothese” wordt voorspeld, had de natuurlijke dichtheid
van uitgevlogen jongen een sterk negatief effect op de aantallen jongen die zich daar
vestigden (met name mannetjes). Daarnaast waren jonge vogels meer geneigd te
vertrekken uit terreinen met een hoge natuurlijke dichtheid. Een mogelijke verkla-
ring is dat de hoge dichtheid inderdaad een verhoogde competitie (om met name
territoria) tot gevolg had en dat dit jonge mezen verhinderde zich te vestigen.

Een andere belangrijke vondst was dat jongen zich bij voorkeur vestigden in ter-
reinen waar het jaar daarvoor proportioneel meer mannetjes uitvlogen (hoofdstuk
5). Dit is in overeenstemming met de “publieke informatie hypothese”. Omdat man-
netjes meer geneigd zijn in de buurt van hun geboorteplaats te blijven kan dit zowel
een gevolg zijn van verhoogde dichtheden na uitvliegen, als van een grotere propor-
tie mannetjes, beide kunnen in de fase na uitvliegen een positief signaal zijn voor
habitatkwaliteit. Dat een groter aantal uitgevlogen jongen in een terrein een signaal
is voor een goed habitat, wordt ondersteund door de observatie dat jongen die uit-
vlogen in een terrein met een hoge experimentele dichtheid in de fase kort na uit-
vliegen minder ver van de geboorteplaats teruggezien werden (box C).

Het effect van de sociale omgeving op de reproductie
VERWACHTINGEN

Na vestiging staat een individu voor de keuze hoeveel nageslacht te produceren,
daarbij zou, als gezegd, volgens de theorie de fitness gemaximaliseerd moeten wor-
den. Hierbij moet de toekomstige ouder een afweging maken tussen het aantal en de
kwaliteit van het nageslacht nu, maar ook tussen de investering in de huidige broed-
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poging en eventuele volgende. Volledige inzet in één jaar kan negatieve (overle-
vings-) effecten hebben op de produktie in volgende jaren. Onze belangrijkste hypo-
these op dit punt is dat een verhoging van de competitiedruk het broedsel dat de
maximale fitness oplevert zal verkleinen. Voor ons experiment voorspellen we daar-
om dat vergrootte broedsels het in terreinen met een hoge dichtheid en/of veel man-
netjes het in termen van rekrutering slechter doen dan controle of verkleinde broed-
sels. Het alternatief is dat de kosten niet betaald worden door de jongen, maar door
de ouders. In dat geval zouden ouders met een vergroot broedsel minder goed over-
leven en minder produktief moeten zijn, met name in terreinen waar de competitie
groot is.

Het effect van onze dichtheids- en sekseverhouding manipulatie kan zich op twee
verschillende manieren manifesteren, namelijk; (1) via lokale competitie om voedsel
tussen ouderparen tijdens de fase dat de jongen in het nest zijn (2) via competitie
om hulpbronnen op grotere ruimtelijke schaal (zoals voedsel, partners, of territoria)
tussen ouders onderling voor of na de nestfase en tussen ouders en jongen na het
moment van uitvliegen. In beide periodes hebben we de causale effecten van compe-
titie op reprodutieve beslissingen gekwantificeerd. Omdat vrouwtjes bij koolmezen
ondergeschikt zijn aan mannetjes verwachten we dat als competitie tussen mannetjes
en vrouwtjes een belangrijke rol speelt, vrouwtjes meer negatieve effecten zullen
ondervinden als er meer mannetjes in een terrein zijn. Wanneer vooral competitie
binnen de seksen een rol speelt denken we dat de minst voorkomende sekse de
grootste fitness voordelen zal hebben.

RESULTATEN

Reproductieve afwegingen in de jongenfase
Broedselvergroting resulteerde in een verhoging van het aantal uitgevlogen jongen
per broedsel maar ging ten koste van de kwaliteit van de jongen, zoals verwacht als
er een afweging plaatsvindt tussen kwaliteit en kwantiteit van de jongen. We vonden
een klein effect van de sekseverhouding in een broedsel op overleving en groei van
de jongen. Het negatieve effect van broedselvergroting op groei van de jongen was
sterker bij mannetjes dan bij vrouwtjes. Dit resulteerde in een kleinere seksuele
dimorfie (verschil tussen mannetjes en vrouwtjes) in vergrote broedsels wanneer ze
14 dagen oud waren. Een mogelijke verklaring voor het kleinere verschil tussen
mannetjes en vrouwtjes in vergrootte broedsels op dag 14, is dat de mortaliteit in het
nest vooral plaatsvond onder vrouwtjes in slechte conditie waardoor alleen grotere
vrouwtjes overbleven. Ook is het mogelijk dat mannetjes en vrouwtjes verschillende
strategieën hanteren bij de allocatie van middelen bij voedseltekort.

De significante interactie tussen de natuurlijke dichtheden in verschillende ter-
reinen en het effect van broedselgroottemanipulatie op de groei en de overlevings-
kans van jongen in het nest (hoofdstuk 3), suggereert dat de effecten van het vergro-
ten van een broedsel sterker zijn onder omstandigheden met meer competitie.
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Mogelijk was in de latere jaren (2005-2007) de competitie tussen ouders, in gebieden
met hoge dichtheden, tijdens het opgroeien van de jongen groter dan in gebieden
met lagere dichtheden. Daarom was het mogelijk beter om in gebieden met hoge
dichtheden minder jongen van een betere kwaliteit te produceren. Het idee is dat
deze jongen competitie met anderen beter aankunnen.

Effecten  van broedselgrootte op broedsel fitness
Onze verwachting was dat broedselvergroting de competitie binnen een nest en tus-
sen nesten in een terrein zou vergroten. De fitness van deze nesten zou volgens de
verwachting lager zijn. We vonden echter verrassend genoeg geen effect van broed-
selgroottemanipulatie, noch een effect van de manipulatie van het aantal uitgevlo-
gen jongen binnen een terrein, op het aantal rekruten per nest. Met andere woor-
den, verkleinde, controle en vergrootte nesten, produceerden evenveel rekruten per
nest, dit was onafhankelijk van de dichtheid en de sekseverhouding van de uitgevlo-
gen jongen in een terrein (hoofdstuk 6).

Vanuit het perspectief van het individu gezien, hadden jongen uit vergrootte
broedsels wel een kleinere kans om te rekruteren (hoofdstuk 5). Jongen uit ver-
grootte broedsels waren over het algemeen lichter dan soortgenoten in verkleinde
en controle broedsels (hoofdstuk 3), mogelijk is dit een verklaring voor de verlaagde
rekruteringskans (hoofdstuk 4). De verhoogde produktie van vergrootte broedsels
werd teniet gedaan door de afname van de rekruteringskans per uitgevlogen jong.
Daarom vonden we geen experimentele effecten van broedselgroottemanipulatie op
het aantal rekruten per broedsel.

Effecten van broedselgrootte op ouderlijke fitness
Volgens onze verwachting zouden ouders met vergrootte broedsels hogere kosten
moeten betalen in vergelijking met ouders van controle en verkleinde broedsels. De
kosten voor ouders zouden ook hoger kunnen zijn in terreinen waar veel competitie
is (terreinen met een hoge dichtheid of terreinen met veel mannetjes).

Het lukte ouders met vergrootte broedsels wel om meer jongen te laten uitvlie-
gen wat suggereert dat de kosten voor de ouders inderdaad met de broedselgrootte
toenamen. De jongen uit vergrootte broedsels waren echter wel van mindere kwa-
liteit, bovendien hadden ze een kleinere uitvliegkans (hoofdstuk 3). Er bleek inder-
daad een effect van de sociale omgeving op de kosten van reproductie aantoonbaar.
Deze kosten waren het hoogst in terreinen met een mannetjesoverschot. Dit kwam
tot uiting in de verkleinde kans om een tweede broedsel te produceren. Bovendien
bleek de overleving van de ouders die een vergroot broedsel verzorgden af te han-
gen van de proportie mannetjes binnen een terrein. Omdat mannetjes meer
plaatstrouw zijn na uitvliegen, zou dit een effect van verhoogde lokale competitie
kunnen zijn (hoofdstuk 6). Onze hypothese is dat werken voor een vergroot broedsel
de concurrentiepositie van de ouders aantast waardoor bij hoge concurrentie hun
overlevingskans vermindert.

Vreemd genoeg was de relatie tussen broedselgrootte (experimeteel) en overle-
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ving van de ouders in terreinen met een vrouwenoverschot juist positief! Ouders
leken in “vrouwenterreinen” dus baat te hebben bij een vergroot broedsel. Hoewel
we dit effect niet volledig kunnen verklaren, kan dit te maken hebben met een effect
van de manipulatie op dispersie. Bij koolmezen trekken met name vrouwtjes en indi-
viduen in slechte conditie verder weg van hun geboorteplaats. De verwachting is
daarom dat in terreinen met een vrouwenoverschot meer individuen vertekken en
dan vooral de individuen uit vergrootte broedsels (omdat hun jongen een slechtere
conditie hebben). Het gevolg is dat vlak na uitvliegen van de jongen het aantal con-
currenten snel afneemt. Wanneer ouders van vergrootte broedsels in terreinen met
een vrouwenoverschot bovendien minder zorg moeten besteden na uitvliegen omdat
de jongen snel vertrekken (zoals gevonden in deze populatie), kan dit resulteren in
een betere overleving van deze ouders in vergelijking met ouders van verkleinde
broedsels door verminderde lokale competitie in het broedterrein.

Broedselgrootte en veranderende fenotypische selectie
In hoofdstuk 7 hebben we variatie in fenotypische selectie op broedselgrootte beke-
ken. We deden dit door de effecten van broedselgroottemanipulatie, in de koolme-
zenpopulatie in de Lauwersmeer in twee verschillende perioden (1995-1998 en 2005-
2007), te vergelijken. Gezien vanuit het broedsel vonden we in de jaren 1995-1998
een positief effect van broedselgroottemanipulatie, ouders waren in staat om meer
jongen te produceren dan het aantal dat ze oorspronkelijk hadden en de vergrote
broedsels leverden ook meer rekruten op. In de periode 2005-2007 was de rekrute-
ring onafhankelijk van de broedselgrootte manipulatie. Bovendien vonden we in de
periode 1995-1998 geen negatieve effecten van een broedselvergroting op de ouders,
terwijl dat in de jaren 2005-2007 wel het geval was (zowel een negatief effect op de
kans op het maken van een tweede broedsel als op de overleving tot volgend broed-
jaar). De fenotypische selectie op broedselgrootte was daarom positief in de vroege
jaren en negatief in de latere jaren. Kort gezegd konden koolmezen vroeger beter
meer jongen produceren dan ze deden, terwijl ze later beter minder konden produ-
ceren, met name in controle terreinen en terreinen met veel mannen. De variatie in
selectiedruk tussen de onderzochte perioden was groot vergeleken met die binnen
de perioden. Dit impliceert een geleidelijke verandering over de jaren. De gevonden
patronen hebben mogelijk te maken met een verhoogde competitie of met een lage-
re beschikbaarheid aan hulpbronnen, zoals bijvoorbeeld voedsel. De populatie was
in de jaren negentig stabiel rond de 100 paren, terwijl dat in de periode 2005-2007
door het bijhangen van 400 nestkasten steeg naar 200-280 broedparen. Bovendien
was in de tweede periode de dichtheid van nestkasten veel groter.

Dat competitie of voedselbeschikbaarheid mogelijk een rol speelde bij de afname
van de legselgrootte met toenemende dichtheid over de jaren, wordt ondersteund
door het feit de lichaamsgrootte van jongen (hoofdstuk 2) en volwassen vogels (niet
gepubliceerd) in de loop van de jaren met toenemende dichtheid is afgenomen. We
hebben aanwijzingen dat de lokale dichtheden van mezen, in de periode 1995-1998,
hoewel even hoog als in andere populaties waar wel dichtheidsafhankelijkheid werd
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gedetecteerd, niet hoog genoeg waren om effecten van competitie om voedsel in de
jongenfase meetbaar te maken (hoofdstuk 2). In de jaren 2005-2007 vonden we wel
een negatief effect van de lokale natuurlijke dichtheid op de groei en overlevings-
kans van de jongen. Blijkbaar speelt competitie om voedsel tijdens de jongenfase nu
wel een rol (hoofdstuk 3). We hebben hiermee aangetoond dat de selectiedruk op
broedselgrootte binnen een populatie kan veranderen met de tijd. Deze kennis is
belangrijk om te begrijpen hoe temporele en ruimtelijke variatie in ecologische
omstandigheden uiteindelijk de micro-evolutie van reproductieve parameters kun-
nen beïnvloeden.

Het belang van de effecten van de sociale omgeving op individuele beslissingen
Uit deze studie is gebleken dat de sociale omgeving het gedrag van individuele die-
ren beïnvloedt. Zowel de kosten als de baten van gedragsvariatie, zoals variatie in
legselgrootte, werden beïnvloed door de sociale omgeving. Jongen gebruikten de vrij
verkrijgbare informatie over populatiedichtheid zowel in positieve (het positieve
effect van de dichtheid aan uitgevlogen jongen op vestiging), als in negatieve zin
(negatief effect van adulten dichtheid op vestiging) (hoofdstuk 5). 

We lieten ook zien dat lokale competitie de kosten van reproductie beïnvloedde
(hoofdstuk 6). Koolmezen konden beter kiezen voor een kleiner broedsel in terrei-
nen met veel concurrenten (zoals in terreinen met een mannenoverschot), terwijl ze
beter een groter broedsel konden kiezen in terreinen met minder concurrenten (ter-
reinen met een vrouwenoverschot). De individuele beslissingen van jongen waar zich
te vestigen en hoeveel eieren te leggen staan niet los van elkaar. Jongen die zich aan-
getrokken voelden tot terreinen met een mannenoverschot (en daardoor een hoge
jongendichtheid) hebben door hun aanwezigheid de concurrentiepositie van adulten
met een vergroot broedsel mogelijk verslechterd. Maar de concurrentiepositie van
ouders in de terreinen met een vrouwenoverschot met veel vergrote broedsels werd
juist verbeterd doordat de eigen jongen vertrokken en de andere jongen zich niet tot
die terreinen voelden aangetrokken.

Met deze studie is aangetoond dat de kosten van reproductie en daarmee de
selectiedruk op broedselgrootte, onder invloed van de sociale omgeving variëren. De
selectiedruk was richting kleinere broedsels in een omgeving met veel concurrenten
en richting grotere broedsels in een omgeving met minder concurrenten. 

CONCLUSIES

1. De sociale omgeving beïnvloedde de broedselgrootte gerelateerde kosten maar
niet de baten van reproductie. De selectie op legselgrootte hing daarom af van de
sociale omgeving (hoofdstuk 6).

2. De locale geslachtsverhouding werd door jongen gebruikt om te beoordelen of
een habitat van goede kwaliteit was. Vestiging was hoger in plots waar vorig jaar
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relatief veel mannen uitvlogen. De emigratie uit gebieden met van nature hoge
dichtheden was groot, terwijl het aantal jongen dat zich daar vestigde klein was
(hoofdstuk 5). 

3. In de loop der jaren veranderde de selectiedruk op legselgrootte dramatisch, van
positief in de beginjaren, naar negatief in de latere jaren van de studie. Hoewel deze
verandering consistent is met de waargenomen afname in legselgrootte over de jaren
bleek de legselgrootte in beide perioden niet lokaal aangepast. In de eerste periode
legden de Koolmezen te kleine, in de tweede te grote legsels. Blijkbaar kunnen de
mezen niet altijd de lokaal aangepaste legselgrootte produceren.

4. De sociale omgeving (in ons geval dichtheid en geslachtsverhouding in een ter-
rein) blijkt een belangrijke selectiedruk op voortplantingsgedrag en kan op relatief
kleine ruimtelijke schaal variëren. Dit proefschrift draagt daarom bij aan een beter
begrip van de micro-evolutionaire processen die betrokken zijn bij de evolutie van
aan fitness gerelateerde kenmerken.
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Taux reproductifs en milieu compétitif

Résumé de thèse 



ENVIRONNEMENT SOCIAL ET DÉCISIONS INDIVIDUELLES

Les décisions comportementales et reproductrices que prennent les individus d`une
population peuvent avoir d`importantes conséquences sur leur valeur sélective ou
fitness (c.à.d. la capacité d`un individu d`un certain génotype à se reproduire).
C`est pourquoi les individus sont généralement soumis à de fortes pressions sélecti-
ves pour prendre les décisions qui maximalisent leur fitness. Pour être optimales, ces
décisions doivent être ajustées sur les facteurs intrinsèques et/ou extrinsèques des
individus y compris les paramètres sociaux de l`environnement (dans cette thèse,
densité locale en adultes et densité en jeune mâles et femelles). L`environnement
social d`un habitat est en effet susceptible de modifier le niveau local de compéti-
tion pour les ressources ou de modifier la perception de la qualité de l`habitat au
travers des informations sociales véhiculées par les membres de la population (une
forte densité en jeunes peut  indiquer un succès reproducteur élevé et indiquer ainsi
que l`habitat est propice à la reproduction). Si les choix reproductifs des oiseaux,
sujets d`étude de cette thèse,  sont ajustés sur le niveau de compétition ou sur les
informations sociales de leur habitat de reproduction et si ces paramètres varient
spatialement, alors les tailles de nichée optimales devraient varier selon l’habitat.
L`environnement social d`un habitat est donc un facteur très important pour
l`étude de l`évolution des taux reproducteurs.

Dans cette thèse, nous avons manipulé l`environnement social (densité repro-
ductrice ou densité locale en juvéniles mâles et femelles) d`une métapopulation de
mésanges charbonnières (Parus major) située dans la réserve de Lauwersmeer (au
nord des Pays-Bas) dans le but d`atteindre les objectifs suivants : 
1) quantifier au sein d`une même population, comment l`environnement social des
individus influence les conséquences des choix reproductifs en terme de fitness ;
2) déterminer l`échelle spatiale à laquelle les pressions sélectives agissent sur les
décisions individuelles.

Afin d`identifier les mécanismes pouvant expliquer pourquoi les individus diffè-
rent dans leur prise de décisions, nous avons également étudié les effets de l`envi-
ronnement social sur la redistribution des jeunes dans notre aire d`étude. Ces objec-
tifs sont potentiellement des étapes importantes vers une meilleure compréhension
des processus micro-évolutionnaires agissant sur les traits d`histoire de vie. 

APPROCHES EXPÉRIMENTALES 

1. Manipulation des densités reproductrices locales
Pendant 11 ans (1994-2004), les densités reproductrices locales de 8 secteurs ont été
manipulées de façon à créer des secteurs à forte ou à faible densité en nichoirs (den-
sité par ha). Ainsi deux types de secteurs ont été créés : l’un possédant un niveau
élevé (forte densité) l`autre possédant un niveau réduit (faible densité) de compéti-
tion locale pour les ressources.
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2. Manipulation des densités locales des juvéniles et du sex-ratio
Entre 2005 et 2007, nous avons manipulé les environnements sociaux de 12 « plots »
(c.à.d. parties de forêt comprenant 50 nichoirs chacune) d`une metapopulation de
mésanges charbonnières via une manipulation des densités locales des juvéniles
(nombre total de juvéniles par plot) et des sex-ratios locaux (proportion de jeunes
mâles par plot). Cette manipulation a été réalisée par à un changement simultané de
toutes les tailles de nichées et de tous les sex-ratios des nichées situées dans un plot.
Ainsi nous avons réussi à créer des plots possédant une densité faible ou élevée de
juvéniles (±13% de changement), biaisés vers les femelles (~25% of mâles), non-
biaisés (~50% of mâles) ou biaisés vers les mâles (~75% of mâles). Tous les traite-
ments possèdent deux répliquas par an et ont été attribués de façon semi-aléatoires
entre les années.

A l`échelle du nid, les tailles de nichées et leurs sex-ratios ont été manipulés
autour des moyennes annuelles (nichée contrôle) de telle sorte que les nichées
réduites ou élargies diffèrent de ±3 oisillons par rapport aux nichées contrôles et
que les nichées biaisées en faveur des femelles ou des mâles diffèrent de ±25% de
mâles par rapport aux nichées contrôles. 

Hypothèse générale
Pour les deux types d`expérience menées, l’hypothèse générale est qu`une augmen-
tation des densités locales accompagnée ou non d`une augmentation des propor-
tions locales en mâles (c.à.d. du sexe dominant et philopatrique) devrait augmenter
le niveau de compétition pour les ressources dans les « plots » et par conséquent
devrait diminuer les taux reproducteurs des oiseaux. La manipulation du sex-ratio
dans la seconde expérience nous permet d`examiner aussi plus en détails si les mâles
et femelles sont affectés différemment par les traitements expérimentaux. Les résul-
tats principaux sont présentés dans les paragraphes suivants.

RÉSUMÉ DES RÉSULTATS PRINCIPAUX

1. Dispersion et choix de l`habitat
HYPOTHÈSE « COMPÉTITION » VERSUS HYPOTHÈSE « INFORMATIONS SOCIALES »

Les études ayant examiné les mécanismes pouvant expliquer la dispersion et le choix
de l`habitat des jeunes oiseaux, en relation avec leur environnement social, décri-
vent deux grands processus opposés : l`évitement de la compétition entre congénè-
res ou parents et l`utilisation d`informations sociales (c.à.d. informations concer-
nant le succès reproducteur local transmises par inadvertance par des congénères
partageant les mêmes exigences).  Par conséquent,

(1) si les jeunes se dispersent hors de leur aire natale afin d`éviter tous effets
négatifs liés au niveau de compétition local, nous formulons l’hypothèse que dans les
plots à forte densité ou biaisés en faveur des mâles, les jeunes mésanges devraient
moins survivre, émigrer plus et s`y établir moins (hypothèse « compétition », effet
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négatif de la densité). Si la compétition se produit principalement entre les sexes
opposés, les jeunes femelles, subordonnées aux mâles, devraient souffrir plus des
effets néfastes d`une forte densité et d`un sex-ratio élevé. En revanche, si la compé-
tition pour les ressources se produit principalement au sein des membres d`un
même sexe, le sexe majoritaire est attendu à souffrir plus des effets néfastes de notre
manipulation.

(2) Si les jeunes mésanges utilisent les densités locales en jeunes et/ou les sex-
ratios locaux comme indicateurs de la qualité de l`habitat, les plots à forte densité
et/ou avec un sex-ratio élevé sont attendus à être perçus comme étant de qualité
supérieure avec un succès reproducteur élevé (les mâles étant souvent considérés
comme étant le sexe le plus coûteux à produire). Par conséquent, ces plots devraient
être attractifs et associés à un taux d`émigration plus faible et à un  taux d`immigra-
tion plus élevé (hypothèse « informations sociales », effet positif de la densité).

Notre étude montre que les jeunes femelles se dispersent plus et s`établissent plus
loin de leur aire natale que les jeunes mâles (chapitre 5 et box C). En accord avec la
l’hypothèse « compétition », le choix de l`habitat des jeunes mésanges a été forte-
ment et négativement influencé par les densités naturelles locales. Dans les plots à
forte  densité, les taux d`émigration et de mortalité des oisillons étaient plus élevés
alors que les chances de s`établir pour ces jeunes étaient fortement réduites, en par-
ticulier pour les jeunes mâles (chapitre 5). Une forte densité locale a probablement
engendré un niveau élevé de compétition entre jeunes et adultes en particulier pour
l`acquisition d`un territoire pour les mâles. Ceci pourrait expliquer pourquoi les
jeunes individus évitent de s`établir dans de tels plots. Cependant, le nombre réduit
de jeunes mâles s`établissant dans les plots à forte densité peut également résulter
d`une émigration permanente de ces individus s`ils ne reviennent pas une fois partis
de leur plot d`origine. 

Il est intéressant de noter que le choix de l`habitat des jeunes a été aussi influen-
cé par la manipulation des sex-ratios locaux. Nos résultats montrent en effet que les
jeunes mésanges s`établissent de préférence dans les plots qui étaient biaisés en
faveur des mâles l`année précédente (chapitre 5). Ce résultat est en accord avec
l`hypothèse « informations sociales ». De fortes densités expérimentales résultant
du comportement philopatrique des jeunes mâles (plutôt que le sex-ratio des plots
per se) ont certainement signalé aux jeunes oiseaux cherchant à s`établir en été que
ces habitats étaient de bonne qualité (plus de jeunes signifieraient un fort succès
reproducteur local). L`attraction pour les plots à forte densité en jeunes (et non en
adultes) pourrait aussi expliquer pourquoi les jeunes originaires d`un plot dont la
densité en jeunes a été augmentée se dispersent moins loin pendant la phase
d`après l`envol (box C). 

2. Compromis reproductifs
HYPOTHÈSE LIÉE AUX EFFETS DES FACTEURS SOCIAUX SUR LES COMPROMIS REPRODUCTIFS

Une fois établis et appariés, les individus doivent « décider » du nombre de descen-
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dants à produire. Pour être optimales, de telles décisions impliquent que les parents
doivent effectuer un compromis entre le nombre et la qualité des descendants à pro-
duire, et entre une augmentation de fitness liée à l`investissement dans ces descen-
dants et une diminution de leur valeur reproductrice future. Autrement dit, un
investissement dans les descendants (bénéfices) se fait au détriment de l’investisse-
ment dans leur propre survie et fécondité (coûts).

Notre hypothèse est qu`une augmentation du niveau de compétition devrait
réduire les bénéfices en terme de fitness associés à la taille des nichées. Ainsi lorsque
le niveau de compétition augmente localement, les nichées élargies devraient avoir
moins de jeunes recrues que les nichées réduites ou nichées contrôles. Sans quoi une
augmentation du niveau de compétition devrait augmenter les coûts en terme de fit-
ness associés à la taille des nichées. Dans ce cas, les parents élevant une nichée élar-
gie devraient payer un coût reproductif plus élevé (c.à.d. par une diminution de leur
fécondité ou par une réduction des chances de survie) que les parents ayant à leur
charge une nichée réduite ou contrôle. Cet effet devrait être accentué lorsque les
parents nichent dans un plot associé à un niveau élevé de compétition.

Dans notre étude, les effets expérimentaux sur les coûts et bénéfices en terme de
fitness liés à la taille des nichées peuvent avoir lieu via (1) un effet de la compétition
pour la nourriture entre parents d`un même plot et entre oisillons d`une même
nichée (2) un effet de la compétition entre parents et jeunes après l`envol pour les
ressources locales (nourriture, partenaire ou territoire). Pour les deux périodes
(avant et après l`envol des jeunes), nous avons quantifié les effets de la compétition
sur les compromis reproductifs. Etant donné que les femelles sont subordonnées aux
mâles, elles devraient être plus affectées par les effets néfastes de notre manipula-
tion si la compétition se produit principalement entre les sexes opposés. Si la compé-
tition se produit principalement au sein des membres d`un même sexe, le sexe
minoritaire devrait profiter d`une fitness plus élevée. 

Période précédent l`envol
Comme attendu, l`élargissement des tailles de nichées a induit une augmentation du
nombre d`oisillons à l`envol au détriment de leur qualité, traduisant un compromis
entre la quantité et la qualité des descendants produits (chapitre 3). Nous n`avons
pas trouvé d`effet de la manipulation du sex-ratio des nichées sur la croissance et la
survie des oisillons dans le nid. En revanche, l`effet de l`élargissement des tailles
des nichées s`est révélé être plus prononcé pour les oisillons mâles que les oisillons
femelles. Il en est résulté un dimorphisme sexuel dans la taille (sexual size dimor-
phism; SSD) plus réduit dans les larges nichées. Lorsque le niveau de compétition
entre oisillons s`intensifie dans le nid, le taux de mortalité a pu être modifié au
détriment des femelles en mauvaise condition, ce qui expliquerait cette diminution
de SSD. Autrement, en situation de stress, les oisillons de sexe opposé pourraient
avoir choisi différentes stratégies d`allocation des ressources.

L`effet significatif de l`interaction entre la densité naturelle des plots et la mani-
pulation des tailles de nichées sur la croissance et la survie des oisillons est aussi
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d`un grand intérêt. Cet effet suggère que la fitness associée à la taille des nichées
diminue plus rapidement lorsque le niveau de compétition est élevé (chapitre 3).
Lorsque la densité d`oiseaux reproducteurs dans un plot est forte, il devient peut-
être plus difficile pour les adultes de se procurer de la nourriture et par conséquent
il leur devient bénéfique de produire des nichées de taille plus réduite. De cette
façon, les parents pourraient être en mesure de produire un nombre plus restreint
de descendants mais en meilleure condition, plus compétitifs et plus aptes au recru-
tement. 

Période suivant l`envol
BÉNÉFICES (EN TERMES DE FITNESS) DES TAILLES DE NICHÉES

Nous avions prévu un effet négatif du niveau de compétition sur les bénéfices en ter-
mes de fitness associée à la taille des nichées.  Étonnement, nous n`avons trouvé ni
un effet de la manipulation des tailles de nichées ni un effet de la manipulation de
l`environnement social des plots sur le nombre de recrues par nid. Contrairement à
nos hypothèses, les nichées réduites, les nichés contrôles ou les nichées élargies ont
produit un nombre similaire de recrues et ce, indépendamment du traitement assi-
gné aux plots (chapitre 6)

A l`échelle de l`individu, les résultats montrent néanmoins que les oisillons ori-
ginaires des nichées élargies sont moins susceptibles de survivre et de se reproduire
que ceux des autres groupes (chapitre 5). Une diminution de la masse des oisillons
dans les larges nichées est probablement à l`origine de cette mortalité accrue (cha-
pitres 3 et 4). L`augmentation de la productivité des larges nichées a donc été
contrebalancée par une réduction de la probabilité de recrutement de ces oisillons.
Il en résulte  une absence apparente d`effets expérimentaux sur le nombre de
recrues par nid.  

COÛTS (EN TERMES DE FITNESS) DES TAILLES DE NICHÉES

Une des hypothèses était que les parents ayant à leur charge une nichée élargie
auraient dû payer un coût reproductif plus élevé et de façon plus prononcée en
milieu compétitif (c.à.d. dans les plots de forte densité et / ou biaisés en faveur des
mâles). 

Les parents ayant une nichée élargie sont parvenus à élever plus d`oisillons (cha-
pitre 3), ce qui suggère qu`une augmentation de la taille des nichées a été accompa-
gnée d`un accroissement de l`effort parental. Malgré cet accroissement, tous les
besoins énergétiques des oisillons n`ont pas été couverts car les jeunes des nichées
élargies présentaient une croissance réduite et une plus faible chance de survie (cha-
pitre 3). En revanche et en accord avec notre hypothèse, le coût de reproduction
s`est révélé être plus important dans les plots possédant un sex-ratio balancé ou biai-
sé vers les mâles. Nos résultats montrent que la probabilité de produire une seconde
nichée ou la chance de survie des adultes dépendaient du sex-ratio local, c.à.d. du
niveau de compétition (chapitre 6). Nous proposons qu`un accroissement de
l`effort parental diminue les capacités physiques de ces parents à rivaliser avec les
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autres oiseaux de leur entourage. En milieu compétitif, les parents ayant élevé des
nichées élargies sont évincés de l`accès aux ressources et de ce fait, paient un coût
reproductif plus élevé. 

En contraste avec les derniers résultats précédents, dans les plots biaisés en
faveur des femelles, la relation entre l`élargissement des tailles des nichées et la pro-
babilité de survie des adultes s`est révélée être positive. Ceci implique qu`un coût
négatif (c.à.d. un bénéfice) d`une augmentation de l`effort parental existe (chapitre
6).  Bien que nous ne comprenions pas la signification de cette relation positive,
nous avons émis l`hypothèse que ce résultat puisse être expliqué par un effet de
notre manipulation sur  le comportement de dispersion des jeunes. Chez les mésan-
ges charbonnières, il est établi que les individus les moins compétitifs (c.à.d. les jeu-
nes femelles et les individus en mauvaise condition) se dispersent plus. Ainsi, dans
les plots biaisés en faveur des femelles, un large nombre de jeunes mésanges devrait
se disperser rapidement après l`envol, en particulier ceux issues de nichées élargies.
Dans une telle situation, ces plots se retrouveraient avec un nombre relativement
réduit de compétiteurs, ce qui a pu réduire les dépenses énergétiques des parents
après la période reproductrice (dépenses liées par exemple aux soins parentaux qui
suivent l`envol des oisillons ou encore à la mue). Si les parents ayant élevé une
nichée élargie ont à allouer moins d`énergie en soins parentaux (leur progéniture
ayant déjà dispersée) leur chance de survie a pu s`en retrouver accrue contraire-
ment aux parents ayant élevé une nichée réduite ou contrôle.

3. Taille des nichées et sélection phénotypique 
Dans le chapitre 7, nous avons étudié les changements temporels de la sélection
phénotypique sur les tailles de nichées. Pour cela, nous avons comparé les consé-
quences en termes de fitness de la manipulation des tailles de nichées entre deux
périodes distinctes (1995-1998 vs. 2005-2007) dans la même population de mésan-
ges.  

Les résultats montrent que la sélection sur les composants de la fitness liée aux
jeunes était directionnelle et positive pour la période 1 mais non-existante pour la
période 2. En revanche, la sélection sur les composants de la fitness liée aux adultes
était non-existante pour la période 1 mais directionnelle et négative pour la période
2. De façon générale, la sélection phénotypique agissant sur la taille des nichées était
donc positive pour la période 1 et négative pour la période 2. La direction de la
sélection phénotypique ne variant pas au sein d`une même période, ceci suggère
que l`environnement dans lequel se reproduisent les mésanges a graduellement
changé au cours du temps. Avec les années, une augmentation du niveau de compé-
tition et/ou une détérioration de la qualité de l`habitat a pu modifier les pressions
sélectives agissant les décisions reproductives des oiseaux. 

En accord avec cette dernière idée, nous avons trouvé que dans notre population
la taille de la ponte, la taille des oisillons (chapitre 2) et des adultes (données non
publiées) diminuent de façon significative avec les années. De plus, si les densités
locales n`ont pas influé sur le niveau de compétition pour la nourriture pendant la
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saison reproductrice dans la période 1 (1995-1998), ceci n`est plus le cas pour la
période 2. En effet, nos résultats montrent qu`entre 2005 et 2007 une forte densité
locale était associée à une croissance réduite et un taux de mortalité plus grand des
oisillons. Au cours de ces années, la nourriture est probablement venue à manquer
en période de reproduction. Ces données confirment  l`idée que la qualité de
l`habitat s`est détériorée entre les deux périodes d`étude. Un tel changement a pu
modifier l`intensité et l`échelle à laquelle les individus entrent en compétition ainsi
que les pressions sélectives agissant sur le nombre de descendants à produire. Un
changement spatio-temporel de l`environnement est donc à même d`interagir avec
la microévolution des taux reproducteurs. 

4. Retour sur les décisions individuelles et l`environnement social des individus
Nous avons démontré dans cette thèse que l`environnement social des individus
joue un rôle important pour leurs décisions comportementales et reproductrices et
pour les conséquences en terme de fitness de celles-ci. Le choix d`un site de repro-
duction s`est révélé être le résultat d`une cascade d`événements où les jeunes
oiseaux utilisent les informations sociales générées par leurs congénères, tout en évi-
tant les conséquences négatives d`une compétition avec les adultes (chapitre 5).
Nous avons aussi montré que le taux de compétition local peut affecter le coût
reproductif (chapitre 6) de sorte qu`il est bénéfique de produire de petites nichées
en milieu compétitif (c.à.d. milieu biaisé en faveur des mâles) et  de larges nichées
en milieu moins compétitif (c.à.d. milieu biaisé en faveur des femelles). Les déci-
sions liées aux choix de l`habitat et à la reproduction sont très probablement inter-
connectées : l`attirance des jeunes par les plots biaisés vers les mâles a certainement
contribué à augmenter la pression compétitive sur les parents de qualité phénoty-
pique réduite (c.à.d. ceux ayant une nichée élargie). Au contraire, dans les plots biai-
sés vers les femelles, le départ important des jeunes a pu diminuer le niveau de com-
pétition. Par conséquent, la redistribution non-aléatoire des jeunes a pu accentuer
les coûts en termes de fitness des larges nichées des milieux compétitifs. Sans quoi,
la mortalité accrue des adultes dans les plots biaisés vers les mâles a pu libérer plus
de territoires facilitant ainsi l`arrivée de nouveaux jeunes.  

L`existence d`une variation dans les coûts de reproductions entre les plots
indique que les pressions sélectives sur la taille des nichées et induites par les envi-
ronnements sociaux agissent à une échelle très réduite (celle d`un plot). Si la taille
de ponte est héréditaire, nos résultats suggèrent qu`une différentiation évolutive
rapide de celle-ci à une échelle locale réduite est possible. La relation de causalité
entre l`environnement social des individus et leur valeur sélective ouvre de nouvel-
les perspectives concernant les processus micro-évolutionnaires déterminant la taille
de ponte optimale.
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CONCLUSIONS

Nos résultats soulignent plusieurs points importants :
1. L`environnement social affecte le coût mais pas le bénéfice de la reproduction et

donc affecte la taille optimale de ponte (chapitre 6)
2. L`environnement social affecte les choix de l`habitat de reproduction des jeunes

; les sex-ratios étant utilisés comme indices de la qualité de l`habitat et les densi-
tés naturelles comme indices du niveau de compétition (chapitre 5) 

3. la direction de la sélection phénotypique sur la taille de ponte peut s`inverser au
cours du temps. Les décisions reproductrices que prennent les oiseaux ne sont
pas toujours ajustées de façon adéquate sur l`environnement lorsque les ressour-
ces disponibles et le niveau de compétition pour ces ressources fluctuent dans le
temps (chapitre 7)

4. Les pressions sélectives agissant sur les décisions individuelles par l`intermédiai-
re de l`environnement social peuvent agir à une échelle spatiale réduite. Ceci
ouvre de nouvelles perspectives pour comprendre les processus micro-évolution-
naires agissant sur la taille de ponte
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