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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. 
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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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Figure 3.1 Map of the study area in the Lauwersmeer (53°20’N, 06°12’E), NL. 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.



(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



Chapter 3

70

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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