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Local offspring density and sex ratio
affect sex allocation in the great tit

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

Abstract
The expected fitness gain for a given offspring sex may depend on local population sex
ratio and density as they exert sex-specific competitive pressures. Such social factors
should receive more attention as they may contribute considerably to the understanding
of the evolution of primary sex ratios in higher vertebrates.
For three years, we manipulated local sex ratios and densities of juvenile great tits
(Parus major) within forest plots (year t) and investigated how the treatments affected
the primary brood sex ratio produced in the subsequent year (t+1). For yearling female
breeders that experienced the treatment in their year of birth, we considered experi-
mental effects of the plot of fledging and the plot of settlement (year t). For experienced
female breeders that were subjected to the treatment as adults we only considered the
treatment of the breeding plot because breeding dispersal was rare.  
Yearling females produced female biased broods (the less philopatric sex) in year t+1
when they fledged from plots with high original nestling densities in year t. Experienced
females produced female biased broods (year t+1) when they were subjected to experi-
mentally increased nestling densities (year t) and male biased broods when they were
subjected to experimentally reduced densities. We also found effects of the plot sex ratio
treatment for yearling (plot of fledging and settlement) and experience female breeders
that were partly consistent with the idea that females produced the less philopatric sex
under increased levels of local competition. We demonstrate that the effects were due to
facultative sex ratio adjustment within females since experienced females significantly
changed their brood sex ratio between years in response to changes in plot density and
plot sex ratio. Our results suggest that social factors can have long lasting effects on
brood sex ratios and that local competition is a potentially important selection pressure
acting on sex allocation. High densities and male biased environments should relate to
increased levels of competition for food and territories. Females anticipated this by
producing the less philopatric sex (females) under high levels of local competition which
should maximize their fitness.
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Introduction

In each breeding attempt individuals face the decision how many male and female
offspring they should produce in order to maximize their fitness. On the individual
level a balanced sex ratio is expected if costs in terms of total investment during the
period of parental care are equal for the sexes and if sons and daughters provide their
parents with equal fitness benefits in the period after independence (Charnov, 1982;
Hardy, 2002). Sex-specific deviations in costs or benefits lead to variation in optimal
sex ratios. Explaining and predicting such individual variation in higher vertebrates
still remains difficult (Komdeur & Pen, 2002; West et al., 2002; West & Sheldon,
2002). Recent work identified the complex life histories and environmental unpre-
dictability in these systems as explanations for the lack of empirical support for theo-
retical predictions (Cockburn et al., 2002; Komdeur & Pen, 2002; West et al., 2002;
West & Sheldon, 2002). 

Most sex ratio studies in mammals and birds focus on sex ratio adjustment in
response to changes in individual traits, largely ignoring the relevance of the social
context for sex-specific fitness prospects. In particular the local number and the local
sex ratio of individuals might affect the level of sex-specific competition experienced.
Thus, local population density and local population sex ratio should affect sex-specific
fitness prospects. 

Empirical studies on sex allocation in response to population traits often focus on
Fisher’s theorem (1930) to test whether individuals produce more of the minority sex
(Bensch et al., 1999; Le Galliard et al., 2005b; Allsop et al., 2006; Warner & Shine,
2007) but mostly failed to show patterns in the direction predicted (but see Byholm et
al., 2002). Other studies on population traits tested for the local resource competition
hypothesis (Clark, 1978). They found that, as predicted, brood sex ratios were biased
in favour of the sex that is less likely to compete with its same sexed relatives if local
competition is intensified (Hewison & Gaillard, 1996; Johnson et al., 2001; Hjernquist
et al. 2009). However, as suggested by Le Gaillard et al. (2005b) in species where one
sex is dominant over the other in competitive interactions, the outcome of inter-sexual
competition can affect brood sex ratio decisions. The role of inter-sexual competition
for the evolution of sex ratios has so far received rather restricted attention. Studies
mainly focused on competitive interactions between siblings of different sexes during
the phase of parental care (see Uller, 2006 for a review on this topic). However,
competitive interactions between the young after the period of parental care and also
between adults and young of the different sexes might be important in determining
the relative fitness gain from producing a certain offspring sex. 

To this point there is a substantial lack of experimental evidence to show the rele-
vance of intra- and inter-sexual competition at a local scale for explaining sex ratio
variation in mammals and birds. For this purpose birds are particularly suitable study
systems as females are the heterogametic sex and are assumed to have control over
the sex ratio of the eggs (Krackow, 1995; Pike & Petrie, 2003; Rutkowska & Badyaev,
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2008). Several studies experimentally confirmed that primary sex ratio adjustment in
relation to individual traits is used to produce offspring of the sex with higher survival
or fitness prospects (Komdeur et al., 1997; Nager et al., 1999; Sheldon, 1999;
Kalmbach et al., 2001).

In our study we address whether intra- and inter sexual competition within forest
plots are important determinants of primary brood sex ratio in a small passerine bird,
the great tit (Parus major). We therefore aimed at manipulating the selection pressure
acting on male and female great tits by experimentally changing the local population
density and sex ratio of nestlings on the level of forest plots in three consecutive
breeding seasons (2005-2007). We investigated whether the plot treatments affected
the brood sex ratio produced by individual females breeding in the following year
(2006-2008). We separately analysed the brood sex ratio of yearling female breeders
that had experienced the treatment in their year of birth and of experienced female
breeders that were subjected to the treatment as adults. Natal dispersal of juveniles
between plots was high (70%) but experienced breeders in our population rarely
changed plots between breeding events (5%). For yearling female breeders we there-
fore analysed whether the brood sex ratio produced the following year was affected by
the manipulation in both the plot of fledging (PF) and the plot of settlement (PS). For
experienced female breeders we analysed whether variation in brood sex ratio was
related to the plot they bred in the last year and whether these effects were caused by
individual adjustment of the brood sex ratio or selective mortality. In great tits,
females show higher natal dispersal than males (Greenwood et al., 1979; Tinbergen,
2005), and females are generally subdominant to males in competition for food
(Kluyver, 1957; Drent, 1983). This offers the possibility that shifts in brood sex ratio in
relation to the number and sex ratio of local competitors are adaptive. We predict that
high local numbers of individuals and male biased local sex ratios should relate to
increased competition between the sexes and within males. Accordingly females
should respond by producing a higher proportion of female offspring, the dispersing
sex. 

Methods

Study species and study area
We studied great tits, a small hole breeding passerine that readily breeds in nest boxes.
In our study area great tits are resident and juvenile males start to establish a territory
in autumn (Drent, 1983). Our study was conducted in the Lauwersmeer area which is
situated in the northeast of the Netherlands (53°23’ N, 6°14’ E). In February 2005 we
extended the existing study area by establishing 12 nest box plots, where in some
woodlots already existing boxes were rearranged and in others they were newly put
up. Each plot consisted of 50 nest boxes in a regular 50 m grid. The plots had an
average size of 10.39 ha ±1.39 SD and ranged in size from 8.19 to 12.89 ha. The
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woodlots were primarily deciduous forest and were separated by at least 300 m open
grassland or forest patches without boxes. For more information on breeding parame-
ters in the study population during 2005-2007 see Nicolaus et al. (2009).

Field methods
From the beginning of April we checked nest boxes weekly to establish the start of egg
laying (if necessary back calculated assuming one eggs was laid per day) and the
clutch size was determined at the onset of incubation. Before the expected hatching
date nest boxes were checked daily to determine hatching date (day 0). We sampled a
small quantity of blood (ca 5–10 µl) from the tarsal vein of all nestlings when they
were two days old and clipped the end of their toe nails in a unique combination for
later identification (St. Louis et al., 1989). Blood was stored in 100% ethanol.
Between day 3 and 5 molecular sex determination was performed such that on day 6
after hatching the sex of all nestlings was known. Eggs that had not hatched until day
6 and nestlings that had died before day 2 were collected and frozen for later sex
determination. On day 6 nestlings also received a numbered aluminium ring. At day
14 after hatching all nestlings were additionally provided with 3 colour rings in a
unique combination with the aluminium ring. Nestlings leave the nest approximately
20 days after hatching, thus we performed nest box checks from day 19 onward to
determine successful fledging of nestlings. Parents were caught on day 7 with a spring
trap in the nest box and their weight (to the nearest 0.1 g) and tarsus length (nearest
0.5 mm) were measured. Unringed adults were equipped with a numbered aluminium
ring and 3 colour rings.

Molecular sexing
DNA was extracted from blood or tissue samples using the Chelex method described
by Walsh et al. (1991). Sex of the young was determined following Griffiths et al.
(1998). The PCR products were separated by electrophoresis on a 2% agarose gel. For
unhatched eggs, DNA extraction was attempted if there was a visible embryo present.
Of all 543 unhatched eggs collected during 2005-2008 only 117 (21%) could be
successfully sexed. Of the 8783 nestlings from which we obtained a blood sample or a
tissue sample, only 55 (0.6%) could not be assigned to a specific sex. Of all sexed
nestlings from 2005-2007 609 were seen again as breeding birds the following year
and in all cases the observed phenotypic sex was in accordance with the molecular
sex.

Experimental design
We manipulated plot density (number of nestlings) and plot sex ratio (proportion of
males) of juvenile great tits in 2005, 2006 and 2007. Plot sex ratio treatments were
either male biased, female biased or control (balanced sex ratio) and the plot density
treatments were high or low density. We created six different combinations of sex ratio
and density treatments ranging from male biased-low density to female biased-high
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density plots (see fig. 3.2 in chapter 3). Each treatment-combination occurred in two
replicates per year and was semi-randomly allocated to plots each year (not allowing
for a plot to have the same combination in consecutive years). The randomization of
plot treatments in every year should prevent that treatment effects were obscured by
plot effects such as plot quality, the distance to other plots or the degree of isolation.
To achieve the plot treatments, first broods (broods that started less than 30 days after
the start of the very first brood in that year) within plots were manipulated at day 6
after hatching to receive the treatment that corresponded to the plot treatment (see
also fig. 3.2 in chapter 3). For the sex ratio this meant that all broods within a plot
were manipulated in the direction of the plot treatment (table 6.1). The density treat-
ment at the plot level was achieved by manipulated 60% of the broods within a plot
towards the desired direction (e.g. enlarged broods for high density treatment) keeping
20% of the nests as controls and 20% were manipulated in the opposite direction. The
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Table 6.1 Overview of average natural (top in cell) and experimental (bottom in cell) values per
treatment group for brood sex ratio, brood size, plot sex ratio and plot density for 2005, 2006
and 2007 in the great tit study population. Sample sizes for the brood treatments indicate
numbers of broods while for the plot treatments they indicate number of plots.

2005 2006 2007

Treatment group mean±SD n mean±SD n mean±SD n

Female biased broods 0.46±0.18 79 0.48±0.16 60 0.44±0.18 90
0.22±0.07 0.24±0.08 0.22±0.06

Control broods 0.48±0.19 89 0.51±0.17 57 0.52±0.17 82
0.49±0.07 0.49±0.06 0.51±0.07

Male biased broods 0.51±0.18 75 0.50±0.17 49 0.51±0.19 75
0.76±0.07 0.79±0.07 0.78±0.06

Reduced brood size 7.39±1.69 106 8.74±1.42 61 6.86±1.50 106
5.22±0.52 5.88±0.32 4.69±0.52

Control brood size 7.75±1.80 60 9.18±1.43 38 7.28±1.65 57
8.05±0.65 8.81±0.65 7.58±0.70

Enlarged brood size 8.06±1.62 77 9.06±1.25 67 7.86±1.40 84
10.83±0.59 11.87±0.42 10.39±0.49

Female biased plots 0.49±0.02 4 0.47±0.06 4 0.46±0.01 4
0.24±0.005 0.24±0.02 0.25±0.02

Control plots 0.47±0.02 4 0.50±0.02 4 0.51±0.04 4
0.49±0.008 0.49±0.01 0.50±0.03

Male biased plots 0.50±0.03 4 0.49±0.04 4 0.52±0.06 4
0.74±0.019 0.79±0.03 0.76±0.02

Low plot density 156.83±28.27 6 134.33±48.73 6 166.83±19.57 6
137.83±26.35 119.67±48.90 143.00±22.02

High plot density 161.50±16.28 6 118.00±27.62 6 144.83±34.50 6
181.16±17.32 132.67±32.67 168.67±42.97



brood manipulations were based on the average brood size for a given year for control
broods and a manipulation of ±3 young for enlarged or reduced broods respectively.
We only manipulated first broods. For more details on the experimental set-up see
Nicolaus et al. (2009). 

Data selection and statistical analyses
PRIMARY BROOD SEX RATIO

We aimed at determining the primary brood sex ratio of all first broods in our four
study years (2005–2008) which we defined as the sex ratio of all eggs laid in a clutch.
Of the 908 first broods 67.3% (611) had a known primary sex ratio. For all eggs laid in
first clutches this related to 94.2% (7509/7969) of eggs that we were able to deter-
mine the sex of vs. 5.8% (460/7969) where the sex remained unknown. The sexing of
the eggs was not very successful (only 21% sexed successfully). Therefore, we based
the brood sex ratio on the sexing results of the day 2 samples and only used broods
with complete primary brood sex ratio (where all eggs had hatched). However, we
repeated all analyses using an extended data set which also included clutches with
incomplete primary brood sex ratio. We report the results from these analyses if the
outcomes differed. 

TREATMENT EFFECTS ON SEX ALLOCATION OF YEARLING AND

EXPERIENCED FEMALE BREEDERS

We give separate analyses for two categories of birds that may be affected differently
by the experiment. Yearling female breeders are locally born females that experienced
the treatment in year t as juveniles and bred in the nest box area in year t+1. This
resulted in a selection of 146 breeding events with known primary brood sex ratio for
yearling females. Experienced female breeders are defined as females that experienced
the treatment in year t as breeding adult and returned in the next year to the same
plot (excluding nine females that changed plots). If an individual bred in more than
two consecutive years (n = 28) we chose one breeding event randomly. Therefore, the
sample sizes of experienced breeders consisted of 117 breeding events with known
primary brood sex ratio. This random sampling procedure was repeated tree times but
all analyses gave qualitatively the same results. We also performed the same analyses
for juvenile males (n = 138) and experienced adult males (n = 142) but as none of
the factors analysed were ever important for the brood sex ratio associated to males
we do not present those data here.

Since there was a hierarchical structure in the data set we used linear multilevel
analyses in MLwiN 2.0 (Rasbash et al., 2004) with the three levels; plot, cohort (all
broods within a plot in a given year) and individual breeding event. For other analyses
STATISTICA version 7 (StatSoft, Inc. 2004) was used. We permanently included year
as a fixed factor in the multilevel analyses to control for year differences. We arcsin-
square root transformed and standardized the dependent variable “brood sex ratio”
and analysed it in a normal response model. 
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The plot traits tested were of the year preceding the breeding event, thus plot treat-
ments experienced in 2005 for individuals breeding in 2006, treatments from 2006 for
breeding events in 2007 and treatments from 2007 for breeding events in 2008. We
will refer to the year of the plot treatment manipulation as year t while the year of
brood sex ratio measurement is referred to as year t+1. The original and experimental
plot traits were based on the number and sex ratio of nestlings per plot just before and
after swapping on day 6. We chose to analyse the experimental change and the orig-
inal density rather than the final density because the densities of young per plot before
and after manipulation were strongly correlated (plot density traits: rc = 0.773,
n = 36, p < 0.001). The original plot sex ratio and the final experimental plot sex
ratio did not correlate after manipulation (Spearman rank correlation, female biased
plots: rs = 0.419, n = 12, p = 0.174, control plots: rs = 0.399, n = 12, p = 0.199,
male biased plot: rs = 0.252, n = 12, p = 0.430) and therefore we analysed the plot
sex ratio treatment as categorical variable with three categories (female biased plots
as reference category). The original plot density as well as the experimental change in
density (∆ density) in year t were tested as continuous variables centred on their popu-
lation averages. Interactions were tested between the plot sex ratio treatment and
original density and ∆ density respectively. In addition to these effects of the plot treat-
ment, we checked for effects of the brood manipulation by testing the effect of the
original brood size and brood sex ratio as well as the experimental change in brood
size (∆ brood size) and change in brood sex ratio (∆ brood sex ratio) at day 6 of indi-
viduals in year t (all centred and analysed as continuous variables). We also tested
whether controlling for the experimental brood traits changed the effects of the exper-
imental plot traits and report the results only when this was the case. As effects of
competition on sex allocation can also be mediated via effects of condition we
controlled in the final models for body weight in year t+1 (tarsus length was also
tested but gave the same results and is thus not shown). We report whether including
this variable changed the importance of any of the plot traits tested.

For yearling females we performed a similar analysis on brood sex ratio as for the
experienced females. The same variables were tested as for the experienced breeders
using the same procedures. In addition we analysed four extra traits: Whether individ-
uals had changed plot from fledging until breeding (“yes” or “no” with “no” as refer-
ence category), the original density, ∆ density and the plot sex ratio treatment that the
plot of settlement had the previous year. This would allow us to test whether birds
were more likely to be affected by the traits in the plot of fledging (PF) or the plot of
settlement (PS). From only 19 out of 127 broods there were two juvenile female
recruits from the same brood in the data set (never more than two). We therefore
considered the influence of co-dependency of individuals from the same brood as
minor and treated them as independent from each other. 

SEX RATIO ADJUSTMENT OR SELECTIVE MORTALITY IN EXPERIENCED FEMALES

We investigate two potential mechanisms that could generate differences in brood sex

Density and sex ratio affect sex allocation

127



ratio produced by individuals the next year in relation to the experimental treatment.
Therefore, for experienced females we first tested whether the patterns found were
caused by facultative sex ratio adjustment from one year to the next. Alternatively we
tested whether experienced females differed in their survival to the next year
depending on the treatment and the original sex ratio they produced in year t. This
would indicate that selective mortality of experienced females is associated with the
treatment and shaped our results. 

We analysed the change in sex ratio of the same individual from year t to year t+1
in relation to the manipulation. As the change in sex ratio is negatively correlated to
the original sex ratio in year t (females with all male broods could only have an equal
or lower sex ratio in year t+1) we controlled for the original brood sex ratio in year t
in the model. The analysis was otherwise performed in the same way as the one
explained under the head "treatment effects on sex allocation of yearling and experi-
enced female breeders". The number of breeding events for this analysis was reduced
to n = 79 as primary sex ratio had to be complete for the brood in the previous and
the current year.

To detect selective mortality in relation to the manipulation we analysed survival
until the following breeding season for all females that bred in the years 2005, 2006
and 2007 and that had experienced a manipulation as breeder. For females with more
than one breeding event in those years we selected one randomly resulting in 345
breeding events with known primary brood sex ratio. We used a hierarchical model
with a binominal error structure and a logit link. The hierarchical structure again
consisted of plot, cohort and individual breeding event. Year was controlled for as
fixed factor. We tested the same variables as were found to affect the brood sex ratio in
year t+1 and their interaction with the original brood sex ratio in year t.

Each model originated from backward selection from the full model containing all
explanatory variables and interactions of interest. Wald test was applied to determine
the significance of explanatory variables as they were removed from the model. Final
models included the constant and the factor year together with any statistically signif-
icant explanatory variables. In some analyses variation for one or two of the specified
random effects could not be estimated. This indicates that there was too little varia-
tion in brood sex ratio on these levels or that the underlying level took over all the
variation. Excluding levels with zero estimates from the analysis did not change the
results so we always kept them in the models. 

Results

The overall sex ratio of all day 2 young that could be sexed (first, second and replace-
ment clutches) did not differ from a balanced sex ratio in any of the years studied
(2005: 1161 females, 1124 males, χ2 = 0.568, df = 1, p = 0.451; 2006: 1082
females, 1057 males, χ2 = 0.292, df = 1, p = 0.589; 2007: 1194 females, 1183
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males, χ2 = 0.072, df = 1, p = 0.788; 2008: 971 females, 959 males, χ2 = 0.075,
df = 1, p = 0.784). The density experiment in 2005, 2006 and 2007 reduced the
number of young in low density plots on average by 19.17 ±9.83 SD (ca 13 %) and
increased the number of young in high density plots on average by 19.39 ±11.38 SD
(ca 14 %). This resulted in a significant difference in number of nestlings at day 6 in
the two plot density treatment groups (ANOVA correcting for year: F = 111.435, n =
1, p < 0.001, table 6.1). The three plot sex ratio treatment groups also significantly
differed in the final plot sex ratio of young at day 6 (Kruskal-Wallis test: χ2 = 24.00, df
= 2, p < 0.001, table 6.1).

Treatment effects on yearling females
PLOT OF FLEDGING

The brood sex ratio produced by yearling female breeders in year t was significantly
affected by the experimental plot sex ratio treatment (year t) in the plot of fledging
(PF) and significantly associated with the original density PF (table 6.2). Yearling
females that fledged from male biased plots produced more females and those fledged
from female biased plots produced more males (table 6.2, fig. 6.1A). Additionally, year-
ling females produced female biased broods if they had fledged from plots with origi-
nally high densities of young and male biased broods if they had fledged from plots
with low densities (table 6.2, fig. 6.2A). The effect of the original density PF and of the
plot sex ratio treatment PF did not vary between years (year * original density PF: χ2 =
0.159, df = 2, p = 0.923; year * sex ratio treatment PF: χ2 = 30.842, df = 4, p =
0.933). The experimental change in density PF had no significant effect on the brood
sex ratio (∆ density PF effect in table 6.2). There was no significant interaction between
the plot sex ratio treatment PF and the original density PF or ∆ density PF (table 6.2).

As the manipulation on plot level was achieved by manipulating broods we tested
whether the density and sex ratio effects of the plot of fledging on brood sex ratios in
year t+1 persisted when controlling for the brood effects (year t). The effect of the sex
ratio treatment PF became non-significant when controlling for ∆ brood size (sex ratio
treatment PF: χ2 = 4.184, df = 2, p = 0.123) and even more so when controlling for
∆ brood sex ratio (sex ratio treatment PF: χ2 = 3.801, df = 2, p = 0.149). This indi-
cates that the effect of the sex ratio treatment of the plot of fledging could be partly an
effect of the brood treatment in those plots. However, neither the original nor the
experimental brood traits of the brood they fledged from in year t explained additional
variation in the brood sex ratio produced by yearling females in year t+1 in the final
model (table 6.2).

PLOT OF SETTLEMENT

The brood sex ratio produced by yearling females in year t+1 was also affected by the
interaction between the experimental sex ratio treatment of the plot of settlement (PS)
and the original density PS (table 6.2) in year t. Females that settled in plots with previ-
ously male biased sex ratio of young produced more males at low original densities PS
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Table 6.2 Analysis of brood sex ratio (year t+1) of yearling female great tits examining effect of
the original density,  ∆ density and plot sex ratio treatment of plot of fledging (PF) and plot of
settlement (PS) in year t. Model summaries are derived from the normal response model proce-
dure in MLwiN. All rejected terms were tested separately again in the final model, interactions
were tested including the underlying variables. The ∆ symbolizes the experimental change in the
variable denoted; n = 146.

Explanatory variable β (SE) χ2 df P

Final model

Intercept 0.124 (0.215) 0.332 1 0.564

Year 2006 0.008 (0.222) -
0.100 2 0.951

Year 2007 0.058 (0.199)

Original density PF –0.008 (0.003) 5.512 1 0.019

Original density PS 0.010 (0.005) 4.812 1 0.028

Sex ratio control PF –0.426 (0.176)
13.351 2 0.001

Sex ratio male biased PF –0.870 (0.259)

Sex ratio control PS –0.018 (0.168)
2.405 2 0.300

Sex ratio male biased PS 0.328 (0.165)

Sex ratio control PS * original density PS –0.009 (0.006)
7.515         2          0.023

Sex ratio male biased PS * original density PS –0.015 (0.006)

Random effects plot - - - -

cohort - - - -

individual 0.870 (0.085) 73.000 1 <0.001

Rejected terms

Plot change 0.143 (0.205) 0.486 1 0.486

∆ density PF –0.001 (0.004) 0.109 1 0.741

∆ density PS 0.004 (0.004) 1.310 2 0.252

Original brood size –0.086 (0.054) 2.513 1 0.113

∆ brood size –0.016 (0.191) 0.007 1 0.933

Original brood sex ratio 0.711 (0.439) 2.616 1 0.106

∆ brood sex ratio –0.540 (0.442) 1.492 1 0.222

Sex ratio control PF * ∆ density PF 0.005 (0.008)
1.471          2         0.479

Sex ratio male biased PF * ∆ density PF –0.011 (0.012)

Sex ratio control PF * original density PF –0.001 (0.006)
0.427          2         0.808

Sex ratio male biased PF * original density PF –0.006 (0.010)

Sex ratio control PS * ∆ density PS 0.006 (0.010)
1.219 2 0.544

Sex ratio male biased PS * ∆ density PS 0.009 (0.008)



and more female at high original density PS. Females that settled in previously female
biased plots on the other hand increased the number of males in the brood with
increasing original density PS (table 6.2, fig. 6.3). Females that settled in control plots
showed an intermediate pattern. The interaction original density PS * sex ratio treat-
ment PS did not significantly vary between years (all underlying factors and interac-
tion in the model: χ2 = 7.694, df = 4, p = 0.103).

BODY WEIGHT

The brood sex ratio produced in year t+1 was not significantly related to body weight
in year t+1 if latter was added to the final model (weight: β = 0.001 ±0.006 SE, χ2 =
0.010, df = 1, p = 0.929) or added to a model controlling only for year (weight: β =
0.004 ±0.006 SE, χ2 = 0.433, df = 1, p = 0.510). The sex ratio treatment PF
remained significant if we controlled for weight (χ2 = 13.044, df = 2, p <0.001) so
did the effect of original density PF (χ2 = 5.345, df = 2, p = 0.021) and the interac-
tion between the sex ratio treatment PS and the original density PS (χ2 = 7.420,
df = 2, p = 0.024).

DATA SETS

For the extended data set where also incompletely sexed broods were included (n =
211) we found similar patterns as for the data set with only completely sexed broods
although the sex ratio treatment PS did not significantly interact with the original
density PS to affect the brood sex ratio (original density in female biased plots: β =
0.005 ±0.004 SE original density*control PS: β = –0.008 ±0.005 SE; original
density*male biased PS: β = -0.006 ± 0.005 SE; χ2 = 2.669, df = 2, p = 0.263). 
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Figure 6.1 The brood sex ratio of yearling female breeders produced in year t+1 is affected by
the experimental sex ratio treatment of the plot of fledging in year t. B) The brood sex ratio of
experienced female breeders in year t+1 is affected by the plot sex ratio treatment of the breeding
plot in year t. Sample sizes of females per treatment group are given as the numbers in the
panels. Standard errors were calculated per group using the raw data from the years 2006–2008.
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to the original density of young in the plot of fledging (year t), n = 146. The explanatory vari-
able was centred on its year average. B) Brood sex ratio of experienced female breeders produced
the next year (t+t) is affected by the experimental change in plot density the previous year (t),
n = 117. Brood sex ratios of the years 2006, 2007 and 2008 are presented. Averages and stan-
dard errors per plot and year are based on raw data. 
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Figure 6.3 Yearling females that settled in plots with previously male biased (filled circles, solid
line) and balanced (grey triangles, dashed line) plot sex ratio of young produced more males if
the plot had originally low densities and more females if the densities were high. Yearling
females that settled in previously female biased plots (open circles, dotted line) produced more
females if densities had been low and more males if densities had been high. The explanatory
variable was centred on its year average. Raw data are shown with standard errors grouped per
year and plot of settlement.



Treatment effects on experienced females
PLOT OF BREEDING

Experienced female breeders that were subjected to an experimentally increased
offspring density the previous year produced more female biased broods, whereas
females that had experienced an experimentally reduced offspring density produced
more male biased broods (∆ density effect in table 6.3, fig. 6.2B). We found no effect
of the original plot density the previous year on the brood sex ratio (table 6.3), so
experienced female breeders reacted to the change in density rather than the final
density. The plot sex ratio treatment the previous year showed a significant effect on
the brood sex ratio produced (table 6.3). Experienced females that had bred in control
plots produced more female biased broods while more male biased broods were
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Table 6.3 Analysis of brood sex ratio (t+1) of experienced female great tits examining the effects
of original density, ∆ density and  plot sex ratio treatment (year t) for three study years (2005-
2007). Model summaries are derived from the normal response model procedure in MLwiN. All
rejected terms were tested separately again in the final model, interactions were tested again
including the underlying variables. The ∆ symbolizes the experimental change in the variable
denoted; n = 117.

Explanatory variable β (SE) χ2 df P

Final model

Intercept 0.324 (0.212) 2.338 1 0.126

Year 2006 -0.236 (0.221)
1.137 2 0.566

Year 2007 -0.120 (0.230)

Plot sex ratio control –0.537 (0.221)
7.203 2 0.027

Plot sex ratio male biased –0.040 (0.221)

∆ density –0.009 (0.004) 5.092 1 0.024

Random effects plot - - - -

cohort 0.024 (0.054) 0.095 1 0.758

individual 0.928 (0.114) 44.825 1 <0.001

Rejected terms

Original density –0.0003 (0.003) 0.009 1 0.922

Original brood size 0.040 (0.060) 0.444 1 0.505

∆ brood size –0.024 (0.033) 0.524 1 0.469

Original brood sex ratio 0.275 (0.478) 0.332 1 0.564

∆ brood sex ratio –0.244 (0.459) 0.281 1 0.596

Plot sex ratio control * ∆ density 0.015 (0.011)
3.306 2 0.191

Plot sex ratio male biased * ∆ density –0.005 (0.009)

Plot sex ratio control * original plot density –0.0005 (0.007)
1.580 2 0.454

Plot sex ratio male biased * original plot density 0.007 (0.008)



produced in female and male biased plots (fig. 6.1B). The effects of ∆ density and the
experimental plot sex ratio treatment did not vary between years (∆ density * year:
χ2 = 0.502, df = 2, p = 0.778; sex ratio treatment * year: χ2 = 1.425, df = 4, p =
0.840). The interaction between ∆ density and the plot sex ratio treatment or between
original density and the plot sex ratio treatment were not significant (table 6.3). 

The effect of ∆ density was weakened when we controlled for ∆ brood size in the
final model (β = –0.008 ±0.004 SE, χ2 = 3.557, df = 1, p = 0.059). This indicates
that part of the effect of ∆ density might be due to the fact that most of the broods in
plots with increased density received additional young in the nest. However, neither
the original nor the experimental brood traits the previous year explained significant
variation in the brood sex ratio produced by experienced female breeders (table 6.3). 

BODY WEIGHT

The brood sex ratio produced in year t+1 was not associated with body weight in year
t+1 if latter was added to the final model (β = 0.001 ±0.001 SE, χ2 = 1.066, df = 1,
p = 0.302) or to a model only controlling for year (β = 0.125 ±0.119 SE, χ2 = 1.112,
df = 1, p = 0.292). The effect of ∆ density remained significant if we controlled for
weight (∆ density: χ2 = 8.471, df = 1, p = 0.004). However, the effect of the plot sex
ratio treatment became non-significant when controlling for weight in year t+1 (plot
sex ratio treatment: χ2 = 5.114, df = 2, p = 0.077). We could yet find no indication
that weight in year t+1 was affected by the plot sex ratio treatment in the previous
year (χ2 = 0.688, df = 2, p = 0.709, other factor in the model was year: χ2 = 2.417,
df = 2, p = 0.299).

DATA SETS

For the extended data set where also incompletely sexed broods were included (n =
160) we found similar patterns. The difference was that the plot sex ratio treatment
only tended to affect the brood sex ratio produced the following year (control plots:
β = –0.339 ±0.2191 SE; male biased plots: β = –0.011 ±0.183 SE; χ2 = 5.547,
df = 2, p = 0.062). 

SEX RATIO ADJUSTMENT AND SELECTIVE MORTALITY

Experienced female breeders significantly changed their brood sex ratio between years
in response to ∆ density the previous year (∆ density effect: β = –0.008 ±0.003 SE,
χ2 = 6.070, df = 1, p = 0.014). After breeding in an increased density plot they
shifted towards more female biased broods the next year and after breeding in a
reduced density plot they shifted towards more male biased broods. This effect
remained significant when controlling for the non-significant ∆ brood size (∆ density:
β = –0.008 ±0.004 SE, χ2 = 4.258, df = 2, p = 0.039). Furthermore, females that
bred in control plots significantly shifted their brood sex ratio towards more females
the following year and towards more males in female and male biased plots (control
plots: β = –0.280 ±0.172 SE, male biased plots: β = 0.279 ±0.164 SE, χ2 = 9.470,
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df = 2, p = 0.009; other terms in final model, intercept: β = 0.105 ±0.157, χ2 =
0.446 df = 1, p = 0.504; years: χ2 = 1.233, df = 2, p = 0.267; primary brood sex
ratio year t: β = -4.194 ±0.393, χ2 = 140.340, df = 1, p < 0.001). There was no vari-
ation on plot and cohort level and significant variation between individuals
(χ2 = 39.500, df = 1, p < 0.001). Similar results were found for the data set with
incomplete sexed broods (n = 160).

Local survival to the following year of experienced females producing a certain
brood sex ratio (year t) was not differentially affected by ∆ density (∆ density * orig-
inal sex ratio: χ2 = 2.090, df = 1, p = 0.148; ∆ density: χ2 = 0.101, df = 1, p =
0.751; original sex ratio: χ2 = 1.192, df = 1, p = 0.275 ) or the plot sex ratio treat-
ment (plot sex ratio treatment * original sex ratio: χ2 = 0.861, df = 2, p = 0.650; plot
sex ratio treatment: χ2 = 1.219, df = 2, p = 0.544; original sex ratio: χ2 = 0.002, df
= 1, p = 0.964). There was thus no evidence that ∆ density and sex ratio treatment
selectively affected survival of females depending on their brood sex ratio.

Discussion

Fitness consequences of brood sex ratio decisions are expected to depend to a large
extent on the social context. The performance of sons and daughter will be affected by
the levels of inter- and intra-sexual competition experienced on a local scale and
females are expected to adjust their brood sex ratio accordingly. Therefore, we tested
whether experimental changes in plot density and plot sex ratio affected sex allocation
decisions in a three-year experiment. We found that there was a causal relationship
between the brood sex ratio produced by females in the subsequent breeding season
and local changes in sex ratio and density of nestlings they had experienced the
previous year. Our results showed that both yearling and experienced female breeders
adjusted their brood sex ratio towards females (the dispersing sex) under presumably
intensified levels of local competition (high densities and/or male biased plot sex
ratios). Yearling females showed female biased brood sex ratios in response to an
increase in plot sex ratio and in relation to high natural densities in the plot of
fledging. Interestingly, we found that yearling females also reacted to plot densities
and plot sex ratio in the plot of settlement. They reduced the proportion of males in
the brood in relation to high natural densities in the plot of settlement but only for
plots that had been male biased the previous year. Harder to explain is the result that
the opposite pattern was found for female biased plots. For juvenile females, both the
decision to leave a habitat and the decision where to settle can be affected by local
changes in competition and thus need to be considered when inferences about the
adaptive value of sex allocation are made. Experienced female breeders significantly
adjusted their brood sex ratio towards more females in response to an experimental
increase in density of young. Against our expectations was the finding, that experi-
enced females significantly shifted their brood sex ratio towards females in plots with
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a previously unbiased sex ratio but towards males in plots with a previously male or
female biased sex ratio of young. We will discuss this effect in more detail later. 

We manipulated plots by changing brood sizes and sex ratios of individual broods,
which precludes an unambiguous conclusion about effects of plot treatment versus
brood treatment. Although some of the effects on the plot level became statistically
non-significant after including the brood treatment, the latter never explained addi-
tional variation in primary brood sex ratios, suggesting a slightly better fit with plot
effects than brood effects. Therefore we will discuss these effects as effects of the local
social environment rather than the brood manipulation.

We believe that the differences in results found between the data sets with
complete and incomplete brood sex ratios are due to an increased uncertainty on real
primary sex ratio in the extended data set. The patterns in both data sets are nonethe-
less consistent and we will thus only discuss the results from the data set with
completely sexed broods.

Sex ratio adjustment to competition
Our main result is that female great tits produced more female biased broods after
they had experienced a social environment in the previous year that could be regarded
as situation of high competition. This is in accordance with several correlative studies
in mammals and birds, showing that sex ratios are skewed towards the sex which is
less philopatric (Silk & Brown, 2008) especially if densities are high (Hewison &
Gaillard, 1996; Johnson et al., 2001; Hjernquist et al., 2009). Also in great tits one
earlier study found that fledgling sex ratio was female biased in years with high local
breeding pair density (Drent, 1984) which however might have been due to differen-
tial nestling mortality. Although these correlative studies suggest that sex ratio is
adjusted to levels of competition, we need experimental studies showing that varia-
tion in the level of competition between and within the sexes indeed affects sex ratio
decisions, how these effects come about and their adaptive value. The temporal and
spatial scale at which competition affects sex allocation is probably important, and
interestingly our data show that effects could be expressed with a long delay, as
females adjusted their brood sex ratio to the social environment they had experienced
the previous breeding season. It is unlikely that the experimental conditions prevailed
to the next year, because the experimental changes in density and sex ratio disap-
peared at latest in September due to high levels of movements (see box A). This
suggests that the previous years’ treatment had long lasting effects on the behaviour or
physiology of individuals. 

The proximate mechanism of sex allocation has been shown to involve changes in
physiological state such as changes in condition (Nager et al., 1999) and specifically
hormonal changes (Love et al., 2005; Rutkowska & Cichon, 2006; Bonier et al., 2007)
which are likely to be altered by competitive social interaction (Comendant et al.,
2003). Although our study does not reveal a physiological mechanism for sex ratio
adjustment the data suggest that the altered social environment created competitive
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social circumstances and that their consequences carried over to the next breeding
season. We discuss how local density and sex ratio might have affected the levels of
local competition experienced and how this could differentially affect fitness prospect
of producing sons and daughters. 

In high density plots and male biased plots it might be less beneficial to produce
sons as they would suffer from higher competition for available territories
(Greenwood et al., 1979; Greenwood, 1980). Female offspring however, disperse
significantly further and are therefore more likely to reach areas with vacant breeding
opportunities. Both yearling and experienced females reacted to high or increased
local densities in the plot of origin by producing more females and yearlings also
reacted to male biased plots in such a way. It is possible that the previous year’s treat-
ment had long lasting effects on individuals’ physiological state other than body
weight or size. However, females might also use density and sex ratio the previous
year to predict levels of competition in the next year. In our study area the density of
breeding pairs in a plot was correlated between years and within years breeding pair
density in a plot was correlated to the number of fledged young (chapter 5).
Therefore, the density of fledged young might be an indicator for the future levels of
competition in a plot. This might also be the reason why parents and offspring differed
in how they adjusted sex ratio to the density the year before. The change in plot
density affected the brood sex ratio produced by experienced but not yearling female
breeders in the next year. Latter reacted significantly to the natural plot density of
young. Birds settle in their breeding plot according to their competitive abilities
(Doligez et al., 2004; Duckworth, 2006). Therefore, experienced breeders may have
been adapted to the natural local densities in a plot and to the resources available for
their young during the breeding period, and thus only reacted to the changes in
density that may indicate stronger local competition for their offspring in the future.
Yearling females probably had no knowledge of the resources available during the
previous breeding season and could only use the density and sex ratio at fledging to
assess future levels of competition. 

To understand why yearling females reacted to traits of the plot of settlement in a
more complex way, we need to know how the previous year’s treatment affected
settlement chances and future fitness prospect of yearling females in these plots.
Nicolaus et al. (unpublished ms) analysed settlement of juveniles in relation to the
plot treatment in our study. They found that juveniles settled at significantly lower
rates in plots with originally high densities the last year and in plots that were previ-
ously female biased (Nicolaus et al. unpublished ms). This resulted in lower breeding
pair density in female biased compared to male biased plot in year t+1 (M. Nicolaus,
PhD thesis). The future chances for a son of getting a local territory in a high density
plot are probably low. In previously female biased plots however, lower settlement
rates by juveniles probably uncoupled the local densities of breeding pairs in year t+1
from the densities in year t. This could explain why for the plot of settlement the rela-
tion between sex allocation and previous year’s densities was different for female
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biased than male biased plots but does not fully explain why for female biased plots
the relation with original density was positive.

Experimental studies in higher vertebrates on social factors that affect sex ratio are
rare (Le Galliard et al., 2005b; Allsop et al., 2006; Warner & Shine, 2007) and to our
knowledge absent in birds. Up to now, experimental studies on the effects of local
adult sex ratio on clutch sex ratios tested whether sex ratios would be adjusted
towards the minority sex in the population (Le Galliard et al., 2005b; Allsop et al.,
2006; Warner & Shine, 2007). They however failed to show sex ratio adjustment in
the predicted direction. Le Galliard et al. (2005b) explained the lack of sex ratio
adjustment in their study on common lizards (Lacerta vivipara) by the finding that
females suffered a high cost from male aggression which might have counteracted the
benefits of producing the minority sex under a male biased adult sex ratio. In our
study there is little support for the hypothesis that yearling female great tits produced
the minority sex. While yearling females produced more females under a previously
male biased sex ratio and more males under a previously female biased sex ratio this
was not the case for experienced females indicating that producing the minority sex
does not pose a strong selection pressure. 

It seems at first sight contradictory that experienced females adjusted their brood
sex ratio differently to control than to male and female biased plot sex ratios. However,
we found that in the post-fledging phase (June-October 2005 and 2006) experienced
females moved further away from control plots than from male and female biased plots
(distanced moved from nest box of breeding analysed as standardized log10 trans-
formed variable in normal response model in MLwiN; control plot: β = 0.466 ±0.105
SE, male biased plots: β = 0.060 ±0.116 SE, χ2 = 22.301, df = 2, p < 0.001). Possibly
a biased plot sex ratio urges the need to stay close to the breeding territory to defend it
against competing juvenile females and males already in the very early phase after
fledging. Birds that stay away for longer time from their breeding territory might
consecutively loose their dominance advantage (Sandell & Smith, 1991) which would
make it more difficult to reestablish themselves the following spring and thus increase
the experienced level of local competition the next year. This reasoning however does
not explain why experienced females produced a male biased sex ratio in female and
male biased plots and we can thus not fully understand this intriguing pattern.

Lasting experimental effects on brood sex ratio via female condition?
Mothers in relatively good condition are expected to produce male biased sex ratios if
sons benefit relatively more from being born under favourable conditions (Trivers &
Willard, 1973). In birds some convincing experimental evidence exists that female
condition can shape brood sex ratios at the family level (Nager et al., 1999; Clout et
al., 2002; Whittingham et al., 2005). If our experimentally increased local competition
had negative effects on female condition we would expect that high densities and
male biased plot sex ratios would lead to the production of female biased broods.
However, except for the effect of the plot sex ratio treatment on experienced female
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breeders all other effects seemed independent of female body weight. For experienced
females we could yet find no indication that weight in year t+1 was affected by the
plot sex ratio treatment in the previous year. Therefore, our findings cannot easily be
explained by long term experimental effects on individual female condition.

Conclusions
The adjustment of brood sex ratio to plot density and sex ratio puts forward the
importance of sex-specific local competition as a central selection pressure acting on
brood sex ratios in great tits. The patterns that we detected in our experimental study
are largely consistent with the idea that female great tits produced the offspring sex
with highest fitness prospects in a given social setting. Although we have limited
knowledge of what resources birds competed for, competition among males for avail-
able territories might be the most likely competition pressure responsible for our
results. Producing male offspring under reduced levels of local competition and
females under increased levels of competition should provide relatively higher fitness
benefits because of the sex-specific natal dispersal tendencies. However, a full under-
standing of the cost and benefit of this sex ratio adjustment requires knowledge of
how well the different sexes survive and obtain a breeding vacancy under different
competitive regimes.
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