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General Introduction

CHAPTER 1



Sex allocation in birds

A) Theory
Sex allocation is generally defined as the relative investment of resources in male and
female offspring (Charnov, 1982). In nature we mostly observe equal numbers of
males and females at the population level. The explanation for this phenomenon has
been attributed to Fisher (1930). He formulated verbally that as each individual has
one mother and one father, the rarer sex would have higher chances of finding a mate
and therefore frequency dependent selection would always pull the population
towards an equal sex ratio. His argument was not restricted to the numbers of each sex
alone but specified that equal parental investment of resources to sons and daughters
until the end of parental care should evolve. However, for a balanced population sex
ratio to arise not only costs in terms of total investment during the period of parental
care should be equal, but also sons and daughters should provide their parents with
equal fitness benefits (future reproductive success) in the period after independence
(Charnov, 1982). A number of conditions have been described under which we can
expect different fitness returns from sons and daughters. For instance sons and daugh-
ters might differ in how well the condition they are born in translates into reproduc-
tive success later on. Parents that can produce offspring in good condition should then
better produce more of the sex that benefits relatively more from this state (Trivers &
Willard, 1973). In species where the sexes differ in the amount of resources necessary
for rearing, parents in low condition might be restricted to produce the “cheaper” sex
to reduce the rearing costs and the risk of brood failure (Myers, 1978; Gomendio et al.,
1990; Wiebe & Bortolotti, 1992). Furthermore, sex biased social interactions between
relatives, such as competition and cooperation among kin (local resource competition
(Clark, 1978) and local resource enhancement (Emlen et al., 1986)) can also create
conditions under which one sex provides parents with relatively higher fitness
prospects than the other. Thus, any environmental, social or individual condition that
differentially affects fitness prospects of male and female offspring could lead to biases
in sex ratios at the family and even at the population level. 

In the last years an increasing number of studies showed that birds produce more
of the offspring sex that is expected to provide relatively higher fitness prospects under
certain conditions (Komdeur, 1996; Nager et al., 1999; Sheldon et al., 1999;
Whittingham & Dunn, 2000; Dubois et al., 2006; Hjernquist et al., 2009). However,
the generality of patterns could often not be confirmed, even in the same species as for
example found for Triver’s and Willard’s hypothesis in zebra finches (Taeniopygia
guttata; Bradbury & Blakey, 1998; Kilner, 1998; Rutstein et al., 2004), great tits (Parus
major; Lessells et al., 1996; Kölliker et al., 1999; Radford & Blakey, 2000; Stauss et al.,
2005) or collard flycatchers (Ficedula albicollis; Rosivall et al., 2004). This lead to the
frequently formulated statement that explaining and predicting individual variation in
sex ratio in birds and mammals still remains difficult (Komdeur & Pen, 2002; West et
al., 2002; West & Sheldon, 2002). As explanation for the lack of empirical support for
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theoretical predictions in these systems, recent work identified environmental unpre-
dictability and the complex life histories in higher vertebrates (Cockburn et al., 2002;
Komdeur & Pen, 2002; West et al., 2002; West & Sheldon, 2002). Consequently,
several selective pressures can act simultaneously on the performance of male and
female offspring and make the detection of strong and consistent sex ratio patterns
difficult (Cockburn et al., 2002). The identification of these selective pressures should
thus receive broad attention in the future when we want to learn more about sex allo-
cation in mammals and birds (West et al., 2002).

B) Mechanisms
In contrast to mammals, in birds females are the heterogametic sex with the sex-chro-
mosomes Z and W while males have two Z-chromosomes. Therefore, females are
generally thought to have the potential to control the sex ratio of the eggs (Krackow,
1995; Oddie, 1998). How exactly a female bird can bias the sex ratio at laying
(primary sex ratio) is still not solved completely, although recent studies identified a
number of potential mechanisms (Krackow, 1995; Komdeur et al., 2002; Pike & Petrie,
2003; Rutkowska & Badyaev, 2008).  It should be pointed out however, that several
potential mechanisms may have evolved and they may also differ between avian
orders and species, as the life history of a given species may determine the costs
involved in the sex ratio manipulating mechanism (Pike & Petrie, 2003). 

One of the least costly options for a female bird might involve sex-determination of
the oocyte before ovulation. Females could influence the sex of the oocyte shed from
the ovary by non-random segregation of sex chromosomes during first division of
meiosis (Komdeur et al., 2002; Pike & Petrie, 2003; Rutkowska & Badyaev, 2008). This
mechanism does not bear the price that gaps in the laying sequence are created or
time to clutch completion is prolonged which might negatively affect hatching success
in species with large clutches (Emlen, 1997). Asynchronous development of follicles
according to sex may also be an important way of sex allocation for species where sex-
specific effects of hatching order on juvenile performance exist (Krackow, 1995; Pike &
Petrie, 2003). 

In species where the young strongly depend on parental care, differential provi-
sioning of food towards the two offspring sexes might be another mode of sex alloca-
tion (Charnov, 1982). However sex-specific provisioning may also be a requirement to
full-fill specific nutritional needs of the different offspring sexes especially in sexually
size-dimorphic species (Stamps, 1990; Gowaty & Droge, 1991; Magrath et al., 2004;
Magrath et al., 2007). Moreover, competitive interactions between offspring in the
brood might require differential parental investment in the offspring sexes to reduce
potentially negative effects of competitive asymmetries (Stamps, 1990; Gowaty &
Droge, 1991). Another important aspect of nestling provisioning is that the male
parent can finally interfere in sex allocation while he has no control over and probably
no knowledge of the sex ratio of the eggs. This might eventually lead to a conflict over
parental care (Gowaty & Droge, 1991; Pen & Weissing, 2002).   
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Social interactions: effects on competition and dispersal
Local population density and the proportion of male and female individuals in the
local population will influence social interactions such as competition for various
resources but also the chance of finding a partner. The extent and direction by which
the social environment affects individual behaviour may differ between males and
females depending on the sex-specific costs incurred. The behavioural response
however, will influence an individual’s local survival, reproductive success, dispersal
and habitat choice and finally determine its fitness prospects. If the social environment
differentially affects offspring fitness prospects according to sex, adaptive shift in sex
ratio may occur in response to social variables.

The social environment is prone to vary spatially and temporally and this should be
taken into account to better understand how social factors affect sex-specific fitness
prospects. Spatial level: the number and sex ratio of offspring in a brood will deter-
mine the competition experienced at the family level (Vedder et al., 2005b; Nicolaus et
al., 2009), while on a larger scale variation in the number and sex ratio of individuals
can affect competition within and between the sexes in the local habitat or in the
population (Wilson & Arcese, 2008). Temporal level: while in most bird species the
sexes have to cooperate during the reproductive period to maximize the success of
their offspring (Krebs & Davies, 1993), outside the breeding season the sexes normally
compete for resources such as food or roosting places (Newton, 1998). Sexual size
dimorphism produces asymmetries in competitive abilities between the sexes in many
species, where the smaller sex generally is dominated by the larger sex (Kluyver, 1957;
Dunbar & Crook, 1975; Tarvin & Woolfenden, 1997; Steer & Burns, 2008). Several
behavioural adjustments may have evolved to soften the negative effects that the
smaller sex (mostly the female) might incur from direct competition with the larger
sex over limited resources. Some of these adjustments are sex-specific segregation of
feeding habitats (Ketterson, 1979; Hepp & Hair, 1984; Marra, 2000; Both et al.,
2003), sex-specific flock formation (Benkman, 1997) or foraging strategies that differ
between the sexes (Donald et al., 2007; Steer & Burns, 2008). If environmental or
social conditions constrain an individual’s behaviour in this respect (harsher condi-
tions, limits to habitat choice) this might even lead to higher mortality of the subordi-
nate sex (Dunbar & Crook, 1975).

Another aspect that is influenced by the costs and benefits of social interactions is
sex-specific dispersal. In many bird species there is a preponderance for one sex to
show larger dispersal distances from the natal habitat to the place of first breeding
(natal dispersal) and even between breeding sites (breeding dispersal; Greenwood,
1980; Greenwood & Harvey, 1982). Sex-biased dispersal may have evolved to reduce
inbreeding (Perrin & Mazalov, 2000; Gros et al., 2008) or because there exist differ-
ences between the sexes in costs and benefits of dispersal/philopatry (Perrin &
Mazalov, 2000; Wild & Taylor, 2004; Gros et al., 2008). One reason for why males
generally show less natal dispersal than females in many territorial bird species might
be that males benefit relatively more from familiarity with the local habitat for estab-
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lishing a breeding territory. Thus the cost of dispersal is higher for them (Greenwood,
1980; Greenwood & Harvey, 1982) and might entail, that they can react less flexible
to changes in local competition. Females on the other hand, may profit from
dispersing and thereby being able to choose among territory holding males. Changes
in local density and sex ratio however, may alter the cost and benefits of dispersal and
thus change the local fitness prospects for a given sex. Consequently, an innate
tendency of the two sexes to differ in the distances they disperse from the natal habitat
may be a reason for parents to bias they sex ratio of their brood in favour of the
dispersing sex when competition for local resources in intensified (Clark, 1978;
Gowaty, 1993; Cockburn et al., 2002; Hjernquist et al., 2009).

This thesis aims at highlighting how competition within and between the sexes for
locally restricted resources can shape the expected fitness gain that parents might have
from producing a certain offspring sex. Sex-related asymmetries in competitive
performance and sex-specific natal dispersal tendencies can shape local survival and
settlement chances of male and female offspring under a variable social environment
and determine their future reproductive success. 

Study species and population

The study species is the great tit (Parus major) a small passerine that readily breeds in
nest boxes. Great tits are sexually size dimorphic, therefore male young are often
assumed to be more costly to raise but also to be better competitors in the nest (Oddie,
2000; Nicolaus et al., 2009). Also outside the nest, male great tits generally dominate
females in competition for limited resources such as food or roosting sites (Kluyver,
1957; Saitou, 1979c; Drent, 1983). Male great tits can defend a breeding territory all
year round (Kluyver, 1951; Drent, 1983). Female great tits on the other hand, show
consistently larger natal dispersal distances than males (Greenwood et al., 1979;
Dingemanse et al., 2003; Tinbergen, 2005; Van de Casteele & Matthysen, 2006).
Furthermore, in our study area (see next paragraph) great tits are generally non-
migratory (personal observation). All these traits offer the possibility that competition
should occur between and within the sexes and that we can observe competition all
year round. Furthermore, previous studies have shown that great tits do vary their
brood sex ratio in response to partner traits (Kölliker et al., 1999; Oddie & Reim,
2002) or environmental traits (Stauss et al., 2005; Doligez et al., 2008). Therefore, if
changes in the social environment differentially affect fitness prospect of the offspring
sexes, great tits should have the means of adjusting their brood sex ratio accordingly.

Our study population of great tits is situated in a rather young area in the north of
the Netherlands (50°23’N, 6°14’E). Only 40 years ago (1968) this area was reclaimed
from the Wadden Sea and the first woodlots were planted in 1973. The nest box plots
used for this study were newly established in early spring 2005. They have a semi-
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isolated character but are still connected to some degree by forest stripes or bushes
(see figure 3.1 in chapter 3). Dispersal between plots is therefore possible but should
not be without costs.

Thesis outline

This thesis is divided into three main parts. Part I deals with parental care and sibling
competition. The provisioning behaviour of male and female parents to individual
offspring sexes is the outcome of parental decisions which nestling to feed and
competitive interactions between the nestlings. In Chapter 2 we use the experimental
approach of manipulating the sex ratio of great tit broods to investigate how male and
females parents change their provisioning behaviour to sex-biased broods and to indi-
vidual male and female young in the nest. The manipulation allows the study of
parental provisioning behaviour in relation to brood sex-ratio while the latter is disen-
tangled from variables like parental or environmental quality that might also influence
provisioning. 

Part II of the thesis investigates how changes in the local social environment affect
individual adults and young after they have left the nest. Box A is a description of how
the plot density and sex ratio manipulation changes the local social environment after
fledging and how post-fledging movements alter the bias in the course of time. In
chapter 3 we investigate whether individual survival during the first five months post
fledging is sex-specifically affected by the plot sex ratio and the density manipulation.
This has been conducted using Mark-recapture data obtained from observations of
colour-ringed juveniles in 2005 and 2006. In chapter 4 we examine post-fledging
dispersal patterns of juvenile great tits in the post-fledging phase and we test whether
the changes in the local social environment differentially affect the two offspring sexes
in their movements away from the natal nest box. Box B completes the picture by
looking at how adult males and females move from their breeding nest box after
fledging of their first brood and whether this post-fledging movement is affected sex-
specifically by the local changes in density and sex ratio. In chapter 5 we investigate
local annual survival of juveniles and adults and explore whether the sexes are differ-
entially affected by the local density of adults, juveniles, juveniles of the same sex or
juveniles of the opposite sex.

Part III is the last part of this thesis and deals with sex allocation. In box C we
highlight some of the complexities that can occur when sexing of unhatched eggs is
attempted and that false results might be obtained from low quality samples. In
chapter 6 we investigate how the changes of the local social environment in one year
affect the sex allocation decision of experienced and yearling females the next year.
For yearling females we tested whether the primary brood sex ratio is adjusted to the
local social environment that the plot of fledging and the plot of settlement had the
previous year. Experienced females generally do not change plots between breeding
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events and we thus only test traits of the breeding plot. We also investigate whether
experienced females facultatively adjust brood sex ratio from one year to the next to
the changes in social environment. Chapter 7 will integrate the main results of the
separate sections to draw general conclusions about the effects the social environment
can have on sex-specific fitness prospects. Box D in chapter 7 will examine what types
of resources males and females might compete for and in which period this competi-
tion takes place. Finally I will put the findings in a boarder context.
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Parental provisioning in relation
to offspring sex and sex ratio
in the great tit (Parus major)

Stephanie P. M. Michler, Maarten Bleeker, Marco van der Velde,
Christiaan Both, Jan Komdeur and Joost M. Tinbergen

Abstract
Sex-biased parental care is expected if the two offspring sexes differ in their energetic
needs or if they differentially affect their parents’ reproductive success after independ-
ence. Furthermore, parents should adjust provisioning rate and prey size to the needs of
individual nestlings and the entire brood. We investigated experimentally whether
parental care in the great tit varied with individual offspring sex and brood sex ratio.
Male great tit nestlings are slightly but significantly larger than female nestlings and
have been shown to be better competitors in the nest. We created broods of skewed sex
ratio and subsequently monitored parental provisioning behaviour as number and size
of prey items brought to individual young and broods. We analysed the male share of
provisioning to compare relative male and female parental investment. We found that
male and female nestlings were fed at equal rates and with equally sized prey items
independently of the original or experimental brood sex ratio. The male share of provi-
sioning did not change with offspring sex or sex ratio. However, within study plots
parents brought significantly larger prey items to male biased broods with a small
decline in provisioning rate such that the total amount of food brought did not vary with
the experimental brood sex ratio. Our findings suggest that parents did respond to
manipulated brood sex ratio without distinguishing between the individual nestling
sexes. Bringing larger prey items at slightly lower rates to male biased broods might
reduce the cost of solicitation activities or satisfy increased needs in those broods.
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Introduction

In order to optimize their fitness, parents should trade-off the costs of producing and
raising a certain sex to independence against the potential fitness benefits they can
expect from investing in this offspring sex (Fisher, 1930; Trivers & Willard, 1973;
Charnov, 1982; Frank, 1990). Several variables like laying date (Dijkstra et al., 1990;
Daan et al., 1996; Laaksonen et al., 2004b), parental condition (Kölliker et al., 1999;
Nager et al., 1999; Whittingham & Dunn, 2000), male attractiveness (Ellegren et al.,
1996; Sheldon et al., 1999), territory quality (Komdeur, 1998), food availability
(Appleby et al., 1997), pair bond duration (Green, 2002) or relative position in the
laying sequence (Bednarz & Hayden, 1991; Badyaev et al., 2002) have already been
described as potential factors affecting the relative fitness returns of male and female
offspring in birds. Additionally, different energetic requirements of the two offspring
sexes might cause differential parental investment in sons and daughters and thus be a
reason for adaptive sex allocation (Fisher, 1930; Charnov, 1982).

In avian species where the young strongly depend on parental care, differential
provisioning of food towards the two offspring sexes is one mode of sex allocation
(Charnov, 1982). Indeed sex-biased parental care has been shown to occur in a range
of bird species where either one or both parents preferentially provision one offspring
sex (Stamps, 1990; Gowaty & Droge, 1991). Even in species with little or no sexual
size dimorphism of nestlings we can expect differential parental provisioning of the
offspring sexes as there is evidence that the sexes differ in their competitive abilities or
physiological requirements (Boncoraglio et al., 2008; Nicolaus et al., 2009). Addition-
ally, parents of the different sexes might have different optimal investment strategies
towards sons and daughters (Gowaty & Droge, 1991; Lessells, 1998) which could lead
to a conflict over parental care. 

Descriptive studies on parental provisioning in relation to offspring sex and sex
ratio have so far provided mixed results. Several studies on pre-fledging parental care
found an increased provisioning rate of either one or both parents to sons or male
biased broods (Yasukawa et al., 1990; Westneat et al., 1995; Nishiumi et al., 1996;
Westerdahl et al., 2000; Green, 2002; Magrath et al., 2004). Others found increased
parental effort to daughters or female biased broods (Stamps et al., 1987; Gowaty &
Droge, 1991) and yet others found no relation between offspring sex or brood sex
ratio and parental provisioning behaviour (Leonard et al., 1994; Whittingham et al.,
2003). Drawing conclusions from those results is rather difficult because parental
provisioning behaviour and primary sex ratio might both be associated with environ-
mental variables or parental traits that were not experimentally controlled for. To
circumvent this problem experimental manipulations of brood sex ratio have been
performed to investigate sex-biased provisioning and to determine if parents adjust
their provisioning behaviour in a predictable manner (Fiala, 1981; Roskaft &
Slagsvold, 1985; Leonard et al., 1994; Lessells et al., 1998; Green, 2002; Laaksonen et
al., 2004a; Magrath et al., 2007). Interestingly, most of these studies failed to find an
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effect of brood sex ratio on parental provisioning behaviour (but see Green, 2002; but
see Magrath et al., 2007) even in a species where the larger offspring sex has been
shown to have higher energetic requirements (Fiala, 1981). In most of these studies
brood sex ratio manipulations typically consisted of only unisex broods (Fiala, 1981;
Roskaft & Slagsvold, 1985; Green, 2002; Magrath et al., 2007) although some had
equal sex ratio controls (Lessells et al., 1998; Laaksonen et al., 2004a). Therefore, they
might not only have lacked within-brood stimuli for sex-discrimination by parents
(Lessells et al., 1998) but also missed the opportunity to investigate whether parental
provisioning to nestlings of different sexes within the nest is related to brood sex ratio
and/or parental sex (but see Leonard et al., 1994). 

In this study, we aimed at providing more insight into whether parents provision
the two offspring sexes differently and how they change their provisioning behaviour
towards broods and towards individual nestling sexes in response to changes in brood
sex ratio in the great tit (Parus major). We created broods of known sex ratio and
subsequently monitored parental provisioning behaviour to individually marked
young by means of video observation in the nest box. As measures of parental provi-
sioning behaviour we used provisioning rate and average prey size fed to broods and
to individual nestlings within a brood. Additionally we examined the proportion of
provisioning visits to broods and nestlings performed by the male. This should allow
us to detect a specific response by only one parent that is compensated for by the
other. We also studied the importance of the original brood sex ratio. In species where
adaptive primary brood sex ratio adjustment occurs (sex ratio at laying), parents
should reduce their care if the sex ratio of their brood has been manipulated to deviate
from the original brood sex ratio. We tested this by investigating the interaction
between original and experimental sex ratio. Already at the age of 12–14 days, male
great tit nestlings are significantly heavier and have larger tarsi than female nestlings
(weight difference: 4–8%; difference in tarsus length: 2–6%; Oddie, 2000; Nicolaus et
al., 2009). Therefore, we might expect male young to need more energy and thus
receive more food as would male biased broods. Additionally, under stressful condi-
tions male nestlings have been shown to be better competitors compared to their
females nest mates (Oddie, 2000; Nicolaus et al., 2009). We would therefore expect
that female nestlings in male biased broods receive less food compared to females in
female biased broods. 

Methods

Study population and experimental design
The study was conducted between April and July 2004 in a great tit population
breeding in the Lauwersmeer area, which is situated in the north-east of the
Netherlands (50°23’N, 6°14’E). Four nest box areas of about 9 ha each were newly
established in early March 2004. Each plot consisted of 50 nest boxes in a regular
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50 m grid. The woodlots were deciduous forests (about 30 year old plantations of
mainly oak (Quercus), poplar (Populus), birch (Betula) and elder (Alnus) and were
separated by at least 700 m of open grassland or forest patches without boxes. This
study was part of a long-term project aiming at manipulating the fledgling sex ratio on
a plot level (sex ratio is defined as the proportion of males). For this purpose two plots
contained male biased first broods (plots 1 and 3, average brood sex ratio: 0.80 ±
0.03 SD, n = 18) and two plots female biased first broods (plots 2 and 4, average
brood sex ratio: 0.19 ± 0.04 SD, n = 19). First broods were defined as all broods that
started less than 30 days after the start of the very first brood in that year, excluding
replacement broods of known females. Second broods were left unmanipulated.

Nests were visited at least once a week to estimate the date the first egg was laid
(assuming one egg was laid each day), clutch size and presumed start of incubation.
From day 12 after the onset of incubation nests were checked daily to determine
hatching date of the first young in each nest (day 0). On day 2 all nestlings of a brood
were individually marked by clipping the ends of their toe nails using an individual
combination (St. Louis et al., 1989) and a small blood sample (about 5-10 µl) was
taken from the tarsal vein. Blood was stored in 100% ethanol and was transported to
the lab for immediate molecular sexing.

On day 6 after hatching, the brood sex ratio of first broods was manipulated by
cross-fostering nestlings between broods of matching hatch date between plots. Brood
size was not changed by the manipulation. All experimental broods contained both
foster young and own young that had not been transferred. We aimed at always
keeping at least one member of each sex in the nest because parents might need both
sexes to be present in the nest for discrimination between the sexes (Lessells et al.,
1998). Sex ratios after manipulation ranged from 55% to 90% in male biased broods
and from 9% to 44% in female biased broods. This is in the range of natural sex ratios
(0% to 90%, n = 86) of first and second broods in the study year. In total 37 broods
were manipulated. 

Molecular sexing
DNA was extracted using the Chelex methods 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. Of the 1478 nestlings that were
sexed in 2004 (including birds from nearby unmanipulated areas), 172 (11.6%) were
seen as adults during winter nest box checks or as breeders during the next breeding
season and phenotypic adult sex in all cases agreed with the result of the molecular
sexing. For only one nestling that survived to fledging, we could not clearly identify
the sex. This individual was excluded from further analysis.

Assessment of parental care
We chose to measure parental care four days after the manipulation had taken place to
give birds the possibility to get used to the new brood composition but also because
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parents are less likely to leave the brood when disturbed. On day 9 an empty camera
box was fitted on top of the nest box to habituate birds to the setup.

On day 10 a camera (SONY video Hi8 handycam with a NP-F750 battery) was
fitted in the camera box. Additionally, nestlings were individually marked on the head
with non-toxic, red acrylic paint (Van Gogh, Royal Talents, Holland), which was well
visible using infrared recording mode and contrary to white paint was not attacked by
the parents. The marking was performed by using an imaginary three by three grid on
the head with a spot at one of nine possible positions to recognize all nestlings individ-
ually. When more then nine nestlings were present a combination of two spots was
used. After letting the parents get used to the camera setup for one hour, a three hour
recording was started. The camera used (infrared) night vision because of lack of light
in the nest box. Recordings were done during daytime, between 0900 and 1200 hours
and between 1400 and 1700 hours. 

All tapes were assigned random numbers to allow blind analysis of provisioning
observations. All observations were done by the same person. The first 30 minutes of
each tape were not analysed to standardize the time parents needed to return to feed
the nestlings after onset of the tape.

In total we managed to obtain video recordings of 21 experimental broods (plot 1:
n = 6; plot 2: n = 7; plot 3: n = 2; plot 4: n = 6). We excluded individual observa-
tions of visits where we could not identify the parental sex (n = 1). This left a sample
size of 2958 provisioning events on which the analysis of per brood provisioning
behaviour was based. For the per nestling analysis of provisioning behaviour we addi-
tionally excluded visits where markings of the fed nestling were not clearly visible
(12% of all observations, no difference between visits of male and female parent:
paired t-test; t = <-0.01, df = 20, p = 0.996). This left in total 2609 provisioning
events to 194 young. 

The following relevant parameters were scored during each feeding visit on the
video recording: sex of the parent (females have a duller black head but ring combina-
tions were also used for identification), identity of the nestling fed and size of the prey
delivered. Latter was scored using the size of the parental beak as reference (Kölliker et
al., 1998; Lessells et al., 1998; Naef-Daenzer et al., 2000) where an item that had the
same volume as the parental beak received a value of 1; scores of prey sizes ranged
from 0.5 to 3.5. 

Statistical analyses
Since the experimental setup had a hierarchical structure (nestlings are nested within
broods) with a high probability of interdependence, linear multilevel analysis (MLwiN
2.0; Rasbash et al., 2004) was used to analyse the relationship between provisioning
behaviour towards individual nestlings within a brood and the relevant variables.
Therefore, brood and individual nestling were modelled as random effects (for details
on this method see van de Pol & Verhulst, 2006) for the analyses on individual
nestlings. For other analyses STATISTICA version 7 (StatSoft, Inc. 2004) was used.
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As a fair amount of provisioning visits was done to nestlings that could not be iden-
tified we chose to perform not only an analysis on individual nestlings but also on
entire broods. Any difference between those two sets of analyses might reveal a bias in
the sample of "unidentifiable" nestlings. Therefore, for the first set of models on
parental provisioning behaviour, brood was specified as the only level of variation. To
investigate different aspects of provisioning behaviour we looked at three different
dependent variables, which were 1) provisioning rate (total number of provisioning
visits to a nest per hour), 2) average prey size delivered to a brood and 3) ‘relative
male provisioning’ as the proportion of provisioning visits done by the male parent. As
provisioning rate and average prey size to broods tended to be positively correlated  (r
= 0.40, n = 21, p = 0.07), a multivariate normal response model was used in order to
account for the effect of covariance between those two response variables. For both
variables z-scores (z = (χ–µ)/σ) were used in the analysis. Additionally, we created a
composite measure for amount of food provided per hour by simply multiplying the
average prey size and provisioning rate and we analysed it using a normal response
model. For ‘relative male provisioning’ a normal response model was employed where
the dependent variable was transformed taking the arcsine of the square root of this
variable. As explanatory variables we tested time of day, laying date, brood size at day
10, original brood sex ratio at day 6 and experimental brood sex ratio at day 6. All
explanatory variables were centred on their total population averages.

For the second set of models, brood was specified as the second level and nestling
as the first level of variation. The same three dependent variables were analysed using
the same kind of models as in the per brood analysis with the only difference that they
were calculated per individual nestling. Similarly to the first set of models we also
analysed effects on total amount of food provided to individual nestlings per hour. As
explanatory variables we tested sex of the nestling, whether it was an own or foster
young, time of day, laying date, brood size at day 10, original brood sex ratio at day 6
and experimental brood sex ratio at day 6. All continuous explanatory variables were
centred on their population averages.

None of the non-experimental explanatory variables differed significantly between
the four plots (original sex ratio: F(3,17) = 2.91, p = 0.065; date: F(3,17) = 1.06, p =
0.391; brood size at day 10: F(3,17) = 0.38, p = 0.77; time of day: F(3,17) = 0.60, p =
0.624). Analysis of plot differences for the dependent variables showed that there
were significant differences between the plots in provisioning rate to broods (if
corrected for covariance between provisioning rate and prey size: F(3,17) = 3.26, p =
0.047; fig. 2.1B) but not in average prey size (corrected for covariance: F(3,17) = 0.18,
p = 0.906) or relative male provisioning (F(3,17) = 0.47, p = 0.703). Therefore, plot
was included in all models as a fixed factor. As a consequence all effects of explana-
tory variables are investigated within plots rather than between plots.

Each model originated from backward selection of possible explanatory variables
and their interaction terms. Wald test was applied to determine the significance of
explanatory variables as each term was removed from the model. Final models
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included the constant and the factor plot together with any statistically significant
explanatory variable. The broods used for the analysis showed no significant correla-
tion between the original and the manipulated sex ratios (r = –0.43, n = 21, p =
0.054) but as this still indicated a tendency for a correlation we investigated the
experimental sex ratio effects always while correcting for the original brood sex ratio.
Furthermore, non-significant terms were not included in the model summary tables
unless they were of specific interest. When the model residuals were checked for
normality and outliers, one data point of the per nestling analysis of relative male
provisioning showed a leverage value of 0.36 which is more than (3(k+1)/n) the
recommended cut-off point for identifying influential cases (Stevens, 1992). This
point was excluded from further analysis (final model shown in result section).

Results

The original sex ratio of the broods did not significantly deviate from parity (one-
sample t-test; t20 = –0.40, p = 0.689) with an average original brood sex ratio of
0.49 ± 0.14 SD. The sex ratio manipulation of broods resulted in a significant change
in brood sex ratio (one-sample t-test; t20 = –6.42, p < 0.001) with an average change
of  –0.06 ± 0.40 SD (min = –0.80, max = 0.55). The average sex ratio of all broods
however, did not change (paired t-test; t20 = 0.69, p = 0.498). The variables 'time of
day' and 'own or foster young' were never significant and these results are therefore
not mentioned. We will first discuss the results from the analysis of the per brood
patterns and then of the per nestling provisioning behaviour.

Parental behaviour towards broods
Both male and female parent visitation rates (r = 0.11, n = 21, p = 0.619) and
average prey sizes (r = -0.23, n = 21, p = 0.318) brought to the same brood were not
correlated. Male and female parents did not differ significantly in provisioning rate per
hour (Mean ± SE; male: 27.99 ± 2.61, female: 23.16 ± 2.03; paired    t-test: t20 =
1.57, p = 0.132) nor in the size of the delivered prey items (scored relative to parental
beak size, male: 1.30 ± 0.03, female: 1.28 ± 0.03; paired t-test: t20 = –0.41, p =
0.685).

The average prey size was significantly positively affected by the sex ratio manipu-
lation (fig. 2.1A) while the provisioning rate per hour only slightly declined with
manipulated brood sex ratio (fig. 2.1B), when correcting for significant plot differ-
ences and the significant covariance between provisioning rate and prey size (table
2.1, fig. 2.2). Provisioning rate and average prey size fed to broods were related to the
brood size such that larger brood got larger prey items and were fed at a higher rate
(table 2.1, fig. 2.3). Additionally the original brood sex ratio was correlated with prey
size: broods that were originally more male biased received larger prey items than
broods that were originally female biased (table 2.1). 
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Figure 2.1 Effect of experimental brood sex ratio on (A) the average prey size (relative to
parental bill size) and (B) number of provisioning visits per hour in the great tit. Raw data are
shown and regression lines and symbols refer to the four different plots.
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Figure 2.2 Correlation between provisioning rate and average prey size fed to broods of great tits
in 2004. Regression line is based on raw data.
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Table 2.1 Multivariate model summaries examining parental provisioning rate (results under A)
and average prey size (results under B) to great tit broods in 2004 in relation to the effect of
experimental and original brood sex ratio, brood size (at day 10) and laying date (date). All
rejected terms were tested separately again in the final model. Plot was kept as fixed factor and
brood was kept as random effect in the model. For both provisioning rate (χ2 = 10.50, df = 1,
p = 0.001) and prey size (χ2 = 10.51, df = 1, p = 0.001) there was significant variation on
brood level and significant covariance between the two variables (χ2 = 4.82, df = 1, p = 0.028).

A) Provisioning rate B) Average prey size

Explanatory variable β (±SE) χ2 df P β (±SE) χ2 df P

Final model

Intercept 0.33 (0.29) 1.30 1 0.254 –1.84 (0.49) 13.99 1 <0.001

Plot - 16.86 3 0.001 - 17.30 3 0.001

Experimental sex ratio - - - - 5.70 (1.13) 25.50 1 <0.001

Original sex ratio - - - - 2.40 (1.07) 5.01 1 0.025

Brood size 0.29 (0.11) 6.94 1 0.008 0.31 (0.10) 9.15 1 0.002

Rejected terms

Experimental sex ratio# –2.16 (1.33) 2.62 1 0.105 - - - -

Original sex ratio –1.47 (1.33) 1.22 1 0.269 - - - -

Date 0.02 (0.05) 0.15 1 0.697 –0.06 (0.05) 1.58 1 0.208

Experimental sex ratio 2.09 (4.31) 0.23 1 0.628 2.37 (4.25) 0.31 1 0.577
x original sex ratio

# Tested while correcting for original sex ratio.
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Figure 2.3 Relation between brood size at day 10 and provisioning rate and average prey size
brought to broods of great tits in 2004. Regression lines are based on raw data.



The interaction between experimental and original brood sex ratio did not explain
additional variation in provisioning rate nor in average prey size (table 2.1)
suggesting that parental response to the experimental brood sex ratio did not depend
on the bias in original sex ratio.

The analysis of the composite measure amount of food provided per hour showed a
significant positive correlation with brood size, significant variation on brood level and
significant differences between plots (intercept: β = 0.33, χ2

1 = 1.38, p = 0.240;
brood: χ2

1 = 10.50, p = 0.001; plot: χ2
3 = 16.82, p = 0.001; brood size: β = 0.34,

χ2
1 = 10.73, p = 0.001). However, we found that neither experimental sex ratio

(β = –1.00, χ2
1 = 0.54, p = 0.462) nor original sex ratio (β = –1.34, χ2

1 = 0.77,
p = 0.377) nor the interaction between the two (β = 4.61, χ2

1 = 0.83, p = 0.363)
explained significant variation in this trait.

The proportion of provisioning visits by the male parent to a brood was not
affected by any sex ratio variable but significantly declined with laying date (table
2.2).

Parental behaviour towards individual nestlings
In the analysis on individual young, neither provisioning rate (r = 0.10, n = 194, p =
0.148) nor average prey size (r = 0.01, n = 194, p = 0.934) brought by male and
female parents were correlated. 
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Table 2.2 Model summaries examining relative male provisioning to broods in 2004 in relation
to experimental and original brood sex ratio, brood size (day 10) and laying date (date).
Summaries derived from the binominal response modelling procedure in MLwiN where all non-
significant effects were tested separately again in the final model. Plot was kept as fixed factor.
Brood was kept as random effect in the model and showed significant variation (χ2 = 10.45,
df = 1, p = 0.001).

Explanatory variable β (±SE) χ2 df P

Final model

Intercept 0.88 (0.04) 415.25 1 <0.001

Plot - 6.26 3 0.100

Date -0.02 (0.01) 5.69 1 0.017

Rejected terms

Experimental sex ratio# 0.08 (0.23) 0.11 1 0.741

Original sex ratio –0.06 (0.21) 0.08 1 0.780

Brood size –0.02 (0.02) 1.15 1 0.283

Experimental sex ratio 1.22 (0.78) 2.43 1 0.119
x original sex ratio

# Tested while correcting for original sex ratio.



Male and female nestlings did not differ in provisioning visits received per hour
(male young: 4.81 ± 0.25 SE, female young: 4.88 ± 0.22 SE) nor in average prey size
fed (male young: 1.33 ± 0.02 SE, female young 1.29 ± 0.01 SE) independently of the
brood sex ratio variables (table 2.3). The experimental brood sex ratio had a signifi-
cant positive effect on average prey size fed to an individual young whereas the provi-
sioning rate showed hardly any effect (table 2.3). In larger broods individual nestlings
received larger prey items than is smaller broods but they did not receive food more
often (table 2.3). The original sex ratio of the brood was neither related to provi-
sioning rate nor average prey size brought to nestlings (table 2.3). The interaction of
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Table 2.3 Multivariate mixed model summaries examining parental provisioning rate (results
under A) and average prey size (results under B) to great tit broods in 2004 in relation to
nestling sex, experimental and original brood sex ratio, brood size (day 10) and laying date
(date). All rejected terms were tested separately again in the final model. Plot was kept as fixed
factor and nestling and brood were kept as random effects in the model. There was significant
variation between nestlings for provisioning rate (χ2 = 86.52, df = 1, p < 0.001) and prey size
(χ2 = 86.55, df = 1, p < 0.001) but the covariance between the two variables was not signifi-
cant (χ2 = 0.01, df = 1, p = 0.902). Between broods there was significant variation for
provisioning rate (χ2 = 6.81, df = 1, p = 0.009) and prey size (χ2 = 4.95, df = 1, p = 0.026)
and significant covariance between the two variables (χ2 = 4.59, df = 1, p = 0.032).

A) Provisioning rate B) Average prey size

Explanatory variable β (±SE) χ2 df P β (±SE) χ2 df P

Final model

Intercept 0.18 (0.25) 0.54 1 0.461 –0.90 (0.39) 5.37 1 0.020

Plot - 8.12 3 0.004 - 8.27 3 0.004

Experimental sex ratio - - - - 2.87 (0.88) 10.56 1 0.001

Original sex ratio - - - - 0.55 (0.84) 0.43 1 0.513

Brood size - - - - 0.24 (0.07) 11.17 1 0.001

Rejected terms

Sex –0.13 (0.15) 0.79 1 0.375 0.10 (0.16) 0.39 1 0.530

Experimental sex ratio# –0.78 (1.19) 0.43 1 0.510 - - - -

Original sex ratio –1.94 (1.08) 3.22 1 0.072 - - - -

Brood size –0.13 (0.09) 1.87 1 0.171 - - - -

Date 0.03 (0.04) 0.47 1 0.495 –0.03 (0.04) 0.64 1 0.424

Experimental sex ratio -3.56 (3.94) 0.81 1 0.368 2.97 (3.48) 0.72 1 0.394
x original sex ratio

Experimental sex ratio# 0.03 (0.52) 0.003 1 0.956 –0.60 (0.54) 1.22 1 0.269
x sex

Original sex ratio x sex 1.17 (1.11) 1.11 1 0.292 1.20 (1.16) 1.06 1 0.302

# Tested while correcting for original sex ratio.



original and experimental brood sex ratio explained no additional variation in provi-
sioning rate or in the average prey size fed to nestlings (table 3). There was no sex-
specific effect of original or experimental sex ratio on provisioning rate or prey size to
nestlings (table 2.3).

The composite measure amount of food provided per hour showed significant vari-
ation on brood and nestling level and significant differences between plots (intercept:
β = 0.17, χ2

1 = 0.58, p = 0.444; brood: χ2
1 = 6.34, p = 0.012; nestling: χ2

1 = 86.51,
p < 0.001; Plot: χ2

3 = 9.17, p = 0.002). There was no difference between the
offspring sexes in the amount of food received per hour (β = –0.12, χ2

1 = 0.71,
p = 0.400; male young: 6.39 ±0.34 SE, female young: 6.39 ±0.29 SE). We found no
effect of brood size (β = –0.05, χ2

1 = 0.34, p = 0.557), original (β = –1.59, χ2
1 =

2.51,  p = 0.113) or experimental brood sex ratio (β = –0.05, χ2
1 < 0.01, p = 0.964)

and there were no sex-specific effects of original (β = 1.34, χ2
1 = 1.51, p = 0.219) or

experimental sex ratio (corrected for original sex ratio: β = –0.05, χ2
1 < 0.01, p =

0.964) on the total amount of food. The response to the experimental sex ratio did
also not depend on the original brood sex ratio (β = –1.15, χ2

1 = 0.08, p = 0.779).
The relative male provisioning to an individual nestling was negatively correlated

with laying date only (table 4). Neither original nor experimental brood sex ratio nor
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Table 2.4 Mixed model summaries examining relative male provisioning to great tit nestlings in
relation to the effect of nestling sex, experimental and original brood sex ratio, brood size (day
10) and laying date (date). All rejected terms were tested separately again in the final model.
Plot was kept as fixed factor and nestling and brood were kept as random effects in the model.
There was significant variation between broods (χ2 = 4.30, df = 1, p = 0.038) as well as
between nestlings (χ2 = 86.03, df = 1, p < 0.001).

Explanatory variable β (±SE) χ2 df P

Final model

Intercept 0.88 (0.05) 256.20 1 <0.001

Plot - 6.70 3 0.082

Date –0.02 (0.01) 4.15 1 0.041

Rejected terms

Sex 0.01 (0.04) 0.06 1 0.813

Experimental sex ratio# 0.02 (0.28) 0.01 1 0.933

Original sex ratio –0.28 (0.26) 1.17 1 0.278

Brood size –0.02 (0.02) 1.31 1 0.253

Experimental sex ratio x original sex ratio 1.39 (1.00) 1.93 1 0.164

Experimental sex ratio# x sex 0.02 (0.16) 0.02 1 0.893

Original sex ratio x sex 0.64 (0.39) 2.68 1 0.101

# Tested while correcting for original sex ratio.



the interaction between the two significantly affected the male share of provisioning
to individual young. Additionally, the relative male provisioning did not change with
regard to nestling sex, nor were there sex-specific effects of the original or the experi-
mental brood sex ratio (table 2.4).

Discussion

We found that parents reacted to experimentally male biased broods by increasing the
average prey size brought to the brood, with a tendency to reduce the number of
provisioning visits. As a result, the overall amount of food delivered did not vary
between the different experimental brood sex ratios. We also found that broods that
had been originally male biased received larger prey items even after manipulation.
However, parents did not treat the two offspring sexes within the nest differently,
neither in provisioning rate nor in average prey size so that they consequently received
an equal amount of food per hour. Furthermore, parents neither varied prey size nor
provisioning rate to the individual nestling sexes in relation to the brood sex ratio
treatment. Fathers and mothers also did not adjust their share of provisioning in rela-
tion to offspring sex or brood sex ratio. 

Number versus size of prey items
Our data showed that broods with relatively high provisioning rates also had larger
average prey sizes delivered. This is surprising given the trade-off between provi-
sioning rate and prey size shown in earlier studies (Kluyver, 1950; Royama, 1966; Van
Balen, 1973; Tinbergen, 1981). Differences in parental or territory quality can result
in the positive correlation between provisioning rate and prey size such that parents of
high body weight (Lifjeld, 1988) or birds in a good habitat (Naef-Daenzer et al., 2000)
bring overall more food to the brood. Additionally, average prey size delivered and
provisioning rate were positively correlated with brood size as was the compound
measure of amount of food. In larger broods individual nestlings received food at
similar rates than in smaller broods and were fed on average larger prey items. This
contradicts results of other studies, which found that the provisioning rate did not
increase proportionally with the number of young in the nest (Royama, 1966;
Rytkönen et al., 1996; Tinbergen & Verhulst, 2000; Stoehr et al., 2001). Our results
indicate that parents adjusted brood size to the food availability in their territory
and/or that they adjusted prey size and provisioning rates to the current brood needs.

Parental and offspring sex
We found that fathers and mothers varied their share of investment only with regard
to date. The decreasing male share of provisioning with date might be due to time
dependent changes in other sex-specific activities like territory defence for males and
nest sanitation activities for females. 
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Male great tit nestlings are significantly larger than female nestlings at day 14 in
our population (5% heavier, own observation) and in the same population have been
shown to out-compete their sibling sisters under intensified competition (Nicolaus et
al., 2009). Interestingly, we did not find that male young received more food than
female young, despite being heavier and female young were not fed differently in
male or female biased broods. Apparently, food needs to be restricted or competition
intensified for that females are out-competed by their male nest mates (Oddie, 2000;
Nicolaus et al., 2009) even in sexually monomorphic species (Boncoraglio et al.,
2008). The behaviour that parents provision the two offspring sexes within a brood
equally (under normal conditions) despite a sexual size dimorphism, has already been
described in earlier studies (Whittingham et al., 2003; Boncoraglio et al., 2008). There
are three possible explanations for this finding. 1) Stamps (1990) proposed that sex-
biased provisioning in relation to different energy requirements of the two sexes
should mainly occur in species with strong size dimorphism. Higher energetic require-
ments of the larger sex have only been shown in species with strong sexual size dimor-
phism like the red-winged blackbird (Agelaius phoeniceus; Fiala & Congdon, 1983), the
brown song lark (Cinclorhamphus cruralis; Magrath et al., 2007) and the Great-tailed
grackle (Quiscalus mexicanus; Teather & Weatherhead, 1988) which was mirrored in
food consumption rates both in the lab (Fiala, 1981; Teather, 1987) and in the field
(Yasukawa et al., 1990; Magrath et al., 2007). Additionally, in a field study on the
brown song lark it was shown that parents not only fed sons more often, but also
brought them prey items of higher quality (Magrath et al., 2004). In other species,
mainly those with smaller size dimorphism (like the great tit), results from sex-biased
provisioning studies mostly failed to find any difference between the offspring sexes in
consumption rates (Collopy, 1986) and quality or quantity of food received (Howe,
1979; Leonard et al., 1994). Therefore in those species, differential provisioning in
relation to offspring gender might only be expected if the sexes have different effects
on their parent’s reproductive success after independence (Stamps, 1990). 2) Parents
possibly miss cues allowing discrimination of offspring sexes. Although great tit
nestlings show significant sexual size dimorphism at day 14 (males being significantly
heavier by 5%) differences at the time of the video observation were still smaller (non-
significant 4% weight difference at day 6). However, evidence exists that Eastern blue-
bird (Sialia sialis) fathers treated the two offspring sexes differently without apparent
size differences but where nestlings already showed differences in feather coloration
(Gowaty & Droge, 1991). Additionally, in some species it was found that offspring
begging behaviour differed for the two sexes (Teather, 1992; Saino et al., 2003) and
that parents reacted to this difference by adjusting their provisioning behaviour
(Teather, 1992; Boncoraglio et al., 2008). Therefore, for some species a mechanism for
nestling sex recognition seems to exist although this was not yet shown for great tits.
3) Parents need to trade-off the time discriminating offspring sexes with foraging time,
and the benefits of discrimination may be outweighed by the resulting lower foraging
yield. Indeed Stamps et al. (1985) found in budgerigars (Melopsittacus undulatus) an
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indication for a trade-off between parental provisioning rate and choosing among
potential food recipients, which potentially explained why fathers reacted to offspring
sex ratio but not individual offspring sex. Therefore, we propose that in the great tit
the benefits of nestling sex recognition do not outweigh the costs or that the two
offspring sexes do not differ in their energetic needs. Both possibilities will be consid-
ered when discussing the effect of brood sex ratio on prey size.

The effect of sex ratio
We need to note here that the effect of sex ratio on prey size was only found when
looking at within plot effects of the manipulation. When removing the factor plot from
the final model, the effect of experimental sex ratio on prey size per brood (β = 1.09,
χ2 = 3.03, p = 0.082) as well as per individual nestling (β = 0.52, χ2 = 1.87, p =
0.171) became non-significant. Probably there were large differences between the
plots in prey availability that limited the detection of a between plot effect in such an
experimental set-up as the one we used (also indicated by the plot difference in provi-
sioning rate).

Parents reacted to the sex ratio manipulation by adjusting the size of prey items
brought to the brood. However, this did not result in differences in the total amount of
food provided to experimentally sex ratio biased broods probably because simultane-
ously the provisioning rate was slightly altered. This indicates that there still was a
trade-off between parental provisioning rate and prey size if correcting for plot and the
positive between brood correlation. This trade-off could have originated from a higher
prey selectivity causing the provisioning rate to drop or vice versa (Lifjeld, 1988;
Grieco, 2002). Based on this, our finding that parents provided larger prey items to
male biased broods could have the following explanations: 1) Male and female
nestlings differ in their specific nutritional need or metabolic properties. Parents could
then alter their provisioning strategy to the entire brood without having the potential
cost of choosing one sex among the potential recipients. Thereby they would still meet
the requirements of the majority sex in a brood. Thus, if small and large prey items
differ in their nutritional content, males might benefit relatively more from larger
items. That there is a cost of finding larger prey items that could lead to a reduction in
provisioning rate was indicated by studies of Grieco (2001; 2002). He showed that
parents which were energetically less constrained increased their prey selectivity and
therefore brought larger prey items at lower rates. That the energetic value of prey
items might not linearly increase with size was indicated by a recent study in house
sparrows (Passer domesticus) which showed that only delivery of the largest food items
was positively related to fledgling mass and recruitment (Schwagmeyer & Mock,
2008). Therefore, delivery of larger prey items at slightly lower rates might indicate
higher quality prey delivered to male biased broods. 2) Male and female biased broods
might differ in their food solicitation or begging behaviour to which parents react by
altering their provisioning behaviour. Competitive interactions in male biased broods
might be higher, or males might loose more energy during food solicitation activities
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due to their larger size and higher body mass. As shown by Neuenschwander et al.
(2003), great tit nestlings in experimentally enlarged broods increased their begging
and solicitation activities and decreased in mass despite of full parental compensation.
This suggests higher energy expenditure due to competitive interaction and can poten-
tially be very harmful to nestling development. The main solicitation activity of
nestlings occurred at every parental visit (own observation). Therefore, if food solicita-
tion activities were more costly in male biased broods, the delivery of larger prey items
at lower rates could be an adaptive response to decrease the number of visits and
thereby the energetically costly activities. This explanation does not require individual
offspring sex recognition, but could work if parents respond directly to brood solicita-
tion rates.

We found a correlation between parental provisioning behaviour and the original
sex ratio. One explanation for this is that parents adopted a certain provisioning
strategy and that they partly kept that strategy even after the manipulation had taken
place. Alternatively, parental provisioning behaviour could depend on factors that co-
vary with original sex ratio and that also affect provisioning behaviour like territory
quality or male or female parental traits. However, whether such traits are indeed
important and how they are causally linked to original sex ratio and provisioning
behaviour in this species needs further experimental investigation.

In conclusion, our study showed that parents did not treat the two offspring sexes
differently which is in agreement with other studies (Newton, 1978; Howe, 1979;
Leonard et al., 1994; Whittingham et al., 2003). Nevertheless, in our study parents did
change the prey size delivered in relation to the brood sex ratio manipulation within
plots. Bringing larger prey to male biased broods might decrease intra-brood competi-
tion and potentially increase the quality of prey delivered to those broods. We there-
fore strongly emphasize the importance of incorporating more aspects than solely
provisioning rates when investigating parental provisioning behaviour especially
because opposing effects of the different provisioning traits might level each other out.
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Introduction

SURVIVAL AND DISPERSAL
UNDER SEX-SPECIFIC
LOCAL COMPETITION

IIPART





During tree consecutive breeding seasons we manipulated the local densities and sex
ratios of nestling great tits on the level of forest plots to investigate effects of sex-
specific competition on survival, dispersal and subsequent breeding decisions. A
prerequisite for our study was thus that the experimental treatment changed the
actual number and sex ratio of juvenile great tits per plot at the time of fledging.
Ideally the experimental bias should have lasted for some time such that individual
young and adult great tits experienced different levels of sex-specific competition. 

After fledging juveniles are still dependent on their parents for a period of about
10-20 days for receiving food (Hinde, 1952; Drent, 1984; Verhulst & Hut, 1996) and
finding suitable feedings sites (Drent, 1984). During this phase family flocks already
move fast from their natal territories to distances of up to 1 km from the original nest
box (Kluyver, 1951), in rare cases even up to 2 km (Drent, 1984). Later on juveniles
become independent and built up flocks (Hinde, 1952; Hogstad, 1989). In this period
after independence juveniles have been reported at average distances of 500-900 m
from the nest box of fledging (Dhondt, 1979). Thus both during the family phase but
also after independence juveniles are expected to travel distances well above the
distances that separated our study plots. Therefore already early after fledging an
exchange of individuals between study plots most likely took place. 

In this box we investigate how post-fledging movement of juveniles changed the
experimental plot treatments over time and for how long plot biases in number and
sex ratio of young lasted. For this purpose we analysed data of observations of colour
ringed juveniles over the whole study area for the years 2005 and 2006.

Methods

Field and lab methods
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 toenails in a unique combi-
nation for later identification of individuals (St. Louis et al., 1989). Between day 3 and

Temporal changes in
experimental plot treatments due
to post-fledging movements
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5 molecular sex determination was performed such that on day 6 after hatching the
sex of all nestlings was known to allow accurate sex ratio manipulation of the broods
(see below). DNA was extracted 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. On day 6 broods
were manipulated and 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. We performed nest box checks every second
day from day 19 onward to determine fledging success of nestlings.

Experimental plot treatments
We simultaneously manipulated plot density and sex ratio (proportion of males) of
juvenile great tits in 2005 and 2006 on the level of nest box plots. We created six
different combinations of sex ratio and density treatments that were: female biased -
low density, control sex ratio - low density, male biased - low density, female biased -
high density, control sex ratio - high density and male biased - high density plots. 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). 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. This meant that for the sex ratio treatment all broods within a plot
were manipulated in the direction of the plot treatment (fig. 3.2 in chapter 3). For the
plot density treatment the majority of the broods were biased in the direction of the
plot treatment, e.g. enlarging 60 % of the broods within a plot would increase the total
number of nestlings per plot. For further details on the experimental set-up see
Nicolaus et al. (2009) and fig. 3.2 in chapter 3.

Observations
One week after the earliest first broods had fledged in 2005 and 2006 we started
observations of colour ringed great tits to cover most of the forested part of the study
area. The forested area was divided in 12 parts of about 30–50 ha each and in every
part we spend four hours per observation occasion to search for great tits (see also
fig. 3.1 in chapter 3). Individuals were located by sound and sight and we tried to read
their colour rings with binoculars. We wrote down the location for each group or indi-
vidual where they were first seen and noted down all read colour ring combinations.
Observations followed a regular schedule with at least biweekly observation occasions
in June, July, August, September and October. 

Data selection and analyses
For data analyses on dispersal behaviour we used sightings of all first brood juvenile
great tits that were known to have fledged in 2005 and 2006. We only included certain
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readings. As birds were sometimes seen more often during an occasion (an observation
day) we used the fist sighting of an occasion (2148 sightings in 2005, 1545 sightings
in 2006). Via the coordinates each sighting event was associated to the nearest nest
box plot. We then used one sighting event per individual per month (the first sighting
in each month) to calculate the observed sex ratio and density in and around each
nest box plot per month from June until November. This resulted in 1866 sightings of
903 individual young in 2005 and 1345 sightings of 663 individuals in 2006.

We analysed the observed numbers and sex ratio (arcsine square root transformed)
of young associated to plots as depended variables with normal error structure in a
multilevel model with plot, cohort (plot within a year) and month (within cohorts) as
random effects. We tested whether the observed sex ratio per plot still differed
between the three experimental plot sex ratio treatment categories (with control as
reference) and whether the observed number per plot still differed between the two
density treatment categories (low = negative change in density at day 6, high = posi-
tive change in density at day 6, low as reference), whether the treatment bias changed
over time (months) in a linear or quadratic way (continuous variable) or differed
between years (two categories, 2005 as reference) and whether the treatment bias
changed over time (interaction: time* treatment and time2*treatment). 

Results

The plot sex ratio at fledging differed significantly between the three sex ratio treatment
categories in both years (Kruskal-Wallis test, 2005: H = 9.846, df = 2, p = 0.007; 2006:
H = 9.846, df = 2, p = 0.007). The observed sex ratio of young for the three sex ratio
treatment categories changed significantly over time in a quadratic manner (table A.1,
fig. A.1). Control plots showed no change in observed sex ratio until about August-
September but became more male biased thereafter. Female biased plots showed a
continuous increase in observed sex ratio over time while male biased plots showed a
decrease first but became more male biased again in later months (fig. A.1). Over all
months the plot sex ratio treatment groups still differed significantly with a stronger
difference between the female and male biased plots in 2006 (table A.1, fig. A.1).

At fledging, high density plots contained significantly more young than low density
plots in 2005 (One-way ANOVA: F = 12.869, df = 1, p = 0.005) but not in 2006 (F =
0.029, df = 1, p = 0.868). Only in the post-fledging period in 2006 however, was the
observed number of young associated to plots with a high density treatment higher
than that of plots with reduced density (table A.2, fig. A.2). This was also the year
with on average lower number of young per plot (table A.2). The number of young
observed per plot also decreased over time but less so in 2006 than 2005 (table A.2).
The change in the observed number of young over time did not significantly differ
between the plot density treatment categories (tested on final model, plot density high
* time: β = 0.013 ±0.098, χ2 = 0.017, df = 1, p = 0.896).
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Figure A.2 Observed number of
juveniles (log10) per plot and
monthly observation period (calcu-
lated from observations of juve-
niles in associated plots) averaged
per experimental plot density
treatment. Light grey bars repre-
sent actual observed numbers in
and near low density plots (nega-
tive change in density at day 6)
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numbers observed in associated
high density plots (positive change
in density at day 6). Upper graph
shows data from 2005 and lower
graph data from 2006. 

Figure A.1 Observed sex ratio of
juveniles per monthly observation
period (calculated from observa-
tions of juveniles in associated
plots) averaged per experimental
plot sex ratio treatment. Black dots
are plots that had a male biased
experimental plot sex ratio of juve-
niles, black triangles are plots with
and equal sex ratio of juveniles and
open circles are plot that were
experimentally female biased.
Upper graph shows data from 2005
and lower graph data from 2006.
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Table A.2 Model summaries examining the observed number of young per plot in the post-
fledging phase (2005 and 2006) in relation to the experimental plot density treatment category
(low as reference), year (2005 as reference) and time; n = 120.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept 0.354 (0.156) 5.440 1 0.020

Plot density high cohort –0.398 (0.239) 2.774 1 0.096

Year cohort –0.703 (0.210) 11.173 1 0.001

Time month –0.475 (0.068) 48.433 1 <0.001

Year * plot density high cohort 0.736 (0.351) 4.397 1 0.036

Year * time month 0.220 (0.097) 11.173 1 0.022

σ2 (SE) χ2 df P

Random effects plot / / / /

cohort 0.078 (0.045) 3.003 1 0.083

month 0.365 (0.053) 48.000 1 <0.001

Table A.1 Model summaries examining the observed sex ratio of young per plot in the post-
fledging phase (2005 and 2006) in relation to the experimental plot sex ratio treatment category
(control as reference), year (2005 as reference) and time; n = 120.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept –0.251 (0.194) 1.675 1 0.195

Plot sex ratio female biased cohort 0.071 (0.274) - - -

Plot sex ratio male biased cohort 0.647 (0.274) 6.688 2 0.035

Year cohort 0.176 (0.274) 0.410 1 0.522

Time month –1.739 (0.917) 3.598 1 0.058

Time2 month 0.116 (0.057) 4.131 1 0.042

Plot sex ratio female biased x time month 3.383 (1.296) - - -

Plot sex ratio male biased x time month –2.328 (1.296) 19.635 2 <0.001

Plot sex ratio female biased x time2 month –0.188 (0.081) - - -

Plot sex ratio female biased x time2 month 0.139 (0.081) 16.528 2 <0.001

Year x plot sex ratio female biased cohort –0.816 (0.388) - - -

Year x plot sex ratio male biased cohort 0.359 (0.388) 9.619 - 0.008

σ2 (SE) χ2 df P

Random effects plot / / / /

cohort 0.078 (0.045) 3.003 1 0.083

month 0.365 (0.053) 48.000 1 <0.001



Discussion

The plot sex ratio treatment was very pronounced at fledging and the sex ratio bias of
young in and around plots continued to prevail until about June-July in 2005 and
until about August in 2006. Movements between plots steadily decreased the plot sex
ratio bias, but in September and October study plots suddenly became more male
biased. This indicates that females left our study plots when males started to become
territorial in autumn. It is unlikely that females were observed less often due to lower
resighting probabilities, as analyses with program MARK gave no support for models
where resighting probability differed between the sexes (see chapter 3). Furthermore,
females of all age classes were generally found at lower numbers than males during
roosting checks in winter (checks in December, 2005: females = 157, males = 267,
χ2 = 28.538, df = 1, p <0.001; 2006: females = 137, males = 235, χ2 = 25.817,
df = 1, p <0.001; see also table D.1 in box D). That this observed sex ratio bias in
autumn and winter is not due to higher female mortality is supported by our results
from analyses of annual local survival (chapter 5). Where exactly females go to in
winter still needs to be established but their behaviour might be a response to compe-
tition for roosting sites and food, that females would loose from males in direct
competition due to their lower competitive performance and dominance ranks
(Kluyver, 1957; Saitou, 1979c; Drent, 1983). 

The number of young observed per plot in the post-fledging period gives only a
crude estimate of the total number of young actually present, as the number observed
strongly depends on the resighting probability of individuals. Calculating adequate
expected numbers per plot however, would require that resighting probabilities can be
obtained for each the 12 plots individuals are associated to in each month. Our data
set would not allow such complex modelling. The patterns found suggest however,
that already shortly after fledging birds redistributed themselves between plots such
that the numbers at fledging did not reflect the numbers observed anymore. While in
2005 the average number of fledglings was higher in high density treatment plots, the
pattern was reversed already in the first month after fledging. In 2006 however, the
pattern was different with no clear difference in the number of fledglings between the
density treatment categories but a difference that only came apparent after fledging,
where high density plots contained more young than low density plots. That the treat-
ment categories in 2006 did not differ at fledging is because low density plots in that
year had generally high natural density while high density plots had generally low
natural densities (see also table 1 in chapter 3). The reason for the difference in
pattern between years might be that plots and the area around them differed in food
richness during the post-fledging phase and that birds would be found more often in
these rich areas after fledging. As we changed the density treatment for plots between
years, this might explain the switch in pattern observed between years. For instance
plot 19 was always among the four plots with highest numbers of birds observed in all
months post-fledging in both years. It had a low density treatment in 2005 but a high
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treatment in 2006. The same treatment-year combination had plot 10 which was
among the four highest ranking plots in 2 out of 5 months in 2005 and 5 out of 5 in
2006. At the other end of the scale were plots with generally low numbers of young
observed post-fledging that had a high density treatment in 2005 and a low density
treatment in 2006. Plot 20 was among the four lowest ranking plots in 3 out of 5
months in both years and plot 15 in 3 out of 5 months in 2005 and 2 out of 5 months
in 2006. Drent (1984) described that already during the post-fledging family phase
broods migrated to specific foraging areas that were characterized by the distribution
of oaks. Parents and especially the male seemed to guide young to patches where he
had foraged himself as a juvenile. The young then remained in the area to which they
were guided after parents had ceased post-fledging care (Drent, 1984). We did not
quantify food abundance in our study are and thus have no data on whether birds
where more often found in food rich patches but personal observations suggest that
they where found more often in areas with certain vegetation (often oaks).

Concluding we can argue that the plot sex ratio treatment created indeed a bias in
plot sex ratio that lasted at least for some time. Therefore, experimental effects of the
plot sex ratio found on survival, dispersal or sex allocation might indeed be due to
differences in the local social environment experienced after fledging. The density
treatment however was not very effective in creating the actual experimental differ-
ences in the local number post-fledging that we had aimed at. This might explain why
we generally find little effects when we relate the experimental treatment to fitness
traits (this thesis and thesis M. Nicolaus). 





Does local competition affect
sex-specific post-fledging juvenile
survival in the great tit (Parus major)?

Stephanie P. M. Michler, Marion Nicolaus, Richard Ubels,
Marco van der Velde, Niels J. Dingemanse, Luc te Marvelde,
Jan Komdeur, Joost M. Tinbergen and Christiaan Both.

Abstract
Competition between and within the sexes could affect the relative fitness benefits
parents might gain from producing a certain offspring sex. Therefore, it is important to
know if local population density and local population sex ratio shape sex-specific
survival prospects of the offspring. We aimed at testing this by creating areas that varied
in levels of sex-specific competition experienced by juveniles after fledging. Therefore,
we simultaneously manipulated offspring sex ratios and densities on a local scale
(plots). We observed colour-ringed juvenile great tits over a five-month period after
fledging in two different years to estimate juvenile apparent survival probabilities in
relation to the plot treatment. Our expectations were that high plot densities and male
biased plot sex ratios would reduce male survival via intra-sexual competition for terri-
torial space and female survival via inter-sexual competition for food. We show that in
2005, overall apparent post-fledging survival was 1.6 times higher in female compared
to male biased plots, whereas in 2006 it was 2.4 times higher in male-compared to
female biased plots. The original plot density seemed to affect apparent survival slightly
negatively but the change in plot density did not relate to apparent survival. The effects
of altered sex ratio and density were not different for male and female offspring.
However, male and female fledglings differed in how their apparent survival varied over
time with females having lower apparent survival in later months. The low survival of
fledglings from female biased plots in 2006 was unexpected and might be due to
reduced local survival or increased emigration from these plots. A possible explanation
is that in 2006 the proportion of second broods produced was higher than in 2005.
Parents could have traded off care to the first brood against care to the second brood in
this year depending on the plot sex ratio. Our results provide experimental evidence that
local offspring sex ratio does affect apparent juvenile post-fledging survival but that
ecological conditions that differ between years shape the direction of this effect. The
experimental manipulation probably triggered a cascade of reactions involving sex-
specific post-fledging movements that lessened sex-specific effects on local survival.
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Introduction

The optimal sex ratio produced by individuals is determined by the costs and benefits
of producing a certain offspring sex under the prevailing circumstances. In this context
survival until first reproduction of the offspring is a key fitness-component as it is one
of the major sources of individual variation in lifetime reproductive success (Clutton-
Brock, 1988; Newton, 1989). 

Studies examining factors that affect sex-specific offspring survival during parental
dependency are numerous and mainly investigated effects of individual parental traits
(Kilner, 1998; Nager et al., 2000; Rutkowska & Cichon, 2006; Rowland et al., 2007),
brood composition (Oddie, 2000; Råberg et al., 2005; Müller et al., 2007; Nicolaus et
al., 2009), hatching sequence (Torres & Drummond, 1997) or individual offspring
traits (Slagsvold et al., 1986; Kalmbach et al., 2005; Vergara & Fargallo, 2008). Some
studies also investigated variables that shape sex-specific survival after independence
(Merilä et al., 1997; Heeb et al., 1999; Badyaev et al., 2002; Potti et al., 2002;
Laaksonen et al., 2004b; Husby et al., 2006) and they found that survival of sons and
daughter was differentially affected by hatching date (Husby et al., 2006), position in
the laying order (Badyaev et al., 2002), body size (Merilä et al., 1997) or ectoparasite
infestation (Heeb et al., 1999). 

One aspect that has been mostly neglected is that the social environment is very
likely to change sex-specific offspring survival and recruitment prospects. In many
species we can expect frequency dependent selection in the form of intra- and inter-
sexual competition to act on juveniles. In this context, local density and local sex ratio
are two candidate traits that might affect the level of sex-specific competition experi-
enced by individuals. The direction in which sex-specific competition can shape
offspring survival prospects depends on a number of factors. First, in most bird species
females show larger natal dispersal distances, as males presumably benefit relatively
more from familiarity with the natal habitat for establishment of a territory
(Greenwood, 1980; Greenwood & Harvey, 1982). Therefore higher local densities and
especially higher local numbers of male offspring would relate to higher local competi-
tion for territories among males. Second, in sexually dimorphic species males tend to
dominate females in competition for resources outside the breeding season such as
food (Kluyver, 1951; Benkman, 1997; Tarvin & Woolfenden, 1997; Donald et al.,
2007) or winter roosting places (Kluyver, 1957; Feare et al., 1995). Under increased
local competition for a certain resource females would therefore be expected to
perform less well. Third, it is necessary to know the spatial and temporal pattern at
which competitive interactions take place. As shown by Brouwer et al. (2006) and
Both and Visser (2000), density on the population level might not affect survival while
on a smaller scale survival was negatively related to the number of group members in
a territory (Brouwer et al., 2006) or positively affected by territory size (Both & Visser,
2000). In most bird species during the breeding season the sexes need to cooperate to
successfully raise offspring (Krebs & Davies, 1993), however competition between the
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sexes can be more pronounced outside the breeding season when competition is
mainly for resources such as food or roosting places (Newton, 1998).

To our knowledge there are so far no experimental studies in birds or mammals
that investigated the consequences of competition between and within the offspring
sexes for sex-specific survival prospects. The great tit (Parus major) is a good model
system to test for effects of sex-specific competition for the following reasons. In our
population tits are generally non-migratory and therefore competition on a local popu-
lation scale can occur all year round. Additionally, natal dispersal distances are larger
for female great tits (Greenwood et al., 1979; Tinbergen, 2005). Furthermore, outside
the breeding season there is scope for intense sex-specific competition. In flocks,
competitive interactions can be observed within each sex and between the sexes
(Drent, 1983). In competition for artificial food outside the breeding season males are
generally dominant over females (Kluyver, 1957; Drent, 1983; Wilson, 1992).
Juvenile males are subdominant to adult females before moult but they can become
dominant thereafter (Drent, 1983). Post-fledging survival studies in the great tit have
shown that especially in the first period after fledging juveniles suffer higher mortality
rates (Dhondt, 1979; Drent, 1984; Naef-Daenzer et al., 2001). In this period juveniles
gain independence and have to start self-feeding. Additionally, between June and
August juveniles start to show aggressive interactions more often (Hinde, 1952) and
juvenile males start to establish a territory in autumn (Kluyver, 1951; Drent, 1983).
Therefore, the period from fledging till October seems to be especially suitable to
investigate sex-specific effects of intra- and inter-sexual competition on juvenile
survival. 

In a large-scale experiment, we simultaneously manipulated local population sex
ratios and densities of great tit offspring during the nestling phase on a plot scale. We
aimed at creating plots that varied in levels of sex-specific competition that birds expe-
rienced after fledging. We collected observations of colour-ringed juveniles over a five-
month period in 2005 and 2006. Using individual resighting histories in the program
MARK we explored whether there were sex-specific effects of the experimental plot
treatments on juvenile survival and resighting probability. We expected that a high
density and a male biased plot sex ratio would lead to increased levels of competition
where juvenile females suffer from between sex competition and juvenile males from
within sex competition. Thus survival of young that had fledged in such environments
is expected to be reduced. 

Methods

Study area 
The study was conducted in the Lauwersmeer area which is situated in the north-east
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
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boxes were rearranged in others they were newly put up (fig. 3.1). Each plot consisted
of 50 nest boxes in a regular 50 m grid. The woodlots were primarily deciduous forests
(about 30 year old plantations of oak (Quercus robur), poplar species (Populus spec.),
birch (Betula pubescens), maple (Acer platanoides), ash (Fraxinus excelsior) and elder
(Alnus glutinosa) and were separated by at least 300 m open grassland or forest
patches without boxes. 

Experimental design
We manipulated plot density and sex ratio (proportion of males) of nestling great tits
in 2005 and 2006. 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 density plots (fig. 3.2). 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). To achieve the plot treatments, first broods (broods that started less than 30
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Figure 3.1 Map of the study area in the Lauwersmeer (53°23’N, 06°14’E), NL. The dark grey
areas represent the 12 nest box plots and the numbered black-bordered areas are the 12 observa-
tion plots. Water is indicated in light grey, woodlots in medium grey, and open grass or agricul-
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days after the start of the very first brood in that year) within plots were manipulated
at day 6 after hatching. For the sex ratio manipulation all broods within a plot were
manipulated in the direction of the plot treatment. The density manipulation was
done by manipulating the majority of brood within plots in the desired direction (e.g.
enlarging 60% of the broods within a plot increased the total number of nestlings per
plot, fig. 3.2). Further details on the experimental manipulation are given in Nicolaus
et al. (2009). Averages per plot for the treatment categories are given in table 3.1.
Second broods and replacement broods of known first broods after failure were not
manipulated.

Field methods
From the beginning of April nest boxes were checked weekly to establish the start of
egg laying (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 iden-
tification. Between day 3 and 5 molecular sex determination was performed such that
on day 6 after hatching the sexes of all nestlings were known to allow accurate sex
ratio manipulation of the broods. DNA was extracted using the Chelex method
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Figure 3.2 Experimental treatments applied to plots during the two years 2005 and 2006
combining sex ratio and density of juvenile great tits. The treatment at the plot level (sex ratio
bias and low or high density) was achieved by manipulated 60% of the broods within a plot
towards the desired treatment keeping 40% of the nests as controls for the other treatments. Sex
ratio treatment for all broods within a plot was in the direction of the plot treatment. F: female
biased brood, B: balanced/control sex ratio brood, M: male biased brood; R: reduced brood size,
C: control brood size, E: enlarged brood size.



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. On day 6 broods were manipulated and 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 every
second day from day 19 onward to determine fledging success.

Observations
One week after the earliest first broods had fledged in 2005 and 2006 we started
observations to cover most of the forested part of the study area. The forested area was
divided in 12 parts of about 30–50 ha each (fig. 3.1) and in every part we spent four
hours per occasion to observe individual great tits and read their colour rings.
Observations followed a regular schedule with biweekly observation occasions in
June, July, August, September and October. To reduce observer effects, observers
switched plots between occasions. Often plots were also shared between two
observers at a given occasion.

Survival analysis
Survival and resighting probabilities of juveniles were analysed using Cormack-Jolly-
Seber models (Lebreton et al., 1992) in program MARK (White & Burnham, 1999)
with the logit as default link function. We constructed individual resighting histories
for marked first brood juveniles that were known to have fledged in 2005 (n = 1599)
and 2006 (n = 1092). Fledging of the very first brood in 2005 was on the 25th of May
and in 2006 on the 29th of May and the last first broods fledged on the 27th of June in
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Table 3.1 Overview of average natural (top in cell) and experimental (bottom in cell) values per
treatment group for plot sex ratio (proportion of male juveniles) and plot density (number of
young) in 2005 and 2006 in a Dutch great tit population.

2005 2006

Treatment group mean±SD n mean±SD n

Female biased plot sex ratio 0.49 ±0.02 4 0.47 ±0.06 4
0.24 ±0.005 0.24 ±0.02

Control plot sex ratio 0.47 ±0.02 4 0.50 ±0.02 4
0.49 ±0.008 0.49 ±0.01

Male biased plot sex ratio 0.50 ±0.03 4 0.49 ±0.04 4
0.74 ±0.019 0.79 ±0.03

Low plot density 156.83 ±28.27 6 134.33 ±48.73 6
137.83 ±26.35 119.67 ±48.90

High plot density 161.50 ±16.28 6 118.00 ±27.62 6
181.16 ±17.32 132.67 ±32.67



2005 and the 19th of June in 2006. The marked young entered the data as two cohorts
(see below), the first cohort comprised all young that fledged within 12 days of the
very first brood (2005: n = 1230, 2006: n = 907) and the second cohort comprised
young that fledged within the following 12 days (2005: n = 369, 2006: n = 185).
Differences between these cohorts were considered to be minor and therefore we
assumed that they had the same probabilities of survival and resighting. We created
seven resighting occasions. For the first cohort we had two 12-day observation inter-
vals in June, for the second cohort we had one 12-day observation interval in June
and for both cohorts we grouped biweekly observations in July-October into monthly
observation intervals (interval length was adjusted in program Mark accordingly). In
the observation matrix, individuals were scored as being seen alive at the first occa-
sion following their fledging (when they entered the resighting history) and they were
scored as being seen or not at each subsequent occasion. In the past, several studies on
great tits showed that post-fledging survival (Naef-Daenzer et al., 2001) and recruit-
ment (Verboven & Visser, 1998; Monros et al., 2002) of an individual young does not
depend on the survival of its brood mates. Thus, we considered survival probability of
fledglings from the same brood as independent from each other. The experimental
plot manipulation was specifically effective in changing the plot sex ratio composition
so that the original plot sex ratios were unrelated to the sex ratios after manipulation
(rc = 0.21, n = 24, p > 0.05), we therefore investigated the plot sex ratio treatment
as fixed categorical effect. The experimental plot density was still related to the orig-
inal density of young in a given plot (rc = 0.86, n = 24, p < 0.05). We therefore used
the original plot density of young and the experimental change in density of young per
plot as continuous covariates. 

We used Akaike's information criterion corrected for the sample size (AICc) to
select the most parsimonious model (Akaike, 1973). Normalized Akaike weights were
calculated to assess the relative likelihood of competing models. We investigated
goodness-of-fit using median ĉ approach on the model including all two-way interac-
tions between fixed effects which gave some indication for overdispersion (ĉ = 1.74
±0.03 SE). AICc-values were adjusted for c-hat to account for the amount of overdis-
persion resulting in QAIC values. 

We started the analysis with a global model (table 3.2, model 15) including the
fixed effects: sex, plot sex ratio treatment, year and time and all two-way interactions
for survival and resighting probability (3-way interactions were also tested but never
had much support and are therefore not further mentioned to reduce complexity of
the manuscript). Time represented the occasions for resighting (fledging of first cohort
= occasion 1, 12 days after fledging of first cohort = occasion 2, 12 days after
fledging of second cohort = occasion 3 (= end of June), end of July (occasion 4), end
of August (occasion 5), end of September (occasion 6)  and end of October (occasion
7)) and time represented intervals for survival (occasion 1 - 2, occasion 2 - 3, occasion
3 -July, July - August, August - September, September - October). Subsequently, we
first constrained the resighting probabilities and then survival probabilities. The most
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parsimonious model from this procedure was used to investigate a set of candidate
models considering effects of the covariates original plot density and experimental
change in plot density (∆ density) and their interactions with offspring sex, the plot
sex ratio treatment, year and time. As the plot manipulation was carried out by manip-
ulating broods, some variance of the plot density and sex ratio manipulation might
originate from brood effects. To test this we included the brood covariates change in
brood sex ratio (∆sr = sr before – sr after manipulation on days 6) and change in
brood size (∆bs = bs before – bs after manipulation on day 6) for models that
supported experimental plot variables. The effects of the brood treatment on survival
were not further analysed in this study because current CMR-analysis cannot deal with
such interdependencies between the brood and plot treatments as were caused by our
experimental set-up. Including fledging weight as a covariate may partly correct for
effects of the brood treatment. However, as the offspring sexes significantly differed in
fledging weight (Nicolaus et al., 2009) correcting for weight might mask sex-specific
effects and might also mask effects of the experimental plot treatment. Therefore we
choose not to include weight in our models. We thus only tested whether adding or
removing experimental brood variables would change the significance of plot vari-
ables. This was done first separately for resighting probability and survival probability.
Plot covariates that were significant for resighting probability were then also tested in
the model with covariates for survival. 

For the best model without covariates (table 3.2, model 1), estimates of apparent
survival over the last interval (October) differed considerably between the years with
a very low survival in 2005 (0.185 ±0.05 SE) and very high survival in 2006 (1.00 ±
0.001 SE). We consider these two estimates less trustworthy for the following reasons:
First, the resighting probability for the last interval in 2005 was probably not
estimable (estimate of 1 with a large associated standard error of 0.18) due to a rather
low sample size (average of 9 individuals seen per plot vs. 20 in the interval before)
and second the resighting probability for the last interval in 2006 was very small (0.06
±0.01). We will thus not further discuss results from the last interval or occasion.

Results

Effects of sex, month, year and sex ratio treatment
SURVIVAL PROBABILITY

From the global model, the best supported model contained an effect of the plot sex
ratio treatment on apparent survival that varied between years (table 3.2, model 1 vs.
model 5, fig. 3.3). In 2005 over the entire period June-September, survival was lower
for male biased (0.14) than for control (0.19) and female biased plots (0.23). In
contrast, in 2006 overall survival was lower for female biased plots (0.14) than for
control (0.24) and male biased plots (0.35, fig. 3.3). The years also differed in how
apparent survival changed with time (table 3.2, model 1 vs. model 3, fig. 3.4). In 2005
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the estimated survival probability was on average low in June (mean ±SE, survival
over first interval: 0.60 ±0.05; survival over the second interval: 0.48 ±0.09) then
increased in July (0.94 ±0.08), decreased in August (0.81 ±0.06) and then increased
again September (0.997 ±0.14). In 2006 the survival probability was on average low
over the first interval in June (0.44 ±0.06) but increased already over the second
interval in June (0.75 ±0.12) to increased continuously until September (July: 0.85
±0.06; August: 1.00 ±0.001; September: 0.99 ±0.20). There was no sex-specific
effect of the plot sex ratio treatment on our estimates of apparent survival (table 3.2,
model 4 vs. model 2). The two offspring sexes however differed in how apparent
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Table 3.2 Summary of the model selection statistics from the global model starting set exam-
ining apparent survival (Φ) and resighting (P) probability of juvenile great tits in relation to
effects of sex (s), plot sex ratio treatment (m), year (y) and time (t).

No. Model No. par QAICc ∆QAICc Quasi    QAICc 
deviance weights

1 Φ(s*t+m*y+y*t) 32 7755.46 0.00 7691.06 0.450
P(y*t)

2 Φ(s*y+s*t+m*y+y*t) 33 7756.11 0.65 7689.68 0.325
P(y*t)

3 Φ(s*t+m*y) 28 7757.85 2.39 7701.54 0.136
P(y*t)

4 Φ(s*m+s*y+s*t+m*y+y*t) 35 7758.74 3.28 7688.26 0.087
P(y*t)

5 Φ(m+s*t+y*t) 30 7766.97 11.51 7706.62 0.001
P(y*t)

6 Φ(s+m*y+y*t) 27 7770.93 15.47 7716.64 0.000
P(y*t)

7 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 47 7773.01 17.55 7678.15 0.000
P(m+y*t)

8 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 45 7773.49 18.03 7682.70 0.000
P(y*t)

9 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 48 7774.74 19.28 7677.84 0.000
P(m+s+y*t)

10 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 49 7775.70 20.24 7676.76 0.000
P(m+s*y+y*t)

11 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 51 7779.33 23.87 7676.32 0.000
P(s*y+m*y+y*t)

12 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 53 7781.05 25.59 7673.96 0.000
P(s*m+s*y+m*y+y*t)

13 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 57 7782.39 26.93 7667.13 0.000
P(s*m+s*y+s*t+m*y+y*t)

14 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 49 7789.18 33.72 7690.24 0.000
P(s*m+s*y+m*y)

15 Φ(s*m+s*y+s*t+m*y+y*t+m*t) 65 7790.04 34.58 7658.39 0.000
P(s*m+s*y+s*t+m*y+y*t+m*t)



survival varied with time (table 3.2, model 1 vs. model 6, fig. 3.4). Averaged over both
years and the three treatment groups male apparent survival was low over the first
two intervals in June (0.48 ±0.05 SE, 0.59 ±0.10 SE) and then increased to high
levels in July (0.88 ±0.07 SE), August (0.996 ±0.06 SE) and September (1.00 ±
0.004 SE). Female survival probability was also low in June (0.56 ±0.07 SE and 0.66
±0.10 SE) but high in July (0.93 ±0.07 SE), and August (0.99 ±0.10 SE) but
decreased again in September (0.73 ±0.07 SE). Our main result is thus that the sex-
ratio treatment did affect post-fledging survival, but that the effects were not specific
with regard to offspring sex.
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Figure 3.3 Total post-fledging survival until the end of September in relation to the plot sex ratio
treatment in 2005 and 2006 for male and female young. Total survival estimates were obtained
by multiplying real parameter survival estimates for the first five intervals.
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dard errors are derived from the best model of the global model starting set (table 3.2, model 1).



RESIGHTING PROBABILITY

Resighting probability showed a varying pattern with time that differed between years
(table 3.2, model 12 vs. model 14, fig. 3.5). It varied between 0.2 and 0.4 for the first
three occasions in 2005 and was about 0.4 in August and September. In 2006 it was
about 0.3 for the two occasions in June and was close to 0.5 in July but slightly lower
again in August and September (fig. 3.5). The data did not show much support for a
model where resighting probability dependent on the plot sex ratio treatment (table
3.2, model 7 vs. model 8) or on sex (model 9 vs. model 7). There was no indication
that resighting probability of the two sexes varied depending on the plot sex ratio
treatment (model 14 vs. model 10).

OBSERVED NUMBERS

To show that the year specific effects of the plot sex ratio treatment were unlikely
caused by single plot effects we inspected per plot the proportion of fledglings that
was seen in the post-fledging period for the three plot sex ratio treatment categories
and the two study years (fig. 3.6). If plot effects were responsible for the patterns
found we would expect single lines in fig. 3.6 to lay outside the confidence intervals
and pull the pattern for a given sex-ratio treatment groups. However, all plot within a
given sex ratio treatment group in a year generally showed similar trends in the
proportion of fledglings observed (fig. 3.6). In 2005 most plot-lines followed the
average quite closely, not clearly supporting the estimated effect of the plot sex ratio
treatment on apparent survival. In 2006, plots with a female biased sex ratio had
generally a lower proportion of fledglings observed than male biased plots for both
cohorts, giving good support to the observed apparent survival effect of the plot sex
ratio treatment in this year (fig. 3.6). 
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Figure 3.5 Juvenile resighting probabilities (±SE) over the first five occasions for the year 2005
and 2006. Real estimates and standard errors are from the best model from the global model
starting set (table 3.2, model 1).



Density effects
RESIGHTING PROBABILITY

The resighting probability was negatively associated with the original plot density (oD
effect in table 3.3, model 6 vs. model 17: β = –0.006 ±0.001 SE in model 3) and was
negatively affected by the experimental change in plot density (∆D effect in table 3.3,
model 5 vs. 6: β = –0.004 ±0.002 SE in model 3) when correcting for original plot
density. However, the effect of ∆D was not supported anymore when we included the
effect of the brood size manipulation (on the nest level) in the model (∆bs in model 2:
β = –0.054 ±0.014 SE, table 3.3, model 2 vs. model 3), which was the manipulation
used to create the changes in density. The interaction between the plot sex ratio
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Table 3.3 Model summary statistics examining resighting probability of juvenile great tits in rela-
tion to effects of original plot density (oD) and experimental change in plot density (∆D). Basic
model: Φ(s*t+m*y+y*t)P(t*y) is indicated as Φ(base)P(t*y). (s) = sex, (m) = plot sex ratio
treatment, (y) = year, (t) = time and (∆bs) = change in brood size.

No. Model No. par QAICc ∆QAICc Quasi    QAICc 
deviance weights

1 Φ(base) 39 7725.13 0.00 7646.54 0.425
P(y*t+m+oD+m*∆D+∆bs)

2 Φ(base) 34 7725.46 0.33 7657.00 0.361
P(y*t+oD+∆bs)

3 Φ(base) 35 7726.70 1.57 7656.22 0.194
P(y*t+oD+∆D+∆bs)

4 Φ(base) 38 7732.14 7.01 7040.79 0.013
P(y*t+m+oD+m*∆D)

5 Φ(base) 34 7734.28 9.15 7655.58 0.004
P(y*t+oD+∆D)

6 Φ(base) 33 7737.53 12.40 7671.11 0.001
P(y*t+oD)

7 Φ(base) 38 7737.60 12.47 7661.04 0.001
P(y*t+oD+t*oD)

8 Φ(base) 34 7738.66 13.53 7670.21 0.000
P(y*t+s+oD+y*oD)

9 Φ(base) 35 7741.49 16.36 7671.01 0.000
P(y*t+s+oD+s*oD)

10 Φ(base) 37 7742.71 17.58 7668.17 0.000
P(y*t+m+oD+m*oD)

11 Φ(base) 33 7747.16 22.03 7680.73 0.000
P(y*t+∆bs)

12 Φ(base) 37 7749.52 24.39 7674.98 0.000
P(y*t+m+∆D+m*∆D)

13 Φ(base) 34 7754.63 29.50 7686.17 0.000
P(y*t+∆D+y*∆D)

14 Φ(base) 43 7754.67 29.54 7667.95 0.000
P(y*t+s+m+oD+s*m+m*oD+s*oD
+s*m*oD)

15 Φ(base) 35 7755.14 30.01 7684.66 0.000
P(y*t+s+∆D+s*∆D)

16 Φ(base) 33 7755.26 30.13 7688.83 0.000
P(y*t+∆D)

17 Φ(base) 32 7755.46 30.33 7691.06. 0.000
P(y*t)

18 Φ(base) 38 7757.13 32.00 7680.57 0.000
P(y*t+∆D+t*∆D)

19 Φ(base) 43 7758.94 33.81 7672.22 0.000
P(y*t+s+m+∆D+s*m+m*∆D+s*∆D
+s*m*∆D)



treatment and ∆ density received some support when not controlling for ∆bs (table
3.3, model 4 vs. 5) but lost support when we controlled for ∆bs (table 3.3, model 1 vs.
2). The original density did not interact with the sex ratio treatment to affect
resighting probability (table 3.3, model 10 vs. 6). There was no evidence that original
or ∆ density sex-specifically affected resighting (table 3.3, model 9 and 15). The data
did not support a sex-specific interaction effect between experimental plot sex ratio
and ∆ density or original density (table 3.3, model 14 and 19). Original density and
∆ density did not vary with year or time to affect resighting (table 3.3, oD: model 8
and 7; ∆D: model 13 and 18). 

So the main findings are that resighting probability was lower in plots with a higher
natural density of fledglings and for nests with experimentally increased brood size. The
density before and after manipulation per plot was still strongly correlated, thus plots
with high original densities also had high final densities of fledglings. Higher densities
could have increased the mobility of flocks (Chen & Hsieh, 2002) which left less time
for the detection of complete ring combinations. However, a sort of dilution effect
could have also made the identification of individuals at higher densities more difficult. 

SURVIVAL PROBABILITY

The survival probability was negatively associated with the original density (table 3.4,
model 8 vs. 17, oD: β = –0.006 ±0.002 SE). Again a negative effect of ∆D (table 3.4,
model 9 vs. 17, ∆D: β = –0.007 ±0.003 SE) lost support when we included the strong
negative effect of ∆bs in the model (table 3.4, ∆bs in model 3: β = –0.080 ±0.023 SE,
model 3 vs. model 4). 

Modelling oD and ∆bs for both resighting and survival simultaneously revealed
that the original density did not further improve survival when it was already fitted to
resighting (table 3.4, model 2 vs. model 1) but when it was removed from resighting
strongly decreased the model fit (table 3.4, model 2 vs. 4). The ∆bs did not seem to
affect resighting anymore when it was included in survival (table 3.4, model 5 vs. 6).
This indicates that the original plot density mainly was important for the resighting
probability while the brood size manipulation mainly affected survival. 

The interaction sex ratio treatment * ∆ density did not improve apparent survival
(m*∆D in table 3.4, model 10 vs. 9). The original density also did not interact with the
sex ratio treatment to affect survival probability (m*oD in table 3.4, model 7 vs. 8).
There was no evidence that original or ∆ density sex-specifically affected survival
(table 3.4, model 12 and 15). The data did not support a sex-specific interaction effect
between experimental plot sex ratio and ∆ density or original density for survival
probability (table 3.4, model 18 and 19). Original plot density and ∆ density did not
vary with year or time to affect survival (table 3.4, oD: model 13 and 11; ∆D: model
14 and 16). Furthermore, the interaction between the covariate ∆ brood sex ratio *
year was considerably less well supported than the interaction plot sex ratio * year,
suggesting that sex ratio was effective mainly on the plot and not on the brood level
(∆sr in table 3.4, model 17 vs. 20).
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Table 3.4 Model summary statistics examining survival probability of juvenile great tits in rela-
tion to effects of original plot density (oD) and experimental change in plot density (∆D). Basic
model: Φ(s*t+m*y+y*t)P(t*y) is indicated as Φ(base)P(base). (s) = sex, (m) = plot sex ratio
treatment, (y) = year, (t) = time, (∆bs) = change in brood size and (∆sr) = change in brood sex
ratio.

No. Model No. par QAICc ∆QAICc QAICc 
weights

1 Φ(base+∆bs) 34 7720.62 0.00 0.350
P(base+oD)

2 Φ(base+oD+∆bs) 35 7720.78 0.16 0.323
P(base+oD)

3 Φ(base+oD+∆D+∆bs) 35 7730.46 9.84 0.003
P(base)

4 Φ(base+oD+∆bs) 34 7730.63 10.01 0.002
P(base)

5 Φ(base+∆bs) 34 7738.99 18.37 0.000
P(base+∆bs)

6 Φ(base+∆bs) 33 7739.05 18.43 0.000
P(base)

7 Φ(base+oD+m*oD) 35 7748.83 28.21 0.000
P(base)

8 Φ(base+oD) 33 7748.96 28.34 0.000
P(base)

9 Φ(base+∆D) 33 7749.43 28.81 0.000
P(base)

10 Φ(base+∆D+m*∆D) 35 7749.93 29.31 0.000
P(base)

11 Φ(base+oD+t*oD) 38 7750.03 29.41 0.000
P(base)

12 Φ(base+oD+s*oD) 34 7750.80 30.18 0.000
P(base)

13 Φ(base+oD+y*oD) 34 7750.93 30.31 0.000
P(base)

14 Φ(base+∆D+y*∆D) 34 7751.24 30.62 0.000
P(base)

15 Φ(base+∆D+s*∆D) 34 7751.46 30.84 0.000
P(base)

16 Φ(base+∆D+t*∆D) 38 7753.52 32.90 0.000
P(base)

17 Φ(base) 32 7755.46 34.84 0.000
P(base)

18 Φ(base+oD+s*m+s*oD+m*oD+s*m*oD) 40 7755.95 35.33 0.000
P(base)

19 Φ(base+∆D+s*m+s*∆D+m*∆D+s*m*∆D) 40 7757.15 36.53 0.000
P(base)

20 Φ(base+y*∆sr) 30 7760.55 39.93 0.000
P(base)



Observed numbers and recruitment
If the patterns found for apparent post-fledging survival were due to real local survival
effects and not temporary emigration from the study area we should find that: 1. the
proportion of fledglings that recruited differed between the plot sex ratio categories in
a similar way as for the apparent survival rates and 2. the proportion of recruited
fledglings that was never observed in the post-fledging phase was equal between the
plot sex ratio treatment categories. 3. differences between recruitment rates and post-
fledging survival rates might be caused by differential survival after the post-fledging
observation period. 

There was rather strong qualitative support, that the year specific experimental
plot sex ratio effects on apparent post-fledging survival were mirrored in the recruit-
ment rates. For 2005, young from female biased plots recruited at a higher rate to the
following breeding season than young from male biased plots (table 3.5). In 2006, the
proportion of fledglings that recruited was significantly higher for male biased than
female biased and control plots (table 3.5). In 2005, female biased plots had the
highest proportion of recruits that was never observed in the post-fledging period,
significantly higher than control plots, which may mean that we underestimated the
higher post-fledging survival of young from female biased plots in that year, because
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Table 3.5 Differences for 2005 and 2006 between the three plot sex ratio treatment categories
for three different proportions of young: A) The proportion of fledglings that recruited to the
next breeding season (number of recruits/number of fledglings). B) The proportion of recruits to
the next breeding season that was never observed in the post-fledging observation phase
(number of recruits never observed during post-fledging phase/total number of recruits). C) The
proportion of young that was observed at least once in the post-fledging observation period and
that recruited to the next breeding season (number of recruits seen during post-fledging
phase/total number seen during post-fledging phase). Upper numbers in cells give the count of
young and lower numbers give proportions. P-values were obtained from Fisher’s exact test in a
2x2 contingency table.

Female biased Control Male biased F-C F-M C-M

A) Recruits 53/584 39/497 33/518 P=0.512 P=0.011 P=0.393
from 05 0.09 0.08 0.06

Recruits 58/370 60/367 82/355 P=0.841 P=0.014 P=0.025  
from 06 0.16 0.16 0.23

B) Recruits  11/53 1/39 5/33 P=0.011 P=0.087 P=0.581
05 never seen 0.21 0.02 0.15

Recruits 06 11/58 11/60 13/82 P=1.00 P=0.654 P=0.821      
never seen 0.19 0.18 0.16

C) Young seen 42/333 38/276 28/236 P=0.718 P=0.897 P=0.597
and recruited  05 0.13 0.14 0.11

Young seen  47/192 49/230 69/241 P=0.485 P=0.382 P=0.071
and recruited 06 0.24 0.21 0.29



young from these plots remained often undetected. In 2006, the proportion of fledg-
lings that recruited but was not observed in the post-fledging period did not differ
between the plot sex ratio treatment categories. However, in 2006 male biased plots
tended to have a higher proportion of young seen in the post-fledging period that
recruited in the next breeding season (table 3.5) than control and female biased plot.
The lower apparent survival of young from female biased plots in 2006 might however
still be caused by gradually occurring emigration from the study area.

Discussion

We found an effect of the plot sex ratio treatment on apparent juvenile post-fledging
survival that differed strongly between years. In 2005 young from female biased plots
survived 1.6 times better than young from male biased plots, whereas in 2006 young
from male biased plots survived 2.4 times better than young from female biased plots.
Interestingly, young from control plots showed intermediate apparent survival in both
years. We are quite confident that these results were not confounded by single "plot
effects" but represent actual treatment effects, as investigating the observed propor-
tion of fledglings per plot over the post-fledging period showed similar patterns for the
majority of plots in a given treatment group. We found no evidence for any sex-specific
effect of the density or the plot sex ratio treatment on survival or resighting probability
of juvenile great tits. However, the sexes differed in how their apparent survival
changed in the course of the season with a decreasing apparent survival for females in
the later months. Survival was also negatively affected by the experimental change in
brood size which took over the variation from a negative effect of change in density.
Therefore, negative effects of increased density were due to the fact that young from
those plots mostly originated from broods that had obtained additional young. The
negative effect of brood size enlargement on survival of young is not the topic of this
paper and is thus discussed elsewhere (see Nicolaus et al. unpublished ms). 

The main constraint of our study was that we cannot clearly exclude that effects on
survival were caused by permanent emigration of individuals from the study area. Our
study site is not directly connected to other forested areas but the next bigger village is
2.5 km away and the next bigger patch of forest (without nest boxes) is 2 km away.
These are distances that have been reported to be travelled by individual great tits
(Dhondt, 1979) and even entire families (Van de Casteele & Matthysen, 2006) in the
post-fledging phase. Therefore, we will discuss the results found for apparent survival
also for the possibility of gradually occurring emigration and we will discuss differ-
ences to results obtained from recruitment rates. 

Experimental effects 
Our expectations were that high local densities and a male biased plot sex ratio would
lead to increased levels of competition and thus lower survival of male and female
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young. The main experimental effects on post-fledging juvenile survival were of the
plot sex ratio treatment, and in 2005 we found support for lower survival in male
biased plots, but in 2006 the effect was opposite to our expectations. The experi-
mental change in density did not seem to have any strong effects on either survival or
resighting probability. This might be because the absolute numbers of young per plot
that were added or removed were relatively small compared to the original densities of
young and might have only changed the levels of competition experienced by juve-
niles to a small extent. Furthermore, we showed elsewhere that in the post-fledging
period juveniles quickly redistributed themselves over the area such that especially for
the density treatment the experimental plot bias was altered already in June (box A).
The effect of the plot sex ratio treatment showed that competition did affect survival
of juveniles as expected in 2005 while the opposing results from 2006 where rather
unexpected. In 2006 a higher proportion of males did not relate to higher mortality,
therefore more complex mechanisms seem to act on juvenile survival and we can only
speculate how this pattern came about. In 2006 the proportion of second broods
produced was considerably higher (32%) than in 2005 (9%). If parents in female
biased plots would have reduced post-fledging care to their first broods more strongly
than parents in control and male biased plots after initiating a second brood this might
explain the patterns found. 2006 was a year with lower overall population size and
therefore male broods might be valued relatively more than female broods as male
young have a higher chance of getting  a local territory at low densities (Kluyver,
1951; Van Balen, 1980; Drent, 1983). Parents in female biased plots might have
traded-off care to the first brood against care to second brood young. That the initia-
tion of a second brood reduces parental care to first brood young has been found in
great tits (Verhulst & Hut, 1996) and in barn swallows (Hirundo rustica; Grüebler &
Naef-Daenzer, 2008). However, whether the trade-off between investment in first
brood fledglings and the second brood depends on the first brood’s sex ratio or even
the local sex ratio still remains to be established. Another explanation for the pattern
in 2006 is the higher post-fledging movement of females (Dhondt, 1979; Drent, 1984)
that might have created higher emigration rates of entire flocks from female biased
plots. Dhondt (1979) showed that although dispersal distances within the forest did
not differ between the sexes there were eminent differences in terms of emigration
and immigration from forests between the sexes. We consider this explanation to be
less likely though, because then apparent survival in the post-fledging phase should
have been lower for female biased plots in both years. Furthermore, emigration should
have occurred already quickly after fledging as we generally did not find stronger
dispersal from female biased plots (chapter 4). Furthermore, as we did not find any
survival difference between the sexes in response to the plot sex ratio treatment,
emigration from plots should have occurred independently of juvenile sex. 

The differences in apparent survival between the plot sex ratio treatment cate-
gories were generally reflected by the recruitment rates the next year. Recruitment
rates of fledglings from 2005 showed a significant difference between the treatment
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categories with higher recruitment from female biased plots than male biased plots. A
higher proportion of fledglings from female biased plots in 2005 was never observed
in the post-fledging period though still alive and was therefore assumed dead. This
indicates that more individuals from female biased plots in 2005 had left the area
quickly after fledging possibly still in the family phase. If they could have been
detected, apparent post-fledging survival for female biased plots in this year might
have been even higher. For 2006 the results for the recruitment rates scaled in the
same direction as the pattern for post-fledging survival. Young from female biased
plots had lower recruitment rates than young from male biased plots with control
plots lying in between. Young from male biased plots seemed to survive at a higher
proportion after the post-fledging observation period until the next breeding season
which might explain their significantly higher recruitment rate compared to that of
young from the other treatment groups. We need to note here that when we analysed
recruitment rates with a three year data set (2005-2007) and in a more sophisticated
model there was no significant overall effect of the plot sex ratio treatment (chapter 4)
and the treatment effect did not vary significantly between years but the patterns for
2005 and 2006 scaled in the same direction as the results presented here (unpublished
data).

An explanation for the lack of sex-specific treatment effects on apparent survival
might be that juveniles showed sex-specific dispersal in response to plot sex ratio and
high original local densities (see chapter 4). Males generally moved further from orig-
inally high density plots in the post-fledging period than females. Female young on the
other hand increased their distances from male biased plots, especially in the later
months when males start to become territorial, while males did not show this pattern
(chapter 4). Furthermore, the experimental sex ratio bias of the plots was reduced
continuously and had disappeared at latest in August 2005 and September 2006 due
to movements between plots (box A). This is when males start to show territorial
behaviour and competition between males is expected to increase. By moving to other
areas individuals might have reduced the local competition experienced and thus
could have influenced their own survival chances. Because males and females showed
different dispersal strategies, this most likely obscured sex-specific effects of the plot
sex-ratio treatment on survival. 

Non experimental effects
Studies that investigated post-fledging survival rates in great tits found variable results
with respect to when the highest mortality rates occurred. The study of Naef-Daenzer
et al. (2001) showed highest daily mortality rates for fledglings in the first few days
after leaving the nest. They also found that average daily mortality rates peaked in
mid-June about five weeks after fledging of the earliest broods. The interpretation of
these results was that there was seasonal variation in post-fledging survival where
later fledged young had lower survival probabilities. Drent (1984) found highest
weekly mortality rates of fledglings during mid to end of June. He called this phase
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the critical period when most juveniles gain independence and have to start self-
feeding. Our results seem to be in better agreement with the findings of the study of
Naef-Daenzer et al. (2001). We found generally lower monthly survival rates during
the first interval in June. The low survival over the second interval in 2005 might orig-
inate from lower survival rates of the second cohort of young and this is thus best
explained by a negative effect of fledged date. That the same pattern was not observed
in 2006 could be due to the fact that 2006 was a year with better food conditions later
in the season, also supported by the higher proportion of second broods initiated in
that year. However, differences in climatic variables or population density (higher in
2005) between years might also have caused this difference in the second interval.

While males and females had similar patterns of survival until the end of July in
2005 and end of August in 2006, differences became apparent thereafter. Males had
high apparent survival in August and even 100% survival in September 2005 while
that of females was noticeably lower and also in 2006 females had a lower apparent
survival in September than males. We have some evidence that the lower apparent
survival of females in later months is due to temporal emigration out of our study
area. During roosting checks in December and January as well as during mist-net
catches in autumn and winter more adult and juvenile males have been recorded
whereas during nest box checks in February and March the number of females
increased again (box D, but also see Kluyver (1957)). 

Conclusions
Our study was not able to confirm or to refute that sex-specific competition among the
offspring is important for survival of juvenile great tits. The experimental manipula-
tion of the local number and sex ratio of juveniles probably triggered a series of
processes including sex-specific dispersal in the post-fledging phase and the produc-
tion of second broods (Nicolaus et al. unpublished ms). Strong movements already
early after fledging, whether directed or random, could have added to the regulation
of local numbers and sex ratios in the study area. The behaviour of families, flocks and
single individuals as well as interactions with offspring from second broods might
have contributed to the patterns we observed.
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Abstract
An individual’s decision to disperse from the natal habitat can affect its future fitness
prospects. Especially in species with sex-biased dispersal we expect the cost-benefit
balance for dispersal to vary according to the local social environment (e.g. local sex
ratio and density). However, little is known about the social factors actually affecting
dispersal decisions and about the temporal and spatial patterns of the dispersal process.
In our study we investigated experimentally the effects of the local social environment
on post-fledging dispersal patterns of juvenile great tits by simultaneously manipulating
the density and sex ratio of fledglings within forest plots. We expected young females in
the post-fledging period mainly to compete for resources related to food. As females are
subdominant to males in competition for food, we predicted higher female dispersal
from male biased plots. Male juveniles compete for vacant territories already in late
summer and autumn and we thus predicted increased male dispersal from high density
and male biased plots. We found that juvenile females dispersed further from male
biased plots especially in the later post-fledging phase when juvenile males start to
become territorial and more aggressive. However, juvenile males but not females signifi-
cantly moved further from plots with originally high densities. The results indicate that
the social environment differentially affected the costs of philopatry for male and female
juveniles. Both the local density and sex ratio of individuals are important social traits to
be considered for the understanding of sex-specific dispersal processes.
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Introduction

In most species of mammals and birds, males and females differ in the extent of natal
dispersal (Greenwood, 1980; Dobson, 1982; Greenwood & Harvey, 1982; Pusey,
1987). Theoretical models have identified inbreeding avoidance (Perrin & Mazalov,
2000; Gros et al., 2008) and also cost and benefits of dispersal/philopatry that differ
between the sexes as potential ultimate causes for sex-biased dispersal (Perrin &
Mazalov, 2000; Wild & Taylor, 2004; Gros et al., 2008). Greenwood (1980) specified
that the type of breeding system (resource defence or mate defence mating system)
should create asymmetries between the sexes in the extent of intra-sexual competition
for resources and thus also create sex-specific differences in the relative costs and
benefits of dispersal. 

In birds, generally females are the most dispersive sex (Greenwood & Harvey,
1982; Clarke et al., 1997). An explanation for this may be that in most bird species
males defend breeding territories (Greenwood, 1980; Pusey, 1987). Accordingly,
males should have higher chances of establishing and keeping a breeding territory if
they have prior knowledge of the breeding habitat. Females on the other hand may
benefit from dispersing by being able to choose among potential territory holders.
Thus, the benefits of staying close to the natal territory should be higher for males.
However, the numbers and sex ratio of conspecifics in an area will change sex-specific
competition for resources and thus directly affect the probability for a male to gain a
territory and for a female to find a suitable partner. Additionally, outside the breeding
period the larger sex often dominates the smaller one in competitive interactions over
resources such as food (Peters & Grubb, 1983; Hogstad, 1989; Tarvin & Woolfenden,
1997; Marra, 2000) or roosting sites (Kluyver, 1957; Summers et al., 1986; Feare et
al., 1995). In such a context the local density and sex ratio of conspecifics are
expected to affect the cost-benefit balance of dispersal. Juvenile birds should thus use
information about their social context in deciding whether and how far to disperse. 

The dispersal process consists of several phases starting with the decision to leave
an area, followed by a transient phase where a new habitat is searched for and ending
with final settlement (Bennetts et al., 2001). Competition may play a role in any of
these stages but selection pressures may differ in each phase. Investigating only effec-
tive dispersal (movement that is followed by reproduction; Greenwood, 1980) can
lead to misinterpretations of the adaptiveness of dispersal decisions because only deci-
sions of birds that survived the dispersal process are taken into account. Furthermore,
the faith of long distance dispersers leaving a study area is often not known
(Barrowclough, 1978; Greenwood & Harvey, 1982). Studying the spatial and temporal
patterns of movement in the early phase after young birds become independent
should provide more insight into the proximate causes of dispersal.

The great tit (Parus major) system is ideal to study the importance of local density
and sex ratio for decisions involved in dispersal behaviour. Male great tits are territo-
rial and young males can already start to establish a breeding territory in autumn
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(Kluyver, 1951; Drent, 1983). Female great tits are consistently the sex with larger
natal dispersal distances (Greenwood et al., 1979; Verhulst et al., 1997; Van de
Casteele, 2002; Dingemanse et al., 2003; Tinbergen, 2005) and females already move
larger distances from the natal habitat shortly after the breeding season (Dhondt,
1979; Drent, 1984). Furthermore, female great tits are generally sub-dominant to
males in competition for artificial food (Kluyver, 1957; Drent, 1983; Wilson, 1992)
and females probably also lose from males in competition for roosting sites in winter
(Kluyver, 1957). These characteristics offer the possibility that local changes in density
and sex ratio affect the levels of competition between and within the sexes. Earlier
studies in great tits that investigated sex-specific dispersal patterns in relation to local
competition found variable results. Greenwood et al. (1979) showed that when the
number of breeding pairs in the population was high, females moved smaller distances
while males moved more territories. On the other hand, Delestrade et al. (1996) found
that male and female dispersal distances did not vary with local densities but males
which changed habitat settled in areas with low occupation rates. Drent (1984)
concluded from his post-fledging study in two Dutch populations that dispersal rate
was independent of density but varied between areas. Thus, to adequately disentangle
density related effects from effects of local habitat quality an experimental approach is
needed. 

In our study we investigated experimentally whether and how sex-specific
dispersal in a wild great tit population was affected by the levels of local competition.
For this purpose we manipulated the local social environment (density and sex ratio)
of juvenile great tits on the level of forest plots in the years 2005 and 2006. In each
year we monitored post-fledging movements of juvenile birds until October to investi-
gate aspects of spatial and temporal sex-specific dispersal patterns. If competition
mainly acts within the sexes in the period studied, then males should show higher
dispersal from male biased plots and females from female biased plots. If competition
acts mostly between the sexes we expect females to suffer from a male biased sex ratio
and thus to disperse further from such plots. Both sexes should suffer from increased
competition if local densities are high in the post-fledging period and thus disperse
further, although male territorial behaviour might render males more sensitive to
changes in local density. Our study will provide more detailed insight in the processes
involved in sex-specific dispersal as well as additional knowledge on the causal factors
that influence an individual’s decision on dispersal.

Methods

Study area 
The study was conducted in the Lauwersmeer area which is situated in the north-east
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
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boxes were rearranged and in others they were newly put up (fig. 4.1). Each plot
consisted of 50 nest boxes in a regular 50 m grid. The woodlots were primarily decid-
uous forests (about 30 year old plantations of mainly oak (Quercus robur), poplar
species (Populus spec.), birch (Betula pubescens), maple (Acer platanoides), ash
(Fraxinus excelsior) and elder (Alnus glutinosa) and were separated by at least 300 m
of open grassland or forest patches without boxes. 

Field methods
From the beginning of April nest boxes were checked weekly to establish the start of
egg laying (if necessary back calculated assuming one egg was laid per day) and the
clutch size was determined after the onset of incubation. Before the expected hatching
date nest boxes were checked daily to determine hatching date of the first eggs in the
nest (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 toenails in a
unique combination for later identification of individuals (St. Louis et al., 1989).
Between day 3 and 5 molecular sex determination was performed such that on day 6
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Figure 4.1 Map of the study area in the Lauwersmeer (53°23’N, 06°14’E), NL. The dark grey
areas represent the 12 nest box plots and the numbered black-bordered areas are the 12 observa-
tion plots. Water is indicated in light grey, woodlots in medium grey, and open grass or agricul-
tural areas in white.



after hatching the sex of all nestlings was known to allow accurate sex ratio manipula-
tion of the broods (see below). DNA was extracted 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. 
On day 6 broods were manipulated and 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 every
second day from day 19 onward to determine successful fledging of nestlings.

Experimental design
We manipulated plot density and sex ratio (proportion of male) of juvenile great tits in
2005 and 2006. 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 density plots (fig. 4.2). 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). This randomization of plot treatments should reduced the influence of border
effects or plot effects in our data. To achieve the plot treatments, first broods (broods
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Figure 4.2 Experimental treatments applied to plots during the two years 2005 and 2006
combining sex ratio and density of juvenile great tits. The treatment at the plot level (sex ratio
bias and low or high density) was achieved by manipulated 60% of the broods within a plot
towards the desired treatment keeping 40% of the nests as controls for the other treatments. Sex
ratio treatment for all broods within a plot was in the direction of the plot treatment. F: female
biased brood, B: balanced/control sex ratio brood, M: male biased brood; R: reduced brood size,
C: control brood size, E: enlarged brood size.



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 corre-
sponded to the plot treatment (fig. 4.2). For the sex ratio this meant that all broods
within a plot were manipulated in the direction of the plot treatment (fig. 4.2). The
mean number of nestlings varied between plots as well as between nests e.g. enlarging
60% of the broods within a plot would increase the total number of nestlings per plot
(fig. 4.2). For further details on the experimental set-up see Nicolaus et al. (2009).
Averages per year for the plot treatment categories are given in table 4.1. Second
broods and replacement broods of known first broods after failure were left unmanip-
ulated.

Observations
One week after the earliest first broods had fledged in 2005 and 2006 we started
observations of colour ringed great tits to cover most of the forested part of the study
area. Fledging of the very first brood in 2005 occurred on the 25th of May (±1 day)
and in 2006 on the 29th of May (±1 day). The last first broods fledged around 27th of
June (±1 day) in 2005 and around the 19th of June (±1 day) in 2006. The forested
area (medium grey area in fig. 4.1) was divided in 12 parts (numbered areas in fig.
4.1) of about 30-50 ha each and in every part we spent four hours per observation
occasion to search for great tits. Individuals were located by sound and sight and we
tried to read their colour rings with binoculars. We wrote down the location for each
group or individual where they were first seen and noted down all read colour ring
combinations. For each single colour ring we also noted down whether we considered
the colour detection certain (certainty was often based on repeated readings). When
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Table 4.1 Overview of average natural (top in cell) and experimental (bottom in cell) values per
treatment group for plot sex ratio (proportion of male juveniles) and plot density (number of
young) in 2005 and 2006 in a Dutch great tit population.

2005 2006

Treatment group mean±SD n mean±SD n

Female biased plot sex ratio 0.49 ±0.02 4 0.47 ±0.06 4
0.24 ±0.005 0.24 ±0.02

Control plot sex ratio 0.47 ±0.02 4 0.50 ±0.02 4
0.49 ±0.008 0.49 ±0.01

Male biased plot sex ratio 0.50 ±0.03 4 0.49 ±0.04 4
0.74 ±0.019 0.79 ±0.03

Low plot density 156.83 ±28.27 6 134.33 ±48.73 6
137.83 ±26.35 119.67 ±48.90

High plot density 161.50 ±16.28 6 118.00 ±27.62 6
181.16 ±17.32 132.67 ±32.67



we entered the sightings in the database, we checked whether the read colour ring
combinations really existed. Each colour ring reading was given a code for a certain
reading (the combination exists and the detection was considered certain), a possibly
certain reading (the combination exists but the detection was uncertain) or an uncer-
tain reading (the combination did not exist as it was read). Observations followed a
regular schedule with at least biweekly observation occasions in June, July, August,
September and October. To reduce observer effects, observers switched plots between
occasions. Often plots were also shared between two observers. 

Data selection and analyses
For data analyses on dispersal behaviour we used sightings of all first brood juvenile
great tits that were known to have fledged in 2005 and 2006. We only included certain
readings. As birds were sometimes seen more often during an occasion (an observa-
tion day) we used the sighting with the maximum distance seen from the nest box of
origin. This gave a sample size of 3138 sighting event for 1483 individual juvenile
great tits.

Our data set had a strong hierarchical structure with individual sightings (dispersal
distances) nested within individuals, within broods, cohorts (all broods within a plot
in a given year) and plots. Therefore, we used linear multilevel analysis (MLwiN 2.0;
Rasbash et al., 2004) to account for interdependencies of records within a level. In all
analyses, plot, cohort, brood, individual and sighting were thus included as random
effects. The dependent variable was the distance of observation from the nest box of
fledging and was transformed by taking the log10 to allow analysis using normal
response models. 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. For density
we chose to use the experimental change in number of young per plot (∆ density)
rather than the final experimental density because the densities before and after
manipulation were strongly correlated (plot density traits: rc = 0.860, n = 24, p <
0.001). The manipulation of plot sex ratio was very successful in creating three clear
classes of sex ratio treatments where the final plot sex ratio was unrelated to the orig-
inal plot sex ratio of young (female biased plots: rs = 0.453, n = 8, p = 0.260; control
plots: rs = –0.333, n = 8, p = 0.420; male biased plots: rs = 0.333, n = 8, p =
0.420). As explanatory variables we thus analysed sex, year, plot sex ratio treatment
and the occurrence of a second brood (of the foster parents) as categorical predictors
and the original plot density, ∆ density, fledge date (accuracy of ±1 day) and days
since fledging (number of days from fledging until the observation) as continuous
variables (all centred on their population averages). We also tested whether control-
ling in the final model for original brood size and sex ratio of the foster parents and
the experimental change in brood size (∆ brood size) and brood sex ratio (∆ brood sex
ratio) would change our results. This was never the case which suggests that the plot
effects found were independent of any brood effects and the results are thus not
shown here. 
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The distances individuals dispersed from their nest box of origin increased over the
five months after fledging in a nonlinear manner with an initial phase of fast move-
ment in the first month and a later phase with a slower increase in distance (fig. 4.3).
Furthermore, in great tits post-fledging care continues on average for about 20 days
(Drent, 1984; Verhulst & Hut, 1996) but can still continue up to 30 days (Verhulst &
Hut, 1996). Therefore, we performed three different analyses to investigate post-
fledging dispersal patterns. First, we performed an analysis over the entire post-
fledging period until October (max. 148 days post-fledging) where we analysed not
only the linear relation of distance with days since fledging but also the squared term of
days since fledging to account for the nonlinear increase in distance over time. Second,
we analysed the early phase of the first four weeks post-fledging (until 28 days) and the
later phase (29-148 days) separately and tested only linear relations with days since
fledging to simplify models. Each final model originated from a backwards elimination
procedure from the full model containing all explanatory variables, all interactions
with sex and year and 3-way interactions between sex, plot sex ratio treatment and the
plot density traits such as between sex, the plot traits and days since fledging or its
squared term. We applied Wald test to determine the significance of explanatory vari-
ables as they were removed from the model. In some analyses it occurred that varia-
tion for some of the specified random effects could not be estimated. This indicates
that there was too little variation in distance moved on these levels or that the under-
lying levels took over all the variation. Excluding levels with zero estimates from the
analyses did not change the results so we always kept them in the models. 
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Figure 4.3 Distances moved (log10 transformed) with days since fledging of juvenile great tits in
2005 and 2006 in the post fledging period. The grey shaded area represents the early phase of
four weeks while the un-shaded area represents the later phase. The fitted line with standard
error represents a running average of all points at intervals of 10 days since fledging.



Results

Over the entire post-fledging period individual juvenile great tits increased their
distance moved from the nest box of fledging significantly (table 4.2). In both the
early (table 4.3) and the later phase (table 4.4) there was a significant linear increase
in distances moved with days since fledging. Already early after fledging until about
30 days post-fledging the distances from the nest box of origin increased steeply with
an average distance moved during this phase of 559 m ±18.45 SE (fig. 4.3). After the
first month juveniles continued to move farther up to an average distance of 1298 m
±23.37 SE but the increase in distance was less strong in the later phase (table 4.4).
Over the entire period female young significantly moved further from the nest box of
origin than male young which was mainly due to their increased dispersal in the later
post-fledging phase (later phase, females: 1369 m ±34.97 SE; males: 1230 m ±31.04
SE). 

Movements in relation to the plot sex ratio treatment
The increase of distance with days since fledging differed significantly between the
three plot sex ratio treatment categories (table 4.2, fig. 4.4). Individuals that had
fledged from control plots moved furthest in the first two weeks after fledging but
individuals from the other two plot sex ratio treatment categories increased their
distance afterwards (table 4.2, fig. 4.4). Overall individuals from male biased plots
showed the strongest increase in distance moved over time (table 4.2) which was due
to movement in the early post-fledging phase (table 4.3). This effect did not signifi-
cantly differ between the sexes in the early phase (including all underlying terms in
the model; sex * plot sex ratio treatment * days: χ2 = 1.232, df = 2, p = 0.540). In
the later phase however, especially females that had fledged from male biased plots
still continued to increase their distances moved with days since fledging (table 4.4,
fig. 4.4). In the later phase, the plot sex ratio treatment had significant but opposing
effects on distances moved in the two different study years. Distances moved
decreased with increasing plot sex ratio in 2005 and increased in 2006 (table 4.4).
However there were no differences between the years in the effect of sex * plot sex
ratio treatment * days since fledging (including all underlying terms in the model;
year * sex * plot sex ratio treatment * days: χ2 = 0.610, df = 2, p = 0.737).         

Movements in relation to plot density and other variables
The two offspring sexes differed in how original density of young in the plot of
fledging related to the distances moved in the post-fledging phase (table 4.2, table 4.3
and table 4.4). Male young travelled larger distances if they had fledged from plots
with a natural high density of young. Dispersal patterns of female young on the other
hand hardly related to the original density in the plot of fledging (fig. 4.5). This sex
difference in movement in relation to original plot density was significant for the
whole post-fledging period (table 4.2) as well for the early (table 4.3) and the later
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Table 4.2 Model summaries examining the distance moved from the nest box of origin from
fledging until end of October of juvenile great tits during 2005 and 2006 in relation to offspring
sex, experimental plot treatments, natural plot density, occurrence of second brood of parents
and days since fledging (days). Summaries are derived from the normal response mixed-model-
ling procedure in MLwiN. Reference categories are 2005, female, no second brood and female
biased plot respectively. Random effects are plot, cohort, brood, individual and sighting; n =
3138.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept –0.045 (0.065) 0.489 1 0.484

Year cohort 0.024 (0.068) 0.126 1 0.723

Sex individual –0.076 (0.037) 4.259 1 0.039

Second brood brood –0.037 (0.081) 0.208 1 0.648

Original plot density cohort 0.001 (0.001) 0.446 1 0.504

Plot sex ratio control cohort 0.175 (0.075) - - -

Plot sex ratio male biased cohort 0.091 (0.077) 5.442 2 0.066

Days sighting 0.039 (0.003) 231.869 1 <0.001

Days2 sighting –0.0002(0.00002) 110.521 1 <0.001

Sex * original plot density individual 0.002 (0.001) 4.264 1 0.039

year * days sighting –0.010 (0.003) 11.211 1 <0.001

year * days2 sighting 0.00006 (0.00002) 6.921 1 0.008

Second brood * days sighting 0.020 (0.0038) 26.891 1 <0.001

Second brood * days2 sighting –0.0001 (0.00003) 18.613 1 <0.001

Original plot density * days sighting –0.00005 (0.00001) 11.622 1 0.001

Plot sex ratio control * days sighting –0.013 (0.003) - - -

Plot sex ratio male biased * days sighting –0.006 (0.003) 15.995 2 <0.001

Plot sex ratio control * days2 sighting 0.0001 (0.00002) - - -

Plot sex ratio male biased * days2 sighting 0.00002 (0.00002) 7.674 2 0.021

σ2 (SE) χ2 df P

Random effects plot 0.002 (0.005) 0.163 1 0.687

cohort / / / /

brood 0.179 (0.021) 69.407 1 <0.001

individual 0.105 (0.015) 46.660 1 <0.001

occasion 0.456 (0.015) 900.825 1 <0.001



post-fledging phase (table 4.4). Replacing the original density of young with the final
experimental density of young (at day 6) gave similar results with male young moving
further if they fledged from a high density plot (all density variables in the model were
replaced by final density, sex * final density for the entire period: β = 0.002 ±0.001 SE,
χ2 = 5.775, df = 1,p = 0.016; early phase: β = 0.002 ±0.001 SE, χ2 = 3.213, df = 1,
p = 0.073; later phase: β = 0.003 ±0.002 SE, χ2 = 3.878, df = 1, p = 0.049). We
could find however no effects of the change in density on dispersal of young and the
effects of final density are thus probably not experimental effects. ∆ density did not
affect dispersal patterns in any of the periods studied (∆ density entire period: β =
–0.001 ±0.001 SE, χ2 = 0.949, df = 1, p = 0.330; early phase: β = –0.0004 ±0.002
SE, χ2 = 0.031, df = 1, p = 0.860; later phase: β = –0.003 ±0.002 SE, χ2 = 2.222,
df = 1, p = 0.136) and this effect also did not differ between the two sexes (sex *
∆ density entire period: β = –0.002 ±0.002 SE, χ2 = 0.873, df = 1, p = 0.350; early
phase: β = 0.001 ±0.002 SE, χ2 = 0.097, df = 1, p = 0.756; later phase: β = 0.001
±0.002 SE, χ2 = 0.130, df = 1, p = 0.718). The interaction between sex, the plot sex
ratio treatment and original plot density was not significant in any of the periods
studied (including all underlying terms in the model, sex * plot sex ratio treatment *
original density entire period: χ2 = 0.509, df = 2; p = 0.775; early phase: χ2 = 1.889,
df = 2; p = 0.389; later phase: χ2 = 0.174, df = 2; p = 0.917) neither was the inter-
action between sex, the plot sex ratio treatment and ∆ density (including all under-
lying terms in the model, sex * plot sex ratio treatment * ∆ density entire period: χ2 =
3.443, df = 2; p = 0.179; early phase: χ2 = 2.521, df = 2; p = 0.283; later phase:
χ2 = 3.051, df = 2; p = 0.217). 
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For the entire post-fledging period the natural density of young in a plot also signif-
icantly interacted with the days since fledging (table 4.2). Birds moved away quicker
after fledging from plots with natural high densities of young. This correlation was
due to movements in the early phase (table 4.3, fig. 4.5) and did not differ between
the sexes (all other terms included in the model, sex * original density * days early
phase: χ2 = 0.295, df = 1; p = 0.587). 

Over the whole period there was a non-linear increase in distance moved with days
since fledging that varied with the occurrence of a second brood of the parents (table
4.2, fig. 4.6). If parents did not initiate a second brood, individual young moved
quicker away from the natal nest box in the early phase (table 4.3). In the later phase
young from parents that had produced a second brood moved further although this
pattern was not significant (β = 0.140 ±0.097 SE, χ2 = 2.110, df = 1, p = 0.146). 
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Table 4.3 Model summaries examining the distance moved from nest box of origin during the
early phase after fledging of juvenile great tits during 2005 and 2006 in relation to offspring sex,
experimental plot treatments, natural plot density, occurrence of second brood of parents and
days since fledging (days). Summaries are derived from the normal response mixed-modelling
procedure in MLwiN. Reference categories are 2005, female, no second brood and female biased
plot respectively. Random effects are plot, cohort, brood, individual and sighting; n = 1245.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept –0.100 (0.095) 1.105 1 0.293

Sex individual –0.028 (0.045) 0.382 1 0.536

Second brood brood –0.306 (0.130) 5.535 1 0.019

Original plot density cohort 0.001 (0.002) 0.112 1 0.738

Plot sex ratio control cohort 0.380 (0.122) - - -

Plot sex ratio male biased cohort 0.203 (0.123) 9.660 2 0.008

Days sighting 0.027 (0.006) 21.194 1 <0.001

Sex * original plot density individual 0.003 ( 0.001) 3.847 1 0.0498

Plot sex ratio control * days sighting –0.003 (0.008) - - -

Plot sex ratio male biased * days sighting 0.018 (0.008) 10.680 2 0.005

Original plot density * days sighting 0.0002 (0.0001) 6.003 1 0.014

Second brood * days sighting 0.028 (0.008) 11.596 1 <0.001

σ2 (SE) χ2 df P

Random effects plot 0.007 (0.013) 0.283 1 0.595

cohort / / / /

brood 0.454 (0.050) 81.225 1 <0.001

individual / / / /

occasion 0.405 (0.018) 483.536 1 <0.001



Over the entire period the two study years also showed differences in how individ-
uals moved over time with a steeper nonlinear increase in 2005 (table 4.2). In the
later period distances moved from the nest box of fledging were significantly longer
for 2005 than 2006.
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Selective mortality or selective sighting
The dispersal patterns observed could originate from selective mortality or selective
sighting probabilities of individual young in relation to the experimental plot treat-
ments. To exclude that those processes shaped our results we analysed the dispersal
patterns in the later post-fledging phase for only those individuals that had been
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Table 4.4 Model summaries examining the distance moved from nest box of origin in the later
phase for juvenile great tits during 2005 and 2006 in relation to the offspring sex, experimental
plot treatments, natural plot density, occurrence of second brood of parents and days since
fledging (days). Summaries are derived from the normal response mixed-modelling procedure in
MLwiN. Reference categories are 2005, female, no second brood and female biased plot respec-
tively. Random effects are plot, cohort, brood, individual and sighting; n = 1893.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept 0.246 (0.083) 8.789 1 0.003

Year cohort –0.275 (0.129) 4.515 1 0.033

Sex individual –0.259 (0.110) 5.502 1 0.019

Original plot density cohort –0.001 (0.002) 0.652 1 0.419

Plot sex ratio control cohort –0.239 (0.122) - - -

Plot sex ratio male bias cohort –0.188 (0.146) 4.149 2 0.126

Days sighting 0.004 (0.001) 16.714 1 <0.001

Sex * original plot density individual 0.004 (0.002) 4.503 1 0.034

Sex * days occasion –0.0005 (0.001) 0.118 1 0.731

Sex * plot sex ratio control individual 0.199 (0.149) - - -

Sex * plot sex ratio male biased individual 0.072 (0.164) 1.889 2 0.389

Days * plot sex ratio control sighting –0.001 (0.001) - - -

Days * plot sex ratio male biased sighting 0.005 (0.002) 4.655 2 0.097

Year * plot sex ratio control cohort 0.270 (0.177) - - -

Year * plot sex ratio male biased cohort 0.531 (0.185) 8.267 2 0.016

Sex * days * plot sex ratio control sighting –0.001 (0.002) - - -

Sex * days * plot sex ratio male biased sighting –0.008 (0.003) 7.430 2 0.024

σ2 (SE) χ2 df P

Random effects plot / / / /

cohort / / / /

brood 0.145 (0.031) 22.042 1 <0.001

individual 0.471 (0.038) 152.719 1 <0.001

occasion 0.364 (0.018) 415.037 1 <0.001



observed already in the early phase (1017 sightings of 538 individuals). All effects
that had been previously found to significantly affect dispersal in this phase were
confirmed in this data set (including all underlying terms in the model: year: χ2 =
10.018, df = 1, p = 0.002; fledge date: χ2 = 5.231, df = 1, p = 0.022; days: χ2 =
5.508, df = 1, p = 0.019; sex * original density: χ2 = 4.519, df = 1, p = 0.033; year *
plot sex ratio treatment: χ2 = 13.257, df = 2, p = 0.001; sex * days * plot sex ratio
treatment: χ2 = 9.226, df = 2, p = 0.010).

Discussion

We expected that the local social environment would affect dispersal decisions of juve-
nile great tits after fledging. More specifically we predicted that if competition mainly
takes place within the sexes, females should disperse more from female biased plots
and males from male biased plot. If competition between the sexes is more important,
female young should be out-competed by male young and thus disperse further from
male biased plots. Our results showed that for female juveniles competition with
males seemed most important during the post-fledging period as females dispersed
more from male biased areas especially in the later phase (fig. 4.4). Male juvenile
dispersal showed little effect of the plot sex ratio treatment. Male young however
differed from female young in that they generally dispersed more from plots with high
densities of young (fig. 4.5). The sex-specific experimental and non-experimental
effects on dispersal were unlikely to be the results of biases in survival or sighting
probabilities of individuals. We will discuss the differences between male and female
young in their response the local social environment and the temporal patterns of
their dispersal decisions. 

Dispersal process
Our data show that juvenile great tits of both sexes increased their distances from the
natal nest box strongly during the first month post-fledging and continued to move
further afterwards but at a slower rate. In the later phase female juveniles were
observed at larger distances from the nest box of origin than male juveniles which is in
agreement with the findings of other studies (Dhondt, 1979; Drent, 1984). The
dispersal process in great tits is composed of several stages. In an initial period of
about 10–20 days juveniles are still dependent on their parents for receiving food
(Hinde, 1952; Drent, 1984; Verhulst & Hut, 1996) and finding suitable feedings sites
(Drent, 1984). Later on juveniles become independent and build up flocks that vary in
size and composition of individuals from different sexes, age classes and even species
(Hinde, 1952; Hogstad, 1989). Other studies on great tit movement patterns reported
that family flocks moved fast from their natal territories already shortly after fledging
to establish a home range that can vary between 200 m and 600 m (Saitou, 1979b) or
1 km (Kluyver, 1951). 
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The temporal pattern of movement was strongly influenced by the initiation of a
second brood by parents. Not surprisingly juvenile great tits stayed initially closer to
their nest box of origin if their parents had a second brood. Adults with a second brood
also stayed closer to their breeding box during the entire post-fledging period (box B).
Female great tit parents reduce their participation of post-fledging care to the first
brood if they initiated a second brood (Verhulst & Hut, 1996). As a result also the male
parent might stay closer while feeding the first brood fledglings to be able to assist the
female during incubation of the second brood (Kluyver, 1950).

Interestingly juveniles of both sexes moved further from the nest box of fledging in
control plots during the first month after fledging. This pattern is probably governed
by parental behaviour during the post-fledging dependency phase. Adults generally
moved further from their nest box of breeding when it was situated in a control plot
(box B).

Sex-specific experimental effects of plot sex ratio
Our study showed that juveniles of both sexes dispersed faster from plots with a male
biased sex ratio of young in the early post-fledging phase. Females increased the
distances moved from plots with a male biased sex ratio of young more than males.
While this effect was significant in the later post-fledging phase, the pattern was
similar although not significant in the early post-fledging phase. This behaviour might
be a response to high levels of aggressiveness or high levels of competition for
resources in male biased plots. Although plot sex ratios lose their bias due to high
levels of movements at latest in September (box A) female juveniles seemed to avoid
male biased plots especially during the period of territory establishment in September
and October (week 17– 21). This indicates that females avoided competition for male
dominated resources such as food or roosting sites. Alternatively, growing up among
male juveniles might trigger physiological changes in females that cause them to
disperse further from male biased plots. 

As described previously in summer and early autumn juvenile great tits start to
show aggressive behaviour more often (Hinde, 1952). In flocks, competitive interac-
tions can be observed within and between the sexes whereby in all age classes males
are dominant over females (Saitou, 1979c; Drent, 1983). Males also show generally
higher levels of aggressive behaviour (Saitou, 1979c; Drent, 1983; Wilson, 1992). In
various species females are dominated by males during competitive interactions which
can lead to competitive exclusion of the subdominant sex from preferred resources
(Peters & Grubb, 1983; Marra, 2000; Donald et al., 2007) or reduce feeding rates of
subordinate age-sex classes (Dunbar & Crook, 1975; Benkman, 1997). This can even-
tually lead to segregation of food niches according to sex (Ketterson, 1979; Ardia &
Bildstein, 1997; Marra, 2000; Noske, 2003; Breed et al., 2006) or potentially affect
sex-specific survival rates (Clobert et al., 1988; Benkman, 1997). Interestingly juvenile
males did not react to increased sex ratio of young in the later phase. We show else-
where that local survival of juveniles is higher when they fledged from plots with a
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high number of same-sex juveniles (chapter 5). Especially for male juveniles, being
with other males of the same age-class might increase the chances of establishing a
territory. Therefore, the advantages of being with more males during territory estab-
lishment could counteract the negative effects of competitive interactions and cause
male young to stay close to the natal plot even when it was previously male biased.

In the later post-fledging phase the overall effect of plot sex ratio on dispersal
distances differed between the years. In 2006 the overall distances were longer for
young from male biased than control and female biased plots and the opposite pattern
was observed in 2005 (table 4.4). The years differed to a large extent in the overall
densities of nestlings produced with lower densities in 2006 than in 2005.
Furthermore, overall distances dispersed in the later phase were lower in 2006. This
indicates that competition for resources was reduced in 2006 and especially juveniles
from female biased plots therefore might have stayed closer. An alternative explana-
tion is that in 2006 post-fledging survival in female biased plots was lower than in
control and male biased plots (chapter 3). Therefore, the actual densities of juveniles
in the later post-fledging phase was probably lower in female biased than control and
male biased plots and this reduced competition for food caused lower dispersal from
those plots.

Sex-specific density effects
Male and female young showed clear differences in dispersal in relation to the original
plot density. Males showed larger distances moved from plots with high densities of
young in both the early and the later post-fledging phase while females were only
little affected. The experimental change in plot density did not affect dispersal which
might indicate that the manipulation was not very effective in this aspect (but see also
box A). Nevertheless, we found similar sex-specific effects when using the final exper-
imental density of young which indicates that young reacted to the actual densities of
young at fledging. We can however not clearly say whether the density effect was due
to real competition among juveniles or whether juveniles reacted to some plot quality
traits and we will thus discuss both options. 

Generally at high local densities of fledglings competition for resources such as
food, roosting sites or territories should increase. That male juvenile dispersal was
affected more strongly by high plot densities than female juvenile dispersal indicates,
that competition was increased for a resource where mainly males competed for, thus
probably competition for territorial space. Competition for food might take place at a
larger scale than the single plot as juveniles are quite mobile in the period studied.
Territories and roosting holes however were restricted to the study plots where nest
boxes are provided. In our study, plots with originally high numbers of young were
also plots with generally high breeding pair densities (chapter 5) which indicates good
quality of the habitat (high food abundance or low predator density). We show else-
where that adult survival rate is higher in plots with a high number of breeding pairs
(chapter 5). Therefore, the number of territories available for juvenile males is
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expected to be lower in high density plots. Indeed another study on the same popula-
tion found that yearling great tits were less likely to settle in plots with previously high
original densities of young and this relation was stronger for males (Nicolaus et al.
unpublished ms). 

Results from previous studies already suggested that the dispersal and settlement
chances of the more philopatric juvenile males should mainly depend on the avail-
ability of territories and thus on the density of territorial adult males (Greenwood et
al., 1979; Nilsson, 1989; Delestrade et al., 1996; Wilson & Arcese, 2008). Our results
would confirm that these processes might take place even at a smaller scale than the
whole population. Intra-sexual competition for territories might therefore be the most
relevant social cue for dispersal decisions of young males. 

Conclusions
Our study is the first to experimentally show that the local social environment affects
the natal dispersal process of the sexes differently. Female juveniles were mainly
affected by the local number of juvenile males while for male young the overall local
densities seemed most important. These results are consistent with the idea that indi-
viduals reacted to changes in local competitive pressure in a way to maximize their
chances of survival. Our study suggests that investigating the different steps of the
dispersal process separately is essential for the better understanding of the mecha-
nisms and for identifying causal relationships. The decision to leave the natal habitat
will be determined by the current levels of sex-specific local competition experienced
(this study) while later settlement decisions will be governed by the future sex-specific
probabilities of finding a suitable breeding site and partner (Nicolaus et al. unpublished
ms). Both processes act to regulate the local numbers and sex ratio of individuals.

Acknowledgements 
This study was part of SPMM and MN's PhD work. RU assisted in field work and managed the

database. MvdV performed the molecular sexing of the nestlings. CB and JMT collected data in

the field and assisted in planning and discussion as did JK. We thank Luc te Marvelde and Kim

Meijer for assistance in the lab. Karen Bouwman and Niels Dingemanse were very valuable in

discussion and in the field. We are grateful to Martin Keiser, Tamar Lok, Jeroen Reimerink and

Kirsten Jalvingh as well as to all the Animal Ecology course students in 2005 and 2006 for their

help in collecting the data. Finally, we thank “Staatsbosbeheer” and the Royal Dutch army

“Koninklijke Landmacht” for their permission to work in the Lauwersmeer area and to stay in the

army base. The study was funded by the Netherlands Organisation for Scientific Research (NWO-

VICI, 86503003) awarded to JK as well as by the University of Groningen. The experiments

complied with the current Dutch law (DEC nr. 4114B).

Chapter 4

84



85



Photo: Joost Tinbergen



In chapter 4 we described post-fledging juvenile movements in relation to local
changes in density and sex ratio in great tits. We found that the juvenile sexes were
differently affected by local changes in sex ratio and by the natural density in the plot
of fledging. Male juveniles showed stronger dispersal from plots with original high
densities of young but female juveniles moved further from plot with male biased sex
ratios especially in the later post-fledging phase (July-October). Our expectations
were that juvenile movements should be more strongly affected by changes in local
competition than adult movements, as juveniles are generally subdominant to adults
in competitive interactions (Saitou, 1979c; Drent, 1983; Hogstad, 1989) and because
adults generally show little breeding dispersal (see also chapter 6). However, once
juvenile males start to show territorial behaviour, adult females are often dominated
by young males in competitive interactions (Saitou, 1979c; Drent, 1983) while adult
males have to defend their breeding territories (Drent, 1983) against young males that
try to settle (Tinbergen et al., 1987). Furthermore, during the period where juveniles
are still dependent on their parents, adults and particularly the male parent may
actively lead the juveniles to specific foraging areas (Drent, 1984). Given these condi-
tions, adult post-fledging movement may serve the purpose to guide the offspring to
good foraging places, to avoid local competition with juveniles or to face competitive
interactions (stay to defend a territory). Especially under an increased local sex ratio
of young and under high local densities, adults of both sexes may need to adjust the
distances moved from the breeding nest box to the prevailing competitive regimes.
Therefore, we investigated for male and female adults (that were parents of a first
brood) whether and how their movements during the post-fledging phase were
affected by the experimental manipulation of plot densities and plot sex ratios.

Methods

Generally the methods were the same as described in chapter 4. We used observations
of all adults that were identified as parents of a first brood (all broods that started
within 30 days of the very first brood in a given year) in 2005 and 2006. We only
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included first broods that had at least one successfully fledged young. Birds were
sometimes seen more often during an observation event (day), therefore we used the
maximum distance seen from the nest box of origin per observation day. We excluded
observations that were earlier than six days prior to the expected fledging date of the
first brood. This was done because observed fledging date normally had an accuracy
of ±1 day if birds fledged as expected (around day 19) but some broods might have
already fledge after disturbance at day 14 (thus five days prior to the first fledge check
at day 19). This resulted in a sample size of 1059 dispersal events for 507 individual
parents. 

We used linear multilevel analysis in MLwiN 2.0 (Rasbash et al., 2004) with the
levels (random effects) plot, cohort (all broods within a plot in a given year), brood,
individual and sighting. The dependent variable was the distance of observation from
the nest box of breeding and was transformed by taking the log10 to allow analysis
using normal response models. As explanatory variables we analysed sex, year, plot
sex ratio treatment and the occurrence of a second brood as categorical predictors and
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Table B.1 Model summaries examining distance moved from nest box of breeding by adult great
tits in the early phase (first four weeks) after fledging during 2005 and 2006 in relation to the
effects of adult sex, experimental plot treatments, natural plot density, occurrence of second
brood and days since fledging (days). Summaries are derived from the normal response mixed-
modelling procedure in MLwiN. Reference categories are 2005, female, no second brood and
female biased plot respectively. Random effects are plot, cohort, brood, individual and sighting.
Rejected terms are sex, original plot density, change in plot density and fledging date; n = 527.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept –0.180 (0.099) 3.323 1 0.068

Year cohort 0.252 (0.108) 5.437 1 0.020

Second brood brood –0.602 (0.150) 16.005 1 <0.001

Days sighting 0.013 (0.009) 1.947 1 0.163

Plot sex ratio control cohort 0.249 (0.124) - - -

Plot sex ratio male biased cohort 0.226 (0.129) 4.790 2 0.091

Days * plot sex ratio control cohort –0.002 (0.012) - - -

Days * plot sex ratio male biased cohort 0.033 (0.015) 6.601 2 0.037

σ2 (SE) χ2 df P

Random effects plot / / / /

cohort / / / /

brood 0.320 (0.060) 28.710 1 <0.001

individual / / / /

sighting 0.571 (0.047) 147.813 1 <0.001



the original plot density, the change in density (∆ density), fledge date and days since
fledging (number of days from fledging until the sighting) as continuous variables (all
centred on their population averages). Similar as for the juveniles, we split the data in
two sets that were analysed separately, the early phase of the first four weeks post-
fledging (until 28 days) and the later phase (29–148 days) and tested only linear rela-
tions with days since fledging. This was done because parents can still provide care to
their first brood young up to four weeks after fledging (Verhulst & Hut, 1996). For
further details of the analyses see chapter 4.

Results

In the early phase of the post-fledging period parents increased the distances moved
from their breeding nest box with the number of days since fledging (table B.1) but
decreased the distances again in the later phase (table B.2). Adult great tits were seen
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Table B.2 Model summaries examining distance moved from nest box of breeding by adult great
tits in the later phase (July till October) after fledging during 2005 and 2006 in relation to effects
of adult sex, experimental plot treatments, natural plot density, occurrence of second brood and
days since fledging (days). Summaries are derived from the normal response mixed-modelling
procedure in MLwiN. Reference categories are 2005, female, no second brood and female biased
plot respectively. Random effects are plot, cohort, brood, individual and sighting. Rejected terms
are year, original plot density, change in plot density and fledge date; n = 532.

Explanatory variable Level β (SE) χ2 df P

Final model

Intercept –0.180 (0.099) 3.323 1 0.068

Intercept 0.076 (0.130) 0.588 1 0.557

Second brood brood -0.387 (0.126) 9.360 1 0.002

Days sighting -0.003 (0.001) 5.238 1 0.022

Sex individual 0.019 (0.130) 0.021 1 0.885

Plot sex ratio control cohort 0.508 (0.174) - - -

Plot sex ratio male biased cohort -0.123 (0.186) 12.897 2 0.002

Sex * plot sex ratio control cohort -0.513 (0.197) - - -

Sex * plot sex ratio male biased cohort 0.030 (0.203) 8.663 2 0.013

σ2 (SE) χ2 df P

Random effects plot 0.027 (0.024) 1.292 1 0.256

cohort / / / /

brood 0.282 (0.072) 14.821 1 <0.001

individual 0.060 (0.067) 0.812 1 0.367

sighting 0.546 (0.051) 114.818 1 <0.001



Box B

90

2.0

2.2

2.4

2.8

di
st

an
ce

 (l
og

 1
0)

plot sex ratio treatment

females

female
biased

control male
biased

males

female
biased

control male
biased

week 1 + 2
week 3 + 4

week 5 – 10
week 11 – 16
week 17 – 21

2.6

2.0

2.2

2.4

2.8

2.6 early phase
late phase

Figure B.1 Distances moved (log10 transformed) with days since fledging for adult female (left
panels) and male (right panels) great tits in the early (upper panels) and later (lower panels)
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on average at a distance of 193 m ±2.91 SD from their breeding nest box in the first
four weeks post-fledging but were observed at closer distances to their breeding box
after juveniles gained independence (178 m ±3.40).

In the early post-fledging phase movement with days since fledging significantly
differed between the plot sex ratio treatment categories (table B.1). Especially in the
third and fourth week after fledging both parental sexes were observed at larger
distances from male biased than control and female biased plots (fig. B.1). For
females, the plot sex ratio treatment significantly affected the distances moved from
the breeding nest box in the later post-fledging phase (table B.2) with stronger move-
ments from control plots than from male biased and female biased plots. No such
pattern was found for males (fig. B.1). 

For both post-fledging phases parents that had no second brood moved signifi-
cantly further from their nest box of breeding than parents that did initiate a second
brood (table B.1 and 2, fig. B.2). In the early post-fledging phase distances travelled
also differed between the two study years with larger distances moved in 2006 (table
B.1).
The original density (oD) or the change in density (∆D) did not affect parental move-
ments in the early (oD: χ2 = 0.025, df = 1, p = 0.875; ∆D: χ2 = 0.044, df = 1,
p = 0.834) or later post-fledging phase (oD: χ2 = 0.149, df = 1, p = 0.699; ∆D:
χ2 = 0.295, df = 1, p = 0.587). There were also no sex-specific effects of original
density or ∆ density in the early phase (oD * sex: χ2 = 0.149, df = 1, p = 0.699; ∆D *
sex: χ2 = 0.546, df = 1, p = 0.460) or the later phase (oD * sex: χ2 = 0.044, df = 1,
p = 0.834; ∆D * sex: χ2 = 0.332, df = 1; p = 0.564). The plot sex ratio treatment did
not interact with original density (oD) or ∆ density (∆D) to affect adult movement
(early phase: plot sex ratio * oD, χ2 = 3.205, df = 2, p = 0.201; plot sex ratio * ∆D,
χ2 = 5.220, df = 2, p = 0.073; later phase: plot sex ratio * oD, χ2 = 1.542, df = 2,
p = 0.462; plot sex ratio * ∆D, χ2 = 3.372, df = 2, p = 0.185). There was no sex-
specific effect of the interaction between plot sex ratio treatment * ∆ density in the
early phase (χ2 = 0.239, df = 2, p = 0.887) or the later phase (χ2 = 0.178, df = 2,
p = 0.915).

Discussion

Adult great tits were affected by the sex ratio manipulation of young in a rather
complex manner. In the first period post-fledging we found a significant interaction
between the plot sex ratio and the time since fledging of the brood. Adults from male
biased plots moved significantly further especially in the third and fourth week after
fledging of the first brood. In this period most young are still together with their
parents (Drent, 1984; Verhulst & Hut, 1996) but start to gain independence and feed
themselves (personal observations). Parents might have actively led their brood away
from male biased plots when the young were getting independent because they may
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foresee increased local competition for and from their offspring. In male biased plots,
the competition for available territorial space is expected to be higher for males and
for females the competition for food. That this could have at least promoted dispersal
of female young from male biased plots in the later phase is shown in chapter 4.

Earlier studies provided little data on how the different adult sexes move after the
period of post-fledging dependency but generally stated that adults returned close to
their breeding territories (Hinde, 1952; Drent, 1984). Especially for male adults it
should be beneficial to stay close to the breeding territory because they have a domi-
nance advantage in competitive interactions in winter due to prior residency (Drent,
1983; Dingemanse & de Goede, 2004). In accordance with this, we found that adult
males generally stayed close to their breeding boxes after an initial period of family
movement. Adult females however only remained close if they originated from female
biased and male biased plots but moved further in the later period if they came from
control plots (balanced sex ratio). Control sex ratio plots might represent more natural
social environment for adult great tits and females would then move further from the
breeding territory than males as they do not necessarily benefit so much from prior
residency in competitive interactions. We have some indication that females generally
leave our study area in winter, as during mist netting and nest box checks in autumn
and early winter we found less females than males (see box A, unpublished data) but
higher numbers of females again in February and March (box D). A sex ratio bias in
the breeding plot however, did affect female adults to stay closer to their breeding nest
box. A convincing single explanation for this behaviour is difficult to give, because
different processes have to be assumed acting on adult females in male or female
biased plots. Females might be forced to remain close in female biased plots in order
not to lose their breeding nest box or partner to a juvenile female. In male biased plots
however they might assist their partner in defending a territory to potentially
intruding male young. Females may also stay closer in male biased plots to choose a
new partner as some pair formation can already occur in autumn (Hinde, 1952). 

We found no effect of the original plot density on adult post-fledging movements
but adults were probably adapted to the local densities as birds settle in their breeding
habitat according to their competitive abilities (Doligez et al., 2004; Duckworth,
2006). The breeding pair densities per plot strongly correlated to the original densities
of nestlings (see also chapter 4). The experimental change in density of young did also
not affect adult movement in the direction predicted, possibly because the manipula-
tion was not so effective in changing absolute numbers of fledglings (see Box A). More
likely however, adult movements were not affected by the density of young because
adults are generally dominant over juveniles in competitive interactions (Saitou,
1979c; Drent, 1983; Hogstad, 1989).

The initiation of a second brood strongly shaped the post-fledging movement
patterns of adult great tits. Parents that had initiated a second brood generally stayed
closer to the breeding box of the first brood. Usually second broods were raised in the
same nest box as the first brood (22 %, 16/73) or in a neighbouring nest box (77 %,
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56/73). While the male generally feeds the first brood fledglings, the female ceases
post-fledging care when she starts a second brood (Verhulst & Hut, 1996) although
she can still be seen accompanying the family (Kluyver, 1951). The latter might also
explain why we did not find different patterns for male and female adults with a
second brood. The male parent might stay closer to the breeding box while feeding the
first brood fledglings to be able to assist the female during incubation of the second
brood (Kluyver, 1950). 

In 2006 adults moved further distances from the breeding box than in 2005 at least
in the early phase. One explanation for this might be that the food conditions after
fledging were better in 2006 than in 2005 and according to Naef-Daenzer and
Grüebler (2008) families with young in better condition move further. Another expla-
nation might however be that there were overall more second broods initiated in 2006
(32 % vs. 9% in 2005) which might have promoted movement of parents that did not
have a second brood.

Conclusions
An interesting finding of this study that would merit further investigation is that adults
might have actively led young away from areas where the expected level of local
competition for food and territories was high (male biased areas). We cannot easily
explain why females from control plots showed different movement pattern than
females from female or male biased plots. It indicates however, that the experimental
plot sex ratio treatment affected movement behaviour of female adults. The different
pattern for male and female adults in relation to the plot sex ratio treatment is prob-
ably best explained by the male need to engage in territorial defence in autumn and
males thus always need to stay close to their territory.
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Increasing density of same sex
individuals improves local survival
of juvenile great tits

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

Abstract
In sexually size-dimorphic species the larger sex is generally dominant over the smaller
sex in competitive interactions. However, little is known on how survival of males and
females depends on the number and the sex of other individuals in the local population.
Therefore, we experimentally investigated whether and how sex-specific local competi-
tion affected annual local survival of juvenile and adult great tits of both sexes. For this
purpose, we manipulated the density and sex ratio of young great tits before fledging on
the level of forest plots during three consecutive breeding seasons (2005-2007). In the
great tit, the outcome of competitive interactions outside the breeding period over food
or territories is determined to a large extent by age and sex, where males dominate over
females within an age class and adults over young. We thus expected that juvenile
females would show lower local survival in plots with higher densities and more male
fledglings. As competition for local territories among males can be intense, male juve-
niles should mainly be negatively affected by the local numbers of same-sex competitors
(both juvenile and adult). Adult survival should be little affected by changes in local sex
ratio and density. Interestingly, we found no negative effects of the number of same or
opposite sex competitors on juvenile or adult local survival. Adult local survival associ-
ated positively but juvenile local survival negatively to the breeding pair density in a
plot. However, an increase in the density of same-sex fledglings per plot improved local
survival of male and female juvenile great tits. High local numbers of male juveniles
might exert pressure on the prevailing territorial system and create settlement opportu-
nities for young males. Additionally or alternatively, growing up in same-sex groups or
plots might induce physiological and behavioural changes that make juveniles better
competitors.

CHAPTER 5



Introduction

One of the main density dependent processes regulating local numbers of individuals
is competition among members of the same species for resources such as for food, suit-
able nest sites, mating partners, territories or roosting sites (Begon & Mortimer, 1981;
Begon et al., 1996; Newton, 1998). However, individuals differ in the efficiency or
capability to defend or attain certain resources which will differentially affect their
fitness. Such competitive asymmetries entail that the relative advantage of a specific
individual within a population will depend on the number and on the competitive
traits of the other individuals present (Begon et al., 1996; Newton, 1998). 

Gender is a trait that has been shown to affect an individual’s performance in
competitive interactions outside the reproductive phase (Hepp & Hair, 1984; Hogstad,
1989). Generally, the larger sex dominates the smaller sex during the struggle for artifi-
cially provided food (Dunbar & Crook, 1975; Ketterson, 1979; Tarvin & Woolfenden,
1997; Steer & Burns, 2008) or for roosting sites (Kluyver, 1957; Feare et al., 1995).
The intensity by which competition occurs within and between the sexes in a given
species should depend on the relative number of each sex in the local population.
Therefore, not only the number of competitors but also the sex ratio of conspecifics at
a local scale is expected to determine the fitness prospects of males and females.

In most bird species offspring survival until first reproduction and adult annual
survival are key fitness components and major sources of individual variation in life-
time reproductive success (Clutton-Brock, 1988; Newton, 1989). However, studies
that investigate the influence of social factors on those fitness traits are scarce.
Negative effects of intra-specific competition, especially density effects on post-
fledging survival (Mallord et al., 2007), winter survival (Ekman et al., 1981; Ekman,
1984) or recruitment (Both & Visser, 2000) have been shown for several birds species.
However, other studies showed that the outcome often depended on the spatial scale
studied (Both & Visser, 2000; Brouwer et al., 2006), which suggests that competition
regularly takes place at a smaller scale than the whole population. Avian studies that
provide direct evidence for sex-specific survival effects of local competition are so far
lacking but indirect evidence exists that females suffered more often from between-sex
competition than males; e.g., females lost weight due to restricted access to high
quality wintering habitats (Marra & Holmes, 2001) or feeding sites (Dunbar & Crook,
1975) or showed restricted feeding rates due to high levels competitive interactions
(Benkman, 1997).

Our study aim was to experimentally address the question whether and how sex-
specific local competition affects local survival of juveniles and adults in a wild popu-
lation of great tits (Parus major). For this purpose we manipulated the local social
environment (density and sex ratio) of juvenile great tits at the level of forest plots
during three consecutive breeding seasons from 2005–2007. We analysed local
survival of juvenile and adult males and females to the next year’s breeding popula-
tion in relation to sex-specific competitor density, fledgling and adult densities and
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plot sex ratio. In the great tit, there is scope for competition between and within the
sexes but the extent of both may vary with season. Male great tits engage in territorial
behaviour already in autumn (Kluyver, 1951) when the number of chases and fights
between males increases (Drent, 1983). Local birds (Drent, 1983) or birds which had
prior residency (Sandell & Smith, 1991) win competitive interactions more often than
non-local birds. This could be the reason why in this territorial species males show
higher natal philopatry than females (Greenwood, 1980). Thus male juvenile great tits
should be primarily affected by higher local numbers of territorial (male) birds
(Greenwood et al., 1979). As pair formation can already take place in autumn and
winter (Hinde, 1952), females might compete for potential partners during this
period. Male great tits are generally dominant over females in competition for artificial
food (Kluyver, 1957; Drent, 1983; Wilson, 1992) and probably for roosting sites in
winter (Kluyver, 1957). In autumn and winter flocks, competitive interactions can be
observed within each sex and between the sexes, whereby within age classes males are
dominant over females but adults are dominant over juveniles (Saitou, 1979c; Drent,
1983). Males also generally show higher levels of aggressive behaviour (Saitou,
1979c; Drent, 1983; Wilson, 1992). Thus, high local numbers and a male biased local
sex ratio are likely to relate to high levels of competition for both sexes, where juve-
niles are probably more affected than adults.

High local densities can also be positively related to local survival of individuals.
For instance high quality plots may lead to high breeding pair densities therein and a
high number of offspring produced. If plot quality is related to food abundance, food
quality or predator occurrence, individual survival is consequently positively associ-
ated to high local densities. Furthermore, large numbers of individuals in flocks
outside the breeding season may be beneficial for exploitation of food sources (Krebs
et al., 1972) as well as for reducing predation risk (Caraco et al., 1980). In this article
we will however focus our predictions on negative effects of sex-specific competitor
densities on male and female local survival. We thus predicted that an increasing
number of same-sex competitors should affect especially male juvenile survival nega-
tively as competition for available territories should mainly occur between males.
Female juveniles on the other hand should suffer more from the number of opposite-
sex competitors in competition for food (assuming competition is more of an interfer-
ence-type rather than exploitation-type). As adults of both sexes are generally domi-
nant over juveniles we expected them to be little affected by local changes in density
and sex ratio of juveniles.

Methods

Study area
The study was conducted in the Lauwersmeer area which is situated in the north-east
of the Netherlands (53°23’ N, 6°14’ E). In February 2005 we extended the existing
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study area (see Tinbergen, 2005) by establishing 12 nest box plots, where in some
woodlots already existing boxes were rearranged in others they were newly put up.
Each plot consisted of 50 nest boxes in a regular 50 m grid. The woodlots were prima-
rily deciduous forests (about 30-year old plantations of mainly oak (Quercus robur),
poplar species (Populus spec.), birch (Betula pubescens), maple (Acer platanoides), ash
(Fraxinus excelsior) and elder (Alnus glutinosa)) and were separated by at least 300 m
open grassland or forest patches without boxes. 

Field methods
From the beginning of April, nest boxes were checked weekly to establish the start of
egg laying (back calculated assuming one egg was laid per day in case of partly laid
clutch) and the clutch size was determined after 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 toenails in a
unique combination for later identification of individuals (St. Louis et al., 1989).
Between day 3 and 5 molecular sex determination was performed such that on day 6
after hatching the sex of all nestlings was known to allow accurate sex ratio manipula-
tion of the broods (see below). DNA was extracted 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. 

On day 6 broods were manipulated and nestlings received a numbered aluminium
ring. On day 7 parents were caught using spring traps in the nest boxes and they were
equipped with an aluminium ring and a unique combination of 3 colour rings if they
were previously unringed. 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 every second day from day 19 onward to determine successful fledging of
nestlings and to identify dead individuals that remained in the nest box.

Experimental design
We manipulated plot density (number of nestlings) and sex ratio (proportion of male)
of nestling 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 treat-
ments 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
density plots (see fig. 3.2, 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
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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 (fig.
3.2 in chapter 3). For the sex ratio this meant that all broods within a plot were manip-
ulated in the direction of the plot treatment. The mean number of nestlings varied
between plots as well as between nests e.g. enlarging 60 % of the broods within a plot
would increase the total number of nestlings per plot. For further details on the exper-
imental set-up see Nicolaus et al. (2009). Averages per year for the plot treatment
categories are given in table 5.1. Second broods and replacement broods of known
first broods after failure were left unmanipulated.

Data selection and analyses
We analysed local survival for all first brood juvenile great tits that were known to
have fledged (n = 3950) and for all adults that were identified as parents of a first
brood in 2005–2007 (n = 1233). Individuals were scored as being alive in the subse-
quent breeding season (2006–2008) if they were recorded as a breeder in our study
area. Breeding dispersal between plots in our population was low (5%) but natal
dispersal of juveniles between plots was high (70%). The mean natal dispersal
distance over the years 2006-2008 was 1281 m ±1051 SD with a maximum of 4726
m. However, our study area was relatively large (ca. 33 km2) and rather isolated (next
bigger forest and village ca. 4 km away). Furthermore, we randomized the plot’s treat-
ment between years and had two treatment replicates within years. This should mini-
mize plot effects on survival caused by disappearance of birds from plots at the edge of
the study area. Thus dispersal out of the study area should not markedly bias our esti-
mates of local survival.

Same-sex densities improve local survival

99

Table 5.1 Overview of average natural (top in cell) and experimental (bottom in cell) values per
treatment group for plot sex ratio (proportion of male nestlings) and plot density (number of
nestlings) for the three study years 2005–2007.

2005 2006 2007

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

Female biased plot sex ratio 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 plot sex ratio 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 plot sex ratio 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



Adults can enter the data set as a breeder in more than one year (n = 251), there-
fore we selected one breeding event randomly for each individual for the analysis on
local adult survival (n = 982). This random sampling procedure was repeated three
times and all three analyses gave qualitatively the same results. Individuals from
broods that were not manipulated (n = 53 juveniles, n = 46 adults), as well as from
replacement broods after failure of known first broods (n = 177 juveniles, n = 67
adults) and all juveniles from second broods were not included in the analyses.

Our data set showed a strong hierarchical structure with individuals nested within
broods, within cohorts (all broods within a plot in a given year) and within plots.
Therefore, we used a mixed model approach in MLwiN 2.0 (Rasbash et al., 2004) to
analyse individual survival probability as binominal response variable with a logit link
error function and corrected for individual, brood, cohort and plot as random effects. 

Our aim was to investigate whether density and sex-composition of plots affected
local survival of male and female great tits differently. For this purpose we calculated
the density of opposite-sex fledglings per plot (number of males for females and vice
versa) and density of same-sex fledglings per plot for each individual adult and juvenile.
Despite our offspring density manipulation at the plot level, the density of fledglings
per plot was strongly correlated to the natural density of nestlings before manipulation
at day 6 within a year (table 5.2). Furthermore, the breeding pair density (based on
the number of incubated first broods per plot) was significantly correlated to the
number of fledglings as well as to the original and final experimental nestling density
at day 6 (table 5.2). We have chosen to analyse breeding pair density and fledgling
density as density variables that are likely to directly affect local survival to the next
breeding season as both should directly relate to competition for available territories
and competition for food. Furthermore, we analysed the effect of change in density at
day 6 (difference between original and final nestling density per plot after manipula-
tion at day 6) to investigate the causal effect of the density treatment and the final
fledgling sex ratio (final plot sex ratio after manipulation at day six was not correlated
to original plot sex ratio; 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 plots,
rs = 0.252, n = 12, p = 0.430). We performed a stepwise forward regression where
year was controlled for as factor and we tested the explanatory variables sex (categor-
ical with females as reference), fledgling sex ratio (three categories with female biased
plots as reference), breeding pair density, change in nestling density (∆ density), fledg-
ling density, same sex fledgling density and opposite sex fledgling density as contin-
uous variables (all per plot within a year, centred on their population averages) such
as interactions between sex and the fledgling sex ratio categories and sex and all
continuous variables. Correlated explanatory variables were tested independently
from each other. Wald test was applied to determine the significance of explanatory
variables as they were added to the model. In some analyses it occurred that variation
for some of the specified random effects could not be estimated. This indicates that
there was too little variation in survival on these levels or that the underlying levels
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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. 

Another study on the same population found that local recruitment probability was
related to variables at the brood level (experimental change in brood size (∆ bs),
laying date, laying date * year, Nicolaus et al. unpublished ms). Furthermore, the same
study analysed the cost of reproduction in relation to the social environment and
showed an interaction effect of ∆ bs * change in plot sex ratio (∆ plot sex ratio) on
adult survival (Nicolaus et al. unpublished ms). Therefore, we additionally ran all
models including those effects and the experimental change in brood sex ratio (∆ bsr).
For juveniles this procedure resulted in the same final model while for adults there was
a difference that will be discuss in the result section.
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Table 5.2 Overview of correlation coefficients between the various plot density and plot sex ratio
variables from three years of data (2005–2007) for a Dutch great tit population. Variables
analysed are residuals corrected for the effect of year (n = 36). Correlations coefficients given
are Spearman rank correlation (rs) for plot sex ratio with other variables and Pearson correlation
coefficient (rc) for all other correlations. 

Variables Original  Change in  Final Fledgling Fledging No of No of  
nestling nestling nestling density sex ratio male female

density d6 density d6 density d6 fledglings fledglings

Breeding pair rc=0.722 rc=0.130 rc=0.705 rc=0.447 rs=-0.154 rc=0.155 rc=0.253

density p<0.001 p=0.450 p<0.001 p=0.006 p=0.369 p=0.366 p=0.136

Original nestling - rc=-0.138 rc=0.773 rc=0.466 rs=-0.169 rc=0.084 rc=0.325

density d6 p=0.424 p<0.001 p=0.004 p=0.325 p=0.624 p=0.053

Change in nestling - rc=0.521 rc=0.297 rs=-0.113 rc=0.076 rc=0.189

density d6 p=0.001 p=0.079 p=0.511 p=0.657 p=0.270

Final nestling - rc=0.591 rs=-0.236 rc=0.122 rc=0.400
density d6 p<0.001 p=0.166 p=0.479 p=0.016

Fledgling density - rs=-0.113 rc=0.242 rc=0.649
p=0.511 p=0.155 p<0.001

Fledgling  - rs=0.874 rs=-0.850
sex ratio p<0.001 p<0.001

No of male - rc=-0.581
fledglings p<0.001



Results

Juvenile local survival
Juvenile local survival varied significantly between years from an average of 0.07 ±
0.007 SE in the period 2005–2006 to 0.18 ±0.012 SE in 2006-2007 and to 0.10 ±
0.008 SE in the period 2007–2008 (table 5.3, fig. 5.1). Juvenile local survival was
significantly negatively related to the number of breeding pairs in the plot of fledging
(table 5.3, fig. 5.1). Additionally, the density of same-sex fledglings in the plot affected
local survival positively for both juvenile sexes (table 5.3, fig. 5.2). Both the relation-
ship with breeding pair density and the effect of same sex fledging density did not
vary between years (tested in final model, year * breeding pair density: χ2 = 2.091,
df = 2, p = 0.351; year * same sex density: χ2 = 1.483, df = 2, p = 0.476). We found
no effect of opposite-sex fledgling density, fledgling density, the fledgling sex ratio or
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∆ density on local survival and none of these variables showed a different effect in
males or females (table 5.3). Correcting our model for variables at the brood level that
significantly related to recruitment probability (in final model, laying date: β = –0.054
±0.022 SE, χ2 = 5.915, df = 1, p = 0.015; year*laying date: χ2 = 10.629, df = 2,
p = 0.005; ∆ bs: β = –0.078 ±0.021 SE, χ2 = 13.617, df = 1, p <0.001, see Nicolaus
et al. unpublished ms for discussion of these results) did not qualitatively change our
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Table 5.3 Model summaries of analysis on local juvenile survival, examining the effects of juve-
nile sex, breeding pair density, fledging density, same sex fledgling density, opposite sex fledgling
density, fledgling sex ratio category and ∆ density (experimental change in nestling density at
day 6) per plot for the three study years 2005–2007. Survival was corrected for year differences
and explanatory variables were tested sequentially. Correlated variables were not tested in the
same model. Summaries are derived from the binominal response mixed-modelling procedure in
MLwiN; n = 3950.

Explanatory variable β (SE) χ2 df P

Final model

Intercept –2.501 (0.117) 459.679 1 <0.001

Year 2006 0.693 (0.181) 19.106 2 <0.001

Year 2007 0.478 (0.169)

Breeding pair density –0.052 (0.016) 10.169 1 0.001

Same sex fledgling density 0.004 (0.002) 3.995 1 0.046

Random effects plot 0.017 (0.028) 0.027 1 0.869

cohort 0.016 (0.038) 0.906 1 0.341

nest 0.266 (0.101) 5.984 1 0.014

Rejected terms

Sex –0.002 (0.108) <0.001 1 0.986

Sex x breeding pair density –0.004 (0.018) 0.050 1 0.823

Sex x same sex fledgling density 0.002 (0.004) 0.161 1 0.688

Fledgling density# 0.001 (0.003) 0.303 1 0.582

Sex x fledgling density# 0.001 (0.003) 0.189 1 0.664

Opposite sex fledgling density* –0.001 (0.002) 0.366 1 0.545

Sex x opposite sex fledgling density* 0.005 (0.005) 1.020 1 0.312

Fledgling sex ratio: control* –0.002 (0.162) 0.071 2 0.965

Fledgling sex ratio: male biased* 0.034 (0.154)

Sex x fledgling sex ratio: control* –0.971 (0.562) 3.001 2 0.223

Sex x fledgling sex ratio: male biased* –0.530 (0.375)

∆ density 0.001 (0.003) 0.127 1 0.722

Sex x ∆ density –0.001 (0.005) 0.017 1 0.896

# tested in model correcting for the factors year 
* tested in model correcting for the factors year and breeding pair density



results. The experimental change in brood sex ratio (∆ bsr) did not significantly affect
survival and did not change the final model (∆ bsr in final model: β = 0.118 ±0.225
SE, χ2 = 0.274, df = 1, p = 0.601). Summarizing juvenile annual local survival was
negatively affected by the density of adult birds but positively by the density of juve-
niles of their own sex and there were large differences between years.

Adult local survival
Adult local survival to the next breeding season significantly varied between years
ranging from an average of 0.16 ±0.02 SE during the period 2005–2006 to 0.32 ±
0.03 from 2006–2007 and to 0.35 ±0.02 from 2007-2008 (table 5.4, fig. 5.1). The
experimental change in density of nestlings (∆ density) seemed to affect both male
and female adult local survival negatively (table 5.4). However, when we controlled
for the change in brood size (∆ bs), the manipulation that was used to create differ-
ences in densities, the effect of ∆ density became non-significant (β = –0.005 ±0.004
SE, χ2 = 1.524, df = 1, p = 0.217). ∆ bs and ∆ density were correlated (Spearman
rank correlation: rs = 0.455, n = 589, p<0.001) but because the brood size effect
alone showed a stronger negative relation with survival (β = –0.060 ±0.028 SE, χ2 =
4.422, df = 1, p = 0.035), we believe that the negative effect of ∆ density on adult
survival is due to the fact that the majority of broods in plots with increased density of
nestlings received additional young in the nest and parents tending enlarged broods
survived less well (Nicolaus et al. unpublished ms). The survival to the next year for
both adult sexes was significantly positively related to the breeding pair density of the
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plot in which an adult had bred (table 5.4, fig. 5.1) and also remained significant
when controlling for the significant interaction effect “∆ bs * ∆ plot sex ratio” found by
Nicloaus et al. (unpublished ms) (breeding pair density: β = 0.046 ±0.018 SE, χ2 =
6.366, df = 1, p = 0.012). Both the relation with breeding pair density and the effect
of ∆ density did not vary between years (tested in final model, year * breeding pair
density: χ2 = 1.057, df = 2, p = 0.589; year * ∆ density: χ2 = 1.284, df = 2, p =
0.526). Adult survival was not affected by the fledgling density, same- or opposite-sex
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Table 5.4 Model summaries of analysis on local adult survival examining the effects of adult sex,
breeding pair density, fledging density, same sex fledgling density, opposite sex fledgling density,
fledgling sex ratio category and ∆ density (experimental change in nestling density at day 6) per
plot for three study years 2005–2007. Survival was corrected for year differences and variables
were tested sequentially. Correlated variables were not tested in the same model. Summaries are
derived from the binominal response mixed-modelling procedure in MLwiN; n = 982.

Explanatory variable β (SE) χ2 df P

Final model

Intercept –1.634 (0.145) 126.305 1 <0.001

Year 2006 1.149 (0.242) - - -

Year 2007 0.814 (0.200) 40.431 2 <0.001

Breeding pair density 0.046 (0.018) 6.440 1 0.011

∆ density –0.007 (0.003) 4.107 1 0.043

Random effects plot - - 1 -

cohort 0.025 (0.050) 0.262 1 0.609

nest - - 1 -

Rejected terms

Sex –0.214 (0.148) 2.089 1 0.148

Sex x number of breeding pairs 0.008 (0.025) 0.098 1 0.754

Sex x ∆ density –0.008 (0.006) 1.490 1 0.222

Fledgling density# 0.002 (0.003) 0.566 1 0.452

Sex x fledgling density# 0.005 (0.005) 0.919 1 0.338

Same sex fledgling density –0.002 (0.003) 0.462 1 0.497

Sex x same sex fledgling density –0.006 (0.006) 1.045 1 0.307

Opposite sex fledgling density 0.002 (0.002) 0.636 1 0.421

Sex x opposite sex fledgling density 0.007 (0.004) 2.634 1 0.105

Fledgling sex ratio: control -0.451 (0.188) 5.838 2 0.054

Fledgling sex ratio: male biased –0.116 (0.176)

Sex x fledgling sex ratio: control –0.292 (0.368) 2.734 2 0.338

Sex x fledgling sex ratio: male biased –0.515 (0.353)

# tested while correcting for the factor year only



fledgling density or the sex ratio of fledglings per plot (table 5.4). There were no sex-
specific effects of fledgling density or fledgling sex ratio and no difference between the
sexes in the effects of same-sex or opposite-sex fledgling density on adult local survival
(table 5.4). Including the non significant ∆ bsr (β = –0.131 ±0.281 SE, χ2 = 0.218,
df = 1, p = 0.640) did not change the final model. Thus, adult annual local survival
was positively related to high densities of adults, negatively affected by an increase in
brood size and varied strongly between years.

Discussion 

Importance of the social context for survival
We tested whether local survival of juvenile and adult great tits was affected by sex-
specific local competition. Our predictions were that high local numbers and a high
number of male fledglings should relate to high levels of competition. This should
negatively affect local survival of young males by increasing competition for available
territories and negatively affect survival of young females by increasing competition
for food. We found that young of both sexes showed lower local survival to the next
year when breeding pair densities were high. However, in contrast to our predictions
the local density of fledglings of the same sex positively affected survival of both male
and female young. This might be because males were positively affected by their own
sex density but females were affected by the absence of males. Then however, the
density of opposite-sex fledgling should have significantly interacted with sex which
was not the case. Neither female nor male juvenile survival was affected by the
density of opposite sex fledglings per plot. In contrast to the juveniles, adult local
survival for both sexes related positively to high breeding pair densities and was nega-
tively affected by brood size enlargement. Our aim was to manipulate absolute fledg-
ling densities to create substantial differences in competitive pressure that should
negatively affect adults and juveniles. However, our density manipulation on the plot
level was probably too weak or post-fledging movement to strong to create such an
effect (see also box A). 

The explanation for the effect of same sex density on local survival of young great
tits will depend on the type of resources individuals competed for and in which period
competition took place but also on how long the experimental change in plot composi-
tion lasted. The first explanation that is at least partly applicable to our results is based
on a descriptive model presented by Tinbergen et al. (1987). Although adult males
generally succeed in defending their territory in autumn (Drent, 1983), Tinbergen et
al. (1987) suggested that at given densities of territorial adult males, the chances for
candidate males (local young or immigrants) to settle in an area is positively related to
increasing numbers of their own type. They argued that this might be because the cost
for adult males to defend a large territory increases with increasing number of candi-
dates (more competitive encounters). Consequently, established adult males should
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reduce the size of their territory which would create “empty” space and allow more
candidates to settle (Tinbergen et al., 1987). Therefore, local survival of young males
would be higher when there are more individuals of their own age and sex in the local
area. This process might require that the sex-biased composition of the plots lasted
until the territorial phase in autumn or that young males stayed together in male
biased flocks. Observations during the post-fledging phase in our study area provided
evidence that the experimentally biased plot sex ratios, at least in some years,
persisted until September (box A). It is however also possible that some members of a
summer flock aggregate together in autumn and winter flocks (Saitou, 1979b) and
that those flocks still showed a sex-biased composition. Although females generally do
not engage in territorial activities (Drent, 1983) there also can be severe skirmishes
between females before the breeding period (C. Both personal observation) thus the
same explanation might also apply to young females. 

A second explanation for the positive effect of same-sex densities on survival might
be that growing up in a same-sex environment makes you a better competitor. Early
and frequent interactions with individuals of the same sex may shape sex-specific
competitive abilities of juveniles. This process may require behavioural or even physio-
logical changes in juveniles that enhance their performance in competition with older
same-sex individuals or immigrants during territory establishment, fighting for food or
when competing for a partner. This mechanism would also work when individuals do
not remain associated with same-sex individuals during autumn and winter. In birds it
has been shown previously that early social interactions are necessary for the develop-
ment of normal behavioural patterns (Groothuis & van Mulekom, 1991; Groothuis,
1992). However it still needs to be established whether an increase of encounters with
same-sex individuals improves sex-specific competitive performance of young birds.
Although we cannot show which processes shaped our results, our experimental study
provides first evidence that a mechanism in juvenile birds might exists which promotes
survival in the presence of conspecifics of the same age-sex class. Same-sex associa-
tions between unrelated individuals have been reported for meadow voles (Microtus
pennsylvanicus; Beery et al., 2009), African wild dogs (Lycaon pictus; de Villiers et al.,
2003) or various non-human primate species (Vanhooff & Vanschaik, 1994; Parish,
1996). For Townsends voles (Microtus Townsendii) it was even shown that the pres-
ence of same-sex-siblings can have positive effects on recruitment (Lambin, 1994).

Natural density effects
We will discuss here possible explanations for why local breeding pair densities related
differently to adult and juvenile local survival. The negative relation of local breeding
pair densities with juvenile survival and the positive relation with adult survival were
apparent in all years although the annual densities varied to a large extent. The higher
adult survival in high density plots might be explained by plot quality traits (high food
abundance, low predator density) that correlated with plot breeding pair densities and
also improved local survival. We have indications, that plots which showed generally
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higher breeding pair densities in our study area are situated close to villages where
artificial winter food is provided (unpublished data). If winter food or general plot
quality enhances local survival this should however, also apply to juveniles. We judge
it likely that artificial food might be easier accessed by adults as they probably have
previous knowledge of food sources from earlier years or because they simply domi-
nate juveniles in competitive interactions (Saitou, 1979c; Drent, 1983; Hogstad,
1989). Alternatively, high density of local adults may have negatively affected survival
of juveniles by affecting competition for non-food related resources (roosting places or
territories). Several authors reported that densities of adults related negatively to the
number of juvenile local settlers in great tits (Kluyver, 1951; Van Balen, 1980; Drent,
1983) and song sparrows (Melospiza melodia; Arcese, 1989; Arcese et al., 1992) and
even juvenile mortality rates that increase with increasing population density
(Kluyver, 1951). However, other studies reported that fledgling local survival rates
were independent of adult densities (Klomp, 1980; Van Balen, 1980). It has been
shown experimentally in willow tits that juveniles can suffer reduced survival in mixed
age groups (Ekman et al., 1981) probably due to displacement by dominant adults
from good foraging areas (Ekman & Askenmo, 1984). Manipulating adult densities
during different phases outside the breeding season might provide more clarity about
the mechanisms involved in competition between age-classes during this period. 

The lack of negative sex-specific effects
Strikingly, our expectations that there should be negative effects of the number of
same-sex competitors on male and opposite sex competitors on female juvenile
survival were not confirmed. We could find no difference between the sexes in how
fledgling density, breeding pair density, fledgling sex ratio, change in density or oppo-
site-sex fledgling density affected survival of both juvenile and adult great tits to the
next years breeding population. 

It is possible that sex-specific behaviours of juveniles, especially aggressive ones,
only manifest themselves after moult in late summer and autumn. By this time the
experimental changes in plot densities and sex ratios were probably weakened due to
movements of birds between plots (box A). However, as the positive effect of same-sex
fledgling density is indeed a sex-specific effect, another explanation is more likely,
namely that juveniles in our study population distributed themselves after fledgling in
a way to reduce sex-specific local competition (chapter 4). In an analysis on post-
fledging movements we found that female juveniles dispersed further from male
biased plots than male juveniles especially in the period when male start to become
territorial. Male young on the other hand moved away more strongly from plots with
generally high numbers of local competitors (chapter 4). This dispersal behaviour
might allow individuals to reduce negative effects of competition. For adults, the lack
of any sex-specific effects on survival might primarily be explained with their general
dominance over juveniles at least until moult (Drent, 1983). One would probably
need to alter sex-specific adult densities to detect an effect on survival of this age class
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(for examples see: Le Galliard et al., 2005a; Smith, 2007). Several studies in birds or
mammals speculated that segregation of seasonal foraging habitats by sex (Ketterson,
1979b; Marra, 2000; Breed et al., 2006) the formation of sex-specific winter flocks
(Benkman, 1997) or sex-specific foraging tactics (Steer & Burns, 2008) are the evolu-
tionary result of avoidance of harmful inter-sexual interactions. Although the subdom-
inant sex may suffer negative consequences from e.g. choosing a suboptimal foraging
habitat (Marra & Holmes, 2001), behavioural adaptations may explain why there is
only little evidence for direct negative effects of inter-sexual interactions on survival of
the subdominant sex (Dunbar & Crook, 1975; Le Galliard et al., 2006).

Conclusions
Our findings strongly suggest that it cannot simply be assumed that all individuals in a
population are equally affected by density dependent mechanisms or that density has
mainly negative effects on survival. In the future, studies should focus on how not
only density but also the sex and age distribution within a population affect individual
survival. Detailed behavioural studies in combination with experimental alteration of
the social structure will help to gain insight in how social traits affect the dynamics of
behavioural interactions. Thereby we will be better able to understand how the
density and sex ratio of the local population affect competition for specific resources
which in turn affect the individual success of males and females. A profound knowl-
edge of the biology of a species will help to make more specific prediction about the
outcome of sex-specific competition.  Furthermore, long term monitoring of subse-
quent breeding decisions and fitness of survivors will provide more insight in how the
social environment can affect population dynamics especially in sexually size dimor-
phic species and species that show a strong social hierarchy in competition for
resources. 
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Introduction

The nature of the proximate mechanisms responsible for biased offspring sex ratios
have been debated extensively in the past years (Krackow, 1995; Emlen, 1997; Oddie,
1998; Komdeur & Pen, 2002; Pike & Petrie, 2003). In birds direct modulation of
offspring sex ratios can be expected as females are the heterogametic sex (ZW while
males have ZZ) and sex-determining division in meiosis occurs prior to ovulation and
fertilization (Pike & Petrie, 2003; Rutkowska & Badyaev, 2008). There is growing
empirical evidence that avian sex ratios are biased at conception (Heinsohn et al.,
1997; Badyaev et al., 2002; Komdeur et al., 2002; Polo et al., 2004; Pike & Petrie,
2005; Pryke & Griffith, 2009). This probably involves molecular and cytological mech-
anisms during avian meiosis such as biased segregation of sex chromosomes
controlled by epigenetic factors, potentially hormones (Petrie et al., 2001; Pike &
Petrie, 2003; Rutkowska & Badyaev, 2008). However, other authors emphasized the
importance of sex-specific embryo mortality as cause of biases in sex ratios observed at
hatching (Krackow, 2002; Cichon et al., 2005; Rutkowska & Cichon, 2006; Svensson et
al., 2007). Embryo mortality might be the by-product of sexual dimorphism in suscep-
tibility to early environmental conditions or embryonic growth rates (Krackow, 2002;
Cichon et al., 2005). When one sex (the larger in sexually dimorphic species) is more
susceptible to unfavourable condition, this should not be restricted to the egg stage
(Whittingham & Dunn, 2001; Svensson et al., 2007) but should also manifest itself at
later stages (Nager et al., 2000; Kalmbach et al., 2005; Müller et al., 2005). 

Several problems may arise when egg sexes are used to determine primary brood
sex ratios (sex ratio at conception). Sexing of eggs that show only early embryonic
development has been shown to be rather unreliable (Arnold et al., 2003). Probes can
be contaminated by parental DNA or if DNA concentrations are low the sensitivity of
the primers may differ between the Z and W chromosomes resulting in false sex
assignment (Arnold et al., 2003). As a consequence many studies only attempted
sexing of eggs where a visible embryo was present (Polo et al., 2004; Cichon et al.,
2005; Pike & Petrie, 2005,, 2006) thus ignoring part of the real primary sex ratio.
Another problem often neglected is that also sexing of eggs with visible embryonic
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tissue often fails (Alonso-Alvarez & Velando, 2003; Polo et al., 2004; Rutkowska &
Cichon, 2006). Sexing might have been unsuccessful due to degradation of embryonic
tissue which will be more advanced the longer the incubation of “dead” eggs has taken
place. DNA degradation is probably also higher in larger broods as more nestlings
increase the temperature in the nest (Mertens, 1969). However, to our knowledge it
its unknown how the degradation of tissue will affect the annealing of the sex-specific
primers. The most commonly used sexing method amplifies stretches of DNA by poly-
merase chain reaction (PCR) that are 350–400 bp long (Griffiths et al., 1998). If the
sample DNA is degraded into pieces < 350 bp this will interfere with the accurate
amplification of the CHD-W and CHD-Z target regions for the P8/P2 sexing primers.
These issues raise the question whether sex ratio biases found in eggs should be used
to make inferences about primary sex ratio adjustment. 

In this study we investigate sex ratio patterns and sexing success for dead collected
offspring of great tits (Parus major) at the egg stage and two nestling stages, namely
nestlings that died between hatching and day 2 and between day 2 and day 6.
Furthermore, we investigate factors that might relate to sexing failure of eggs. We
tested whether brood size, estimated hatching date or the time eggs remained in the
nest after hatching related to sexing success of individual eggs.

Methods

Data collection and molecular sexing
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. Blood was stored in 100% ethanol and was transported to the lab
for immediate molecular sexing. All eggs that had not hatched until day 6 and
nestlings that had died before day 2 were collected and directly frozen. Frozen eggs
were cut in four quarter in the lab to see whether signs of embryonic development
were visible (fig. C.1). In 2004 sexing was also attempted for eggs without visible
embryonic development (n = 66) and sexing of those eggs always failed. Thus for
eggs collected during the period 2005-2008, sexing was not attempted for those eggs
in which no embryo could be visually confirmed. When an embryo was visible a small
tissue sample was extracted. For both tissue and blood samples, DNA was extracted
using the Chelex method described by Walsh et al. (1991). Sex of the young was
determined following Griffiths et al. (1998) where part of the CHD-W and CHD-Z
genes from the sex chromosomes were amplified using (PCR) with primers P8 and P2.
The PCR products were separated by electrophoresis on a 2% agarose gel and were
visualized with ethidium bromide staining under UV trans-illumination. When two
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bands were visible (ZW) the sample was assessed to be from a female while one band
indicated that the sample originated from a male (ZZ). For samples that had failed to
show clear bands sexing was always tried one more time and in 2005 two additional
attempts were made.

Data analyses
The reasons for not-hatching were numerous. Some eggs seemed either not fertilized
or development had ceased at a very early stage and consequently for those eggs no
tissue sample was taken (n = 326). However, of the eggs from which a tissue sample
could be obtained, still 54% (117/217) could not be sexed successfully. Hatching
failure of eggs with embryonic development could come about because some females
had abandoned the brood before hatching for unknown reasons (7 broods with 47
eggs). Sometimes, some eggs in a brood were delayed since they were laid after
females had started incubation (at least 4 broods with 6 eggs). Furthermore, females
often ceased incubation after the first young in the brood hatched (personal observa-
tion). We tested whether brood size, estimated hatch date and the time eggs remained
in the nest after hatching of the other nestlings affected the sexing success of indi-
vidual eggs. For this we analysed sexing success as binominal dependent variable in a
multilevel model (MLwiN 2.0; Rasbash et al., 2004) with logit link function. We fitted
plot, cohort (all broods within a year), brood and individual as random effects (levels)
and permanently controlled for year differences in the model (the four years 2005-
2008 with 2005 as reference category). We tested significance of the continuous vari-
ables “brood size at hatching”, “days collected after hatching” and “hatching date” (all
centred on their population averages). For all other statistical analyses we used
STATISTICA version 7 (StatSoft, Inc. 2004).
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Figure C.1 A) The left hand figure shows a great tit egg where no embryonic development could
be visually detected. B) The right hand figure shows an egg with clear signs of embryonic devel-
opment. a) egg shell, b) albumen, c) yolk, d) embryonic tissue.



Results

From 2005-2008 we had records of 7969 eggs laid in first broods in our study area of
which 7426 (93%) had hatched. Unhatched eggs (n = 543) had remained in the nest
after the estimated hatch date for on average 7.2 days ±0.44 SE (min = 0, max =
50). This shows that most eggs where collected during nestling measurements on day
6. In cases of abandoned broods, eggs were collected earlier (n = 60). In some cases
(n = 27) eggs were collected at day 10, 14 or after nestlings had fledged and in case
of one brood eggs (n = 3) were only collected much later (50 days after hatching).
The sexing of unhatched eggs from first broods was not very successful with only
117/543 (21.55%) that could be sexed (see also fig. C.2). The sex ratio of those sexed
eggs was biased towards males (44 females, 73 males, χ2 = 7.188, df = 1, p = 0.007;
fig. C.3). The mortality of young between hatching and day 2 was 7.5 % (556/7426).
Of the chicks collected dead at day 2, 95.7% could be sexed and the sex ratio was not
biased to either sex (280 females, 252 males; χ2 = 1.474, df = 1, p = 0.225; fig. C.3).
The mortality between day 2 and day 6 after hatching was 11.67% (797/6829). The
sex of all chicks that had died in this period was known and the sex ratio was unbiased
(405 females, 392 males; χ2 = 0.212, df = 1, p = 0.645; fig. C.3). 

Sexing success was significantly lower for eggs from larger broods (brood size:
β = –0.221 ±0.054, χ2 = 16.971, df = 1, p <0.001) and for eggs that had remained
longer in the nest after hatching (days collected after hatching: β = –0.082 ±0.037,
χ2 = 4.885, df = 1, p = 0.027; other terms in the model; intercept: β = 0.115
±0.339, χ2 = 0.116, df = 1, p = 0.733; years: χ2 = 4.841, df = 3, p = 0.184).
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Tissue sample sexing results 18 July 2005

49 59 72

Figure C.2 Agarose gel showing PCR gene products separated by gel electrophoresis from ampli-
fication with the P8/P2 sexing primers. Two bands indicate that the sample originated from a
female (ZW) and one band from a male (ZZ). The samples 49–58 were obtained from eggs
(embryos) while the samples 59-72 were obtained from hatched nestlings that were collected
dead in the nest between days 0–2. Samples 58 and 71 were verified as males after a second and
third trial respectively. Other samples that showed no result here also failed to show results in a
second and third trial.



Hatching date showed no significant relation with sexing success (β = 0.051 ±0.036,
χ2 = 2.001, df = 1, p = 0.157). The variation at nest level in the final model was not
significant (β = -–0.221 ±0.054, χ2 = 1.694, df = 1, p = 0.193) and the variation at
cohort and plot level was zero.

Discussion

We could show that in our sample of dead collected eggs and nestling great tits the sex
ratio was biased only among eggs but not among dead nestlings. However, the sexing
success of eggs was considerably reduced compared to the sexing success of nestlings
collected dead at day 2. Since dead eggs remained in the nest considerably longer
than dead nestlings they probably suffered more from tissue and thus DNA degrada-
tion which affected sexing success and possibly also the unbiased annealing of sex-
specific primers to the DNA. This reasoning is supported by our finding that eggs that
had remained in the nest for longer time and eggs from larger broods were less
successfully sexed. Low quality/quantity DNA samples are more likely to be wrongly
scored as males, because the P8/P2 primers may fail to amplify the longer CHD-W
fragment (Arnold et al., 2003). Many of our DNA samples from unhatched eggs were
probably of low quality and hence 54 % of the sexing attempts failed completely.
Therefore, it is conceivable that a part of the egg samples that did work were falsely
scored as males. 

Numerous studies have reported on average male biased sex ratios among
unhatched eggs (Whittingham & Dunn, 2001; Cichon et al., 2005; Rutkowska &
Cichon, 2006; Svensson et al., 2007), sometimes all unhatched eggs were exclusively
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Figure C.3 Left y-axis and the dark grey bars show the sex ratio of dead offspring and right y-axis
and light grey bars show the proportion of dead offspring that could be sexed for three stages
where dead offspring were collected: as egg, as nestling that died between hatching and day 2
and as nestling that died between day 2 and 6. The dotted line represents a balanced sex ratio.



assigned to be male (Rutkowska & Cichon, 2006). Often the conclusion from those
studies was that male embryos were more susceptible to adverse condition during
incubation possibly because of sex differences in growth rates or size. Especially for
those studies that could not find a male biased morality among nestlings
(Whittingham & Dunn, 2001; Svensson et al., 2007) this seems to be an unlikely
explanation. It is therefore possible that in these studies such as in ours, the biased sex
ratio among the collected eggs was due to a bias in the (successfully) sexed sample or
that females were erroneously detected as males due to biased primer annealing to the
W chromosome (Arnold et al., 2003). 

Our results show that inferences about egg sex ratios should be made with caution.
Sex ratio biases among eggs might be caused by the sexing or sampling procedure
itself and this leads to deduced primary sex ratio not representing the sex ratio at
conception. This will affect conclusions drawn from such studies and may hamper the
detection of the proximate and ultimate causes for sex allocation strategies.
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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

Density and sex ratio affect sex allocation

123



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
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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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Figure 6.2 A) Brood sex ratio of yearling female breeders produced the next year (t+1) is related
to the original density of young in the plot of fledging (year t), n = 146. The explanatory vari-
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the next year (t+t) is affected by the experimental change in plot density the previous year (t),
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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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The social environment and sex-specific fitness prospects

If one sex is more numerous in a population than the other, the value of the abundant
sex would be reduced as it would have lower chances of finding a mating partner
(Fisher, 1930). Recruitment until first mating however, may also be affected by the
level of competition the offspring experience locally (Clark, 1978; Komdeur & Pen,
2002). To predict sex-specific reproductive investment of parental birds we will thus
have to quantify how offspring’s reproductive value is affected by the degree of sex-
specific local competition (Fisher, 1930). Especially in species with overlapping gener-
ations and strong social structures it becomes important for researchers to incorporate
all the cost and benefits that the offspring sexes incur on their parents after independ-
ence (Cockburn et al., 2002).

Competition can be for resources such as food, space or mates. For some resources
individuals only compete with members of their own sex while for others competition
also takes place between the sexes. Sex-specific traits such as sex-biased natal
dispersal tendencies and sex-biased competitive ability can increase or decrease the
value of a given offspring sex depending on the type and strength of local resource-
competition (Clark, 1978; Gowaty, 1993; Cockburn et al., 2002). For instance a
restriction in the abundance of local resources reduces the future fitness benefits that
parents obtain from producing the more philopatric sex (Clark, 1978), even in species
where the philopatric sex is helping the parents to raise future broods (Komdeur,
1996; Emlen, 1997). Furthermore, in many species females are prone to loose compe-
tition from males due to their smaller size (Kluyver, 1957; Ketterson, 1979; Tarvin &
Woolfenden, 1997; Steer & Burns, 2008). The success of a given offspring sex in
competition for resources thus depends on these sex-specific traits, on the relative
abundance of the resources competed for and the densities and relative frequencies of
males and females in the local population or the local group (the social environment). 

Aim of the thesis and study species

In this thesis I investigate experimentally how local competition within and between
the sexes can shape the expected fitness gain (dispersal and survival) that parents may
have from producing a certain offspring sex and test directly for effects of plot sex
ratio and density on sex allocation in the next season. Understanding the factors that
lead to adaptive biases in sex allocation in birds and mammals is an important and
challenging task in current evolutionary biology (Sheldon, 1998; Cockburn et al.,
2002; Komdeur & Pen, 2002).

Investigating how fitness prospects of the offspring are sex-specifically affected by
social interaction requires long-term (beyond a single breeding season) monitoring of
offspring performance (survival, dispersal and future reproduction) in relation to
social variables. Only few studies tried to investigate how offspring survival was sex-
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specifically affected by social interactions (Clobert et al., 1988; Jorgenson et al., 1997;
Wauters et al., 2004) while studies looking at sex-specific dispersal in relation to social
factors are more numerous (Greenwood et al., 1979; Nilsson, 1989; Delestrade et al.,
1996; Le Galliard et al., 2006; Eikenaar et al., 2008b; Gaillard et al., 2008; Long et al.,
2008; Wilson & Arcese, 2008). 

In the great tit, males and females differ in size (Oddie, 2000; Nicolaus et al.,
2009), plumage (Hegyi et al., 2007; Isaksson et al., 2008), dispersal tendencies
(Greenwood et al., 1979; Dingemanse et al., 2003; Tinbergen, 2005) and social domi-
nance (Kluyver, 1957; Saitou, 1979c; Drent, 1983). Therefore, we expected slight
ecological differences between the sexes that potentially could affect sex-specific
dispersal and/or survival under varying local competition even before first reproduc-
tion. In addition, we were keen to find out whether selection in this early life phase
would depend on the relative frequency of the sexes, perhaps promoting balanced sex
ratios. 

More specifically, we expected that high local densities and a male biased sex ratio
would increase within-sex competition for males and between-sex competition for
females. The local reproductive success of male and female great tit young should then
depend on the levels of within- and between sex competition and parents should
produce the offspring sex that is least negatively affected by increased local competi-
tion. However, if competition mainly takes place within the sexes thus males only
compete with other males and females with other females, sex allocation would be
expected to be frequency dependent such that individuals should produce the locally
least abundant sex.

The fitness components we investigated in our study were post-fledging dispersal
patterns, local survival in the post-fledging phase and local annual survival. The latter
can be seen as the result of behavioural adaptations to the social and physical environ-
ment.

General findings

We found little experimental evidence that offspring survival was negatively affected
by competition between or within the sexes. Rather survival of the offspring after
fledging was positively affected by the number of same sex competitors, indicating a
sex-specific effect causing frequency dependence that would counteract locally
balanced population sex ratios.

Dispersal of male and female juvenile great tits did differ sex-specifically in
response to experimental changes in local density and sex ratio. Female young
dispersed more than males from male biased plots while male young dispersed more
than females from high density plots. I interpret this as a behavioural adjustment to
the local level of sex-specific competition (within-sex competition for males and
between-sex competition for females, table 7.1). 
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Female sex allocation in the subsequent season was affected by the experimental
changes in both, the local density and the local sex ratio. This result shows that great
tits can adjust their sex ratio to the social environment. However whether this reaction
was adaptive remains to be shown. Possibly sex-specific offspring dispersal in relation
to altered social environments varied the future fitness prospect for a given offspring
sex (fig. 7.1). Below we discuss our findings in more detail and try to link effects on
fitness traits with effects on subsequent sex allocation.
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Table 7.1 Evidence for between-sex and within-sex competition (or facilitation) effects on A)
movement and B) survival of male and female juvenile and adult great tits in different phases
between two breeding seasons. In bold the overall support for within- or between-sex competition.

Period Juvenile males Juvenile females Adult males Adult females

A)

Summer (early Disperse more from Little evidence Move away from Move away from   
post-fledging high density plots male biased plots male biased plots 
phase) (chapter 4, table 4.3) (Box B, table B.1 (Box B, table B.1)

= Within sex = Within sex = Between sex
competition competition competition
(with adults)

Autumn (late Disperse more from Disperse more from Stay always close Move more from   
high density plots male biased plots to their territory control plots 
(chapter 4, table 4.4) (Chapter 4, table 4.4) (box B, table B.2) (box B, table B.2) 
= Within sex = Between sex = Within sex = Mixed evidence
competition competition competition
(with adults)

Overall Within sex Between sex Within sex Between sex 
competition competition competition competition

B)

Total post- Lower survival in Lower survival in – –
fledging phase male biased plots, male biased plots,

year dependent year dependent 
(chapter 3, fig. 3.3) (chapter 3, fig. 3.3)
= Within sex = Between sex
competition competition
(year dependent) (year dependent)

Between Positive effect of Positive effect of Little evidence Little evidence    
seasons same-sex densities same-sex densities

(chapter 5, table 5.3) (chapter 5, table 5.3)
= Within sex = Within sex
facilitation facilitation

Overall Within sex Within sex Little evidence Little evidence
facilitation facilitation



Sex-specific offspring survival
As mentioned above we found only relatively few and small sex-specific effects of
within- and between-sex competition on survival of the offspring. During the post-
fledging phase male and female offspring survival was affected equally by the local
population sex ratio, showing that the social environment did affect offspring perform-
ance but not sex-specifically (chapter 3). However, the direction of the effect differed
between years. In 2005 apparent survival of juveniles from male biased plots was
lower than survival of juveniles from control and female biased plots, while in 2006
this pattern was reversed (chapter 3). This suggests that the direction of the plot sex
ratio effect on post-fledging survival was shaped by ecological factors. These years
differed in natural densities (lower in 2006) and the proportion of second broods initi-
ated (higher in 2006). It is possible that at overall low densities, parents trade-off
investment in second brood with post-fledging care to first broods but only for female
biased and not male biased first broods as males have presumably higher fitness at low
local densities. However, this needs to be further investigated by detailed behavioural
observations in the post-fledging phase. 

Local annual survival showed no negative relation with the number of same- or
opposite-sex competitors but instead we found that individual young of both sexes
had slightly but significantly higher survival when fledged from plots with high local
numbers of young of their own sex (chapter 5). This important finding is the only sex-
specific effect on offspring survival that we found and it is against our expectations,
that sex-specific competition should mainly have negative effects on survival. This
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Figure 7.1 Schematic overview of how the social environment can effect sex allocation by
altering the sex-specific cost-benefit fitness balance. In our study on the great tit the main
pathway was via alteration of sex-specific dispersal rather than sex-specific survival. 



indicates that apart from negative frequency dependent mechanisms, positive ones
also may affect sex-specific offspring fitness and should thus also be included in sex
allocation theory. 

Local offspring performance was however negatively related to high local numbers
of adults, which indicates that competition with adult individuals posed a strong selec-
tive pressure for both male and female juvenile survival (chapter 5, see also (Kluyver,
1951). Both the positive same-sex effect on survival and the negative effect of adult
densities fit the hypothesis that in species with male territoriality, male offspring
fitness prospects are determined to a large extent by the competition for available
territorial space (Greenwood, 1980; Pusey, 1987). Young males compete for available
territories but generally cannot defeat established adult males (Drent, 1983;
Tinbergen et al., 1987). However, high local numbers of candidates (young males) put
pressure on the prevailing territorial system (for given adult densities) and may force
established males to reduce the size of their territory allowing candidate males to set
up new territories (Tinbergen et al., 1987). Indeed in our study breeding densities
were higher in plots that had a male biased sex ratio the previous year (thesis M.
Nicolaus). Female juveniles also benefited from high numbers of their own age-sex-
class. It is however questionable whether the same mechanism that works for males
can also be applied to competition among females. Positive effects of the presence of
same-sex siblings on recruitment have been shown for Townsends voles (Microtus
Townsendii; Lambin, 1994) and have also been suggested for root voles (Microtus
oeconomus; Le Galliard et al., 2006). Same-sex associations between unrelated individ-
uals have been reported for adult meadow voles (Microtus pennsylvanicus; Beery et al.,
2009), African wild dogs (Lycaon pictus; de Villiers et al. 2003) or various non-human
primate species (Vanhooff & Vanschaik, 1994; Parish, 1996).

Whether the positive same-sex effect on survival is purely a frequency dependent
mechanism where the success of young birds depends on the relative local number of
adults of a given sex or whether same-sex individuals actively associate with each
other to have an advantage over adults in competition still remains unclear. Clear is
that several factors can act simultaneously or in sequence on an individual’s chance to
survive to the next breeding season, such as movements with the family, dispersal and
final habitat choice (see fig. 7.2).  Therefore, it is difficult to establish the direct causes
of the survival effects observed in this thesis. 

Sex-specific offspring dispersal
In mobile species like the great tit, individuals may be able to reduce negative effects
of local competition by dispersal to areas with lower competition. We indeed found
evidence that juvenile dispersal behaviour was affected by changes in the local social
environment in a sex-specific way. Male juveniles showed stronger movement away
from high density plots while female juveniles avoided male biased plots by dispersing
(chapter 4). We concluded from these results, that male juveniles were negatively
affected by the density of adult individuals, more specifically by competition for avail-
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able territorial space with adult males (table 7.1). This finding is consistent with the
current literature that reports stronger male biased dispersal in birds under increased
local competition for territories (Greenwood et al., 1979; Nilsson, 1989; Delestrade et
al., 1996; Wilson & Arcese, 2008). 

Female juvenile great tits on the other hand increased their dispersal from male
biased plots especially in a period when males start to show aggressive behaviour
more often (August-September, chapter 4; Drent, 1983) and when competition for
resources that can be dominated by males (food, roosting sites) became more impor-
tant (Kluyver, 1951,, 1957). Thus for females, between-sex competition but not
within-sex competition for locally restricted resources such as perhaps food and
roosting sites increased dispersal (table 7.1). 

Studies examining female dispersal patterns in relation to social factors in birds so
far provided mixed results. For example, with higher population densities female
dispersal either increased as shown for marsh tits (Parus palustris; Nilsson, 1989),
decreased as found in the great tit (Greenwood et al., 1979) or in some cases showed
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no relation with local densities like in the great tit (Delestrade et al., 1996) and the
Seychelles warbler (Acrocephalus sechellensis; Eikenaar et al., 2008a). Only one study
on song sparrows (Melospiza melodia) reported that female immigration rates were
positively related to adult sex ratio suggesting that within female competition for
breeding sites was reduced under male biased sex ratios (Wilson & Arcese, 2008). 

In summary, this thesis provides the first evidence that competition with males is
an important social component affecting female’s dispersal decisions and potentially
their fitness prospects. Female’s dispersal behaviour might have reduced negative
effects of between sex-competition on female local survival. However, in this study we
were not able to test directly whether the reproductive performance of dispersers vs.
non-dispersers differed in the year following the experimental manipulation, partly
because we altered the social environment again by manipulating their sex ratio and
brood size every year during the breeding season. 

Sex allocation
As we found negative effects of within-sex competition (for males) and between-sex
competition (for females) on dispersal but positive effects of same-sex densities on
survival of juveniles, it is difficult to make clear predictions about the optimal sex allo-
cation strategies in relation to the social setting. However, we can still use sex alloca-
tion behaviour of individuals in the subsequent breeding season to formulate
hypotheses on the relative value of producing a given offspring sex under variable
social conditions if we assume sex allocation to be adaptive. 

Our result in the year following the plot manipulation showed, that females
adjusted their brood sex ratio towards the sex with higher natal dispersal (females) at
higher densities, where probably competition for resources was intensified (chapter
6). There was a difference in the response between yearling and older females.
Yearling females (that experienced the treatment as juvenile) produced more females
when they had fledged from plots with high natural densities of young, plots that most
likely also had a high breeding pair density (table 6.2 in chapter 6). In contrast, expe-
rienced females (that experienced the treatment as breeder) produced more females in
response to the experimental increase in density (table 6.3 in chapter 6). Thus, year-
ling females probably responded to the expected level of future competition for avail-
able territories while adult females may have responded to the additional potential
juvenile competitors, both male and female (for food, territories and roosting sites).

The differences between yearling and experienced females in their sex allocation
response to the social environment may have originated from the different steps in the
cascade of mechanisms that were affected by the densities and sex ratio manipulation,
as indicated in fig. 7.2. Accordingly, females that experienced the treatment as a
breeder can also incorporate information on local competition in their decision to
make a second brood in the same year (another fitness component). Females that
experienced the treatment as juveniles can adjust their natal dispersal decisions and
habitat choice to the levels of local resources experienced at fledging. 
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Other studies are in line with our findings as in many species sex allocation has
been found to be biased towards the dispersing sex under high local competition for
resources (Hewison & Gaillard, 1996; Komdeur et al., 1997; Johnson et al., 2001;
Dubois et al., 2006; Hjernquist et al., 2009). Producing offspring of the dispersive sex
if the level of competition for territories, roosting sites and food is expected to be
locally high should provide higher fitness prospects (Clark, 1978; Emlen, 1997).
However, as mentioned before, due to our yearly experimental manipulation of the
social plot environment it was not possible to estimate the fitness effects that the sex
allocation response incurred. An experiment that kept the social environment constant
and biased the brood sex ratio to test for adaptiveness of sex allocation decisions has
been started by R. Radersma on the same population and the results are currently
analysed.

Yearling females also responded to the offspring sex ratio in the plot from which
they fledged by producing more females when fledged from male biased plots and vice
versa. Three non-mutually exclusive explanations can be applied for this result. First,
this pattern would be expected if young female’s strife to equalize the plot sex ratio
thus produce the minority sex (Fisher, 1930). Second, the experienced level of within
and between-sex competition was probably high in male biased plots (chapter 4).
Producing females in such a setting might provide higher fitness prospects because
females are more likely to leave the natal plot as discussed before. The third explana-
tion is that yearling females might have had a reduced condition due to increased
dispersal from male biased plots and thus were restricted to produce females, the
presumably less costly sex (Myers, 1978; Gomendio et al., 1990; Wiebe & Bortolotti,
1992). The last explanation might also be applied for the intriguing result that experi-
enced females produced more female biased broods in control plots than in male and
female biased plots (table 6.3 in chapter 6), as adult females also moved further from
control than male and female biased plots in the post-fledging phase (box B). 

Interestingly, we found that yearling females also responded to the last year’s social
setting of the plot they settled in, by producing more females in plots with naturally
high densities but only when the plot previously had a male biased or control sex ratio
(chapter 6). We do not have detailed knowledge of when settlement takes place and
can thus not say whether they responded directly to the social setting at fledging or
rather to plot traits that were altered by movement and settlement. Nonetheless, in
settlement plots with high original densities and a male biased sex ratio, local compe-
tition for territories, roosting sites and food is expected to be high and therefore
producing the dispersing sex in such a setting might be an adaptive choice. 

Are dispersal and sex allocation decisions adaptive?
It still remains to be established, whether the survival, dispersal and the sex allocating
response observed in this thesis indeed provided highest fitness prospects in a given
social setting or whether individuals base their decision on cues that lead to neutral or
even maladaptive choices. This might happen if the cues we manipulated are not
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normally used in sex allocation or dispersal decisions, for example if the spatial scale
of the plot sex ratio and density manipulation did not match the spatial pattern at
which competition generally occurs. Individuals may use information on habitat
quality and the available resources on different spatial and temporal scales (Doligez et
al., 2008). For instance dispersal might have been adjusted to the scale at which the
habitat varied in available resources and an experimental manipulation on a larger (or
smaller) scale might have better matched the scale of habitat heterogeneity. 

That competition (at least for some resources) takes place on a larger scale than
the single plot is also supported by the finding that the manipulation of offspring sex
ratio and density were changed relatively quickly after fledging by extensive move-
ments between plots (box A). Although theses movement revealed important sex-
specific differences in dispersal they also changed the plot composition and thus
altered the local competition pressure individuals experienced and the social informa-
tion content of the plots. 

Another interesting aspect of our experimental manipulation is that the density
and sex ratio of young in a plot can serve as indicators of the expected levels of
competition but can also be used to assess the plot productivity and thus the reproduc-
tive performance of individuals in a plot (Public information). Males and females and
adult and young may differ in whether they use plot densities and sex ratio as cues
that convey positive (public information) or negative (competition) social information
(Doligez et al., 1999; Doligez et al., 2004). 

All these point mentioned above add additional difficulty to the interpretation
whether the dispersal and sex allocation decisions observe in response to the experi-
mental plot treatments are an adaptive response to local competition pressure.

One important step that needs to be taken is to investigate the reproductive
performance of disperser and non-dispersers in the subsequent breeding period and
estimate inclusive fitness. Furthermore, experimental deviation of the brood sex ratio
in the following breeding season and investigation of offspring and parent perform-
ance, as currently undertaken by R. Radersma, will reveal whether the sex allocation
response of individuals was indeed adaptive.
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The life history of a species is crucial to make adequate predictions about the outcome
of sex-specific competition. This means that we need to know of the type of resources
that are competed for and how the sexes differ in what resource-competition they
participate in. Furthermore, the abundance and type of resources competed for may
vary depending on the spatial and temporal structure considered. In this box I will
examine the type or resources that males and females might compete for and in which
period a given resource is more relevant for a given sex, with a special emphasis on the
great tit.

Types of resource-competition
Food: Food is a resource that is important all year round but can become increasingly
restricted in winter (Van Balen, 1980; Newton, 1998). As a consequence, competition
for food should be more severe in autumn and especially in winter (Newton, 1998).
Most individuals in the population will engage in competition for food but this compe-
tition could be of an exploitation-type (individuals do not interact directly) or an inter-
ference-type (individuals interact directly) (Begon et al., 1996). In the case where
exploitation-competition is more prevalent, the local number and potentially the local
sex ratio would determine how fast food is depleted. The amount of food that remains
should affect all members in the local population similarly (Begon et al., 1996). On
the other hand, in case of interference-type competition, sub-dominant individuals
will perform less well than dominant individuals (Vahl et al., 2005). Often young indi-
viduals and female adults will be out-competed by adult males and/or older individ-
uals (Kluyver, 1951,, 1957; Dunbar & Crook, 1975; Saitou, 1979c; Hogstad, 1989).
However, the generally different sizes of males and females may also mean that they
use different types of food (Webster, 1997; Markman et al., 2006; Liordos & Goutner,
2009). To attain certain kinds of food it may also be more beneficial to be smaller
(Webster, 1997) and a smaller size may also have the benefit of lower energy require-
ments (Slagsvold et al., 1986; Teather & Weatherhead, 1988; Anderson et al., 1993;
Vedder et al., 2005a) with consequently better performance under less favourable
conditions (Teather & Weatherhead, 1988; Müller et al., 2005; Benito & Gonzalez-
Solis, 2007; Martín et al., 2007). 
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Territories: In most territorial species, competition for available territories will take
place mainly if not exclusively between males and the great tit, the onset of this
competition is in late autumn early winter after moult (Kluyver, 1951; Drent, 1983).
Several studies suggested that during autumn, young male great tits do not out-
compete older males on their local territories but that they mainly compete for open-
ings in the prevailing territorial system (Drent, 1983; Tinbergen et al., 1987). At the
beginning of the breeding season, when it becomes clear which individuals survived
the winter and where new territories become available, there is another period of
increased territoriality (Hinde, 1952; Drent, 1983). To what extent females may
engage in territorial activities is so far not well established, but in the great tit system
the success of a male to hold a territory may also depend on whether he has a mate or
not (Sandell & Smith, 1991).

Roosting sites: In winter great tits generally roost in holes (Hinde, 1952; Kluyver,
1957). In our study population, competition for nest boxes as roosting sites becomes
increasingly important in autumn and winter when the leaf coverage has gone.
Competition for roosting sites is of an interference-type thus dominant individuals can
actively excluded subdominants with the result that a higher proportion of adults and
generally a higher proportion of males is found roosting in nest boxes (Kluyver, 1951;
1957; see also table D.1). There is a temporal pattern in the sex ratio of birds roosting
in nest boxes with a lower proportion of females in early and mid winter that gradu-
ally increases (Kluyver, 1951; 1957; see table D.1). This indicates that the sex-biased
dominance advantage that males have in competition for nest boxes as roosting places
might change during the course of winter with females becoming more dominant
toward spring. Alternatively males might change their preference towards sleeping in
trees in spring (Kluyver, 1957).
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Table D.1 Number of female (F) and male (M) great tits caught in nest boxes and in mist-nets
during the winters 2005-2006, 2006-2007 and 2007-2008. Numbers are shown for juvenile
(locally born young) and adult (locally breeding adults) great tits separately and right hand
number in columns represents the sex ratio (proportion of males).

Caught in nest box Caught in mist-net

Age group Juveniles F/M Adults F/M Juveniles F/M Adults F/M

November 19 / 42; 0.69 20 / 38; 0.65 12 / 43; 0.78 11 / 23; 0.68

December 132 / 306; 0.70 228 / 313; 0.58 6 / 10; 0.62 5 / 17; 077 

January 10 / 24; 0.71 40 / 46; 0.53 0 / 2; 1.00 0 / 3; 1.00

February 76 / 123; 0.62 91 / 113; 0.55 11 / 10; 0.48 5 / 4; 0.44

March 5 / 18; 0.78 22 / 24; 0.52 22 / 25; 0.53 10 / 8; 0.44

Total 242 / 513; 0.68 401 / 534; 0.57 51 / 90; 0.64 31 / 55; 0.64



Mates: Great tits are generally monogamous breeders (Hinde, 1952). When exactly
pair formation takes places remains unclear. Previous studies reported that noticeable
pairs became first apparent in late winter and early spring when winter flocks break
up (Hinde, 1952; Saitou, 1979a). However, other studies reported that pair formation
already took place in autumn and that pairs partly stayed together all winter (Kluyver,
1951). This view is supported by the finding that pairs are mostly formed by males
and females belonging to the same winter flock (Saitou, 1979a). Generally it is
assumed that females compete amongst each other for the available male territory
holders (Greenwood, 1980). However, we cannot exclude that when there is a lack of
females, males may also need to actively compete for females.

Dispersal strategies reveal types of resource competition 
Dispersal in the post-fledging phase gives a good indication of how the social environ-
ment might have affected behaviour and what resources were mainly competed for
(chapter 4). Male juvenile dispersal was more strongly affected by high local densities
than female juvenile dispersal, indicating that at high densities a resource becomes
restricted where mainly males competed for. This resource is most likely the number of
available local territories which seems to be the most important cue to leave an area
for young males (Greenwood et al., 1979; Nilsson, 1989; Delestrade et al., 1996;
Wilson & Arcese, 2008). Young males can use the local densities of juveniles and
adults present at the time when these young males fledge as an indicator of the terri-
tories available in autumn (adult densities) and the intensity of competition for these
territories (juvenile male densities) (Tinbergen et al., 1987). Female juvenile dispersal
was affected more strongly by the plot sex ratio treatment than male juvenile dispersal
but only in the later post-fledging phase (September-October, fig. 4.4 in chapter 4).
This indicates that after moult, females experienced increased competition in male
biased plots. This competition was most likely for food and/or for roosting sites. We do
not know when exactly these resources become limiting but that competition for
roosts can be intense is supported by the regular detection of dead or wounded indi-
viduals during nest box checks (personal observation). It is likely that competition for
roosting sites starts to become more important in October and that females left male
biased plot because they lost competition for roosts more often (box A). Furthermore,
data on roosting checks (table D.1) showed that females seemed to leave our study
plots temporarily during winter which suggests that females minimized between-sex
competition for food and roosting sites. For males leaving the area might be more
costly than to stay in the plot and compete for the available resources there, as they
would loose their dominance advantage (Sandell & Smith, 1991). Such spatial segre-
gation of the sexes in winter has been reported for several bird species (Ketterson,
1979b; Hepp & Hair, 1984; Marra, 2000) and might be a widespread phenomenon. 

The male and female great tits that were present in our study plot in winter did not
seem to differ in the type of food consumed (berries, seeds and different insects) or
the food-niches used (place in tree and tree species) as a study in November and
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December 2006 showed (B. Van Schoten unpublished master thesis). But we cannot
exclude that females partly leave the study are in winter to forage on different types of
food. Due to their smaller size they might have different nutritional requirements and
thus be able to use different food niches than males (Webster, 1997; Breed et al.,
2006; Liordos & Goutner, 2009).

Interestingly, parents showed stronger movement from male biased plots in the
third and forth week after fledging which is the phase when young start to become
independent (box B). This suggests that parents try to lead their young away from
plots where they perceived increased competition for their young (within-sex competi-
tion for males and between-sex competition for females). The higher post-fledging
dispersal of female adults from control plots than male and female biased plots was
rather unexpected and a sole explanation for this is difficult to postulate. The differ-
ence between the sexes in this result however highlights the importance for male
adults to stay close to the breeding plot no matter what the social environment was.
This emphasises our conclusion that for males the most important resource-competi-
tion is competition for territorial space where familiarity with the local area is a
prerequisite for success (Greenwood et al., 1979; Greenwood & Harvey, 1982). Little is
know about competition between females but it is likely that especially in early spring
at the start of the breeding season, females compete with other females for available
territory holders or breeding boxes which can even lead to severe fights (C. Both
personal observation). More observational studies are certainly needed to establish to
what extent females are excluded by males from preferred resources or whether
females seek alternative strategies than males for other reasons than to avoid direct
competition.
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Conflict over sex allocation?

Conflict between parents
In birds the female is clearly the part of a pair that is in control over the sex ratio of the
eggs (Nager et al., 1999; Kalmbach et al., 2001; Komdeur et al., 2002). Male traits
however might be used by females to make potentially adaptive choices concerning
the primary brood sex ratio (Ellegren et al., 1996; Kölliker et al., 1999; Sheldon et al.,
1999; Korsten et al., 2006). It is thus conceivable that in our study females would
adjust their brood sex ratio to the experimental plot treatment that her male had expe-
rienced previously. We could however, find no evidence that the male’s experience of
plot density or plot sex ratio affected the primary brood sex ratio produced by his
female the next year (chapter 6). The female therefore seemed to use only her own
experience of the local social environment to make decisions on sex allocation. This
might create a potential conflict over the optimal sex ratio produced if males and
females in a pair differ in how the local level of competition affects their fitness
prospects (Gowaty & Droge, 1991; Lessells, 2002; Pen & Weissing, 2002). We found
no effects of the experimental changes in local densities and local sex ratio on subse-
quent adult survival (chapter 5) and therefore, adult fitness prospects were deter-
mined by their future reproduction and by the future reproduction of their offspring. 

That there seems little conflict between male and female great tit parents over sex
allocation is also supported by the results from the parental provisioning to sex ratio
biased broods and the individual offspring sexes (chapter 2). Male and female parents
fed the two offspring sexes at equal rates and with equally sized prey and did not vary
their behaviour towards the offspring sexes with changes in brood sex ratio. The
similar behaviour of the male and female within a pair may be the result of an active
adjustment of the behaviour of one partner to the work rate of the other (Hinde,
2006). This behaviour is predicted when each parent does not have full information of
the brood needs, then a great effort by the partner can serve as a signal of increased
brood need (Johnstone & Hinde, 2006).

Conflict between parents and offspring
Apart from the potential conflict between partners there is much scope for conflict
between parents and offspring over sex allocation (Pen & Weissing, 2002; Uller,
2006). In many sexually dimorphic species there exists already a sexual dimorphism
among nestlings and the larger sex has been shown to be more competitive in sibling
interactions (Teather, 1992; Oddie, 2000; Nicolaus et al., 2009). Parents can adjust
their provisioning behaviour towards nestlings to minimize negative consequences of
competitive interactions (Kölliker et al., 1998; Tanner et al., 2007). However, parental
provisioning behaviour is the result of both the parental choice which offspring to feed
and the outcome of competition among the nestlings and those two can hardly be
disentangled (but see Tanner et al., 2007; Tanner et al., 2008). Chapter 2 showed that
both parents seemed to adjust prey size to changes in brood sex ratio. As a result, on
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average larger prey items were fed to male biased broods at slightly lower rates with
no detectable change in the amount of food delivered. This suggested two things: 1.
both parents responded to the brood requirements without distinguishing between
individual offspring sexes and 2. bringing larger prey at a slightly lower rate might be
a response to specific needs or solicitation activities in male biased broods. Male
nestlings have been shown to be better competitors in situations of increased competi-
tion (Teather, 1992; Oddie, 2000; Boncoraglio et al., 2008; Nicolaus et al., 2009). At
every parental visit the energetic costly competitive interactions may thus be higher in
male biased broods. Fewer visits with larger prey may reduce the number of competi-
tive interactions. 

Sex allocation: a response to integrate social stimuli?

To understand the ultimate social and physical factors that lead to adaptive biases in
sex allocation in birds and mammals is certainly one of the most challenging task in
current evolutionary biology (Sheldon, 1998; Cockburn et al., 2002; Komdeur & Pen,
2002). However, another important and continuously growing group of sex ratio
studies are dedicated to the understanding of the underlying sex allocation mecha-
nism (Krackow, 1995; Pike & Petrie, 2003,, 2006; Rutkowska & Cichon, 2006;
Rutkowska & Badyaev, 2008). Little effort has been made to combine the two fields
such that we understand how certain intrinsic or extrinsic stimuli lead to an adaptive
sex ratio response (Cockburn et al., 2002). 

The social stimuli in our experiment were the local changes in sex ratio and density
of juvenile great tits, which produced changes in the social plot environment after
fledging (box A). The social environment probably altered competition for specific
resources and individual great tits responded to these changes in local competition in
various ways (natal dispersal, movement, second broods, sex allocation). The medi-
ator that translated a social stimulus into a behavioural or physiological response in
our study still needs to be identified, but most likely candidates are hormones such as
testosterone and the stress hormone corticosterone. These have previously been
shown to be influenced by altered social conditions (Beletsky et al., 1990, 1992;
Comendant et al., 2003; Love et al., 2008) and can also modify an individual’s behav-
iour (Cote et al., 2006; Tschirren et al., 2007). Furthermore, these hormones have
been shown to be involved in the sex allocation mechanism (Pike & Petrie, 2005,
2006; Bonier et al., 2007). A hormonally controlled sex allocation is a mechanism that
can flexibly respond to social and physical cues and also to changes in an individual’s
state. 

Especially in species and populations living in highly variable environments where
the fitness benefits of producing a given offspring sex depends on factors that may
change constantly (individual condition, social setting or resource abundance), a
plastic sex allocation response should evolve. This means that sex ratios per se will

Chapter 7

156



probably not be transmitted between generations but rather the degree of plasticity of
the sex ratio response will be under selection. Few studies so far investigated repeata-
bility of sex ratios and have shown that repeatability within females within a breeding
season can be high (Whittingham et al., 2005). Studies on repeatability across years
however provided mixed evidence and state that brood sex ratio can be repeatable
(Griffith et al., 2003) or not (Appleby et al., 1997; Oddie & Reim, 2002). In the latter
case however, evidence was found that females adjusted their brood sex ratio between
years to a variable trait (as in our study), in this case the body condition of the partner
(Oddie & Reim, 2002) or local prey abundance (Appleby et al., 1997). Studies on heri-
tability of sex ratio in birds are to my knowledge still missing. However, if the environ-
mental predictability is very low, the benefits of facultative sex allocation will be negli-
gible compared to the costs and selection on sex ratio adjustment will consequently be
weak or even absent (West & Sheldon, 2002).

Conclusions and perspectives

I showed in this thesis that social factors and more specifically competition within and
between the sexes can shape sex-specific fitness prospects. Thus, this thesis adds to the
growing field of experimental studies that aim at understanding the ultimate factors
that lead to adaptive biases in sex allocation in higher vertebrates (Ellegren et al.,
1996; Komdeur, 1996; Nager et al., 1999; Sheldon et al., 1999; Le Galliard et al.,
2005b; Dubois et al., 2006; Warner & Shine, 2007; Hjernquist et al., 2009). Sex ratios
in birds are thus not the result of a pure chance process as numerous studies including
ours could show (Komdeur et al., 1997; Kalmbach et al., 2001; Rutstein et al., 2004;
Whittingham et al., 2005; Korsten et al., 2006; Pike & Petrie, 2006). The fact that the
adjustment is often relatively small might be explained by the various selection pres-
sures that can affect male and female offspring fitness prospects on different spatial
and temporal scales such as the territory, the local habitat, the local social environ-
ment, the population, the large scale habitat, the season or the year. Consequently, a
mixed strategy of a balanced brood sex ratio might evolve as an adaptive sex alloca-
tion decision in highly variable environments. Nonetheless, identifying the various
selection pressures will allow us to make more adequate predictions on sex ratios in
higher vertebrates (Cockburn et al., 2002; Pen & Weissing, 2002). Long term data sets
are thereby a prerequisite to identify consistent patterns in sex allocation (Hewison &
Gaillard, 1996; Kruuk et al., 1999; Radford & Blakey, 2000; Byholm et al., 2002)
because sex ratio patterns are often year-dependent (Radford & Blakey, 2000; Griffith
et al., 2003; Thuman et al., 2003; Laaksonen et al., 2004a; Salomons et al., 2008).
Well designed experimental studies are however a necessity to show the causality
between factors acting as potential selection pressures and sex allocation (Nager et al.,
1999; Sheldon et al., 1999; Doligez et al., 2008; Hjernquist et al., 2009). The replica-
tion of experiments for different populations of the same species (Sheldon et al., 1999;
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Korsten et al., 2006) and also for different species (Nager et al., 1999; Kalmbach et al.,
2001) will be very valuable to show how general facultative sex allocation strategies
are. 

In the future, more emphasis should be put on the effects of social behaviour on
sex allocation. Competition or cooperation between and within the sexes can act as an
important selection pressure on male and female fitness prospects and social cues
seem to be used in subsequent sex allocation decisions (this thesis; Clark, 1978;
Komdeur et al., 1997; Johnson et al., 2001; Silk & Brown, 2008). Sex allocation in
response to sex-specific social interactions should thus also occur if interactions are
between non-related individuals and potentially even between different species.
Competition and cooperation among relatives however, must be a stronger selection
pressure that acts on sex allocation, as the same genes are affected in the individuals
involved.  

Additional studies should investigate the effects of sex-specific local competition
on offspring fitness prospect and facultative sex allocation to show the generality of
these patterns. Then the already existing hypotheses that describe “social” ultimate
factors for sex allocation such as the “local resource competition hypothesis” (Clark,
1978) and the “local resource enhancement hypothesis” (Emlen et al., 1986) might be
combined in a general competition hypothesis that is extended to all sex-specific social
interactions.
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Seksespecifieke strategieën
in een wereld met
sekse- onevenwichtigheid

SAMENVATTING



Sekseallocatie bij vogels

Sekseallocatie is algemeen gedefinieerd als de relatieve investering van resources in
mannelijke en vrouwelijke nakomelingen. 

In tegenstelling tot zoogdieren hebben bij vogels de vrouwtjes en niet de mannetjes
twee verschillende geslachtschromosomen, namelijk Z en W. Als een vrouwelijke vogel
een ei produceert, komt een Z-chromosoom of een W-chromosoom in het ei terecht
terwijl de mannelijke vogel alleen zaadcellen met Z-chromosomen levert. Dit geeft
vogelmoeders mogelijk meer controle over het geslacht van het embryo in vergelijking
met zoogdieren. In de afgelopen jaren heeft een aantal studies laten zien dat vogel-
moeders het geslacht van het embryo al voor de eigenlijke bevruchting kunnen
bepalen, al is het is nog niet helemaal duidelijk welk mechanisme dit mogelijk maakt. 

Een evolutionaire reden om de sekseratio (de proportie zonen) van de nakome-
lingen te verschuiven is dat onder sommige omstandigheden zonen en dochters niet
dezelfde kans hebben op voortplanting. In natuurlijke populaties zijn er meestal even-
veel vrouwen als mannen. Een eenvoudige verklaring hiervoor is dat het minst voor-
komende geslacht in de populatie meer kans maakt op het vinden van een partner en
dus naar verwachting een groter voortplantingssucces zal hebben. Als er dus bijvoor-
beeld meer mannen dan vrouwen in een populatie voorkomen, is het voor ouders
voordeliger om dochters te hebben. Selectie zorgt er dus voor dat de sekseratio weer
in evenwicht komt. 

Voor een gelijkmatige geslachtsverhouding is het echter ook noodzakelijk dat de
kosten (met name betreffende energie en tijd) van het produceren van zonen en doch-
ters gelijk zijn, evenals de baten na het uitvliegen. In sommige vogelsoorten helpen
jongen van een bepaald geslacht vaker mee bij het grootbrengen van volgende broed-
sels, en kan het dus voordeliger zijn voor de fitness (de hoeveelheid zich reproduce-
rende nakomelingen) van de ouders om meer van dat geslacht te produceren wanneer
er genoeg voedsel aanwezig is. Bevinden ouders zich echter in een slecht territorium
met weinig voedsel, dan zullen jongen die in het territorium van hun ouders blijven
alleen maar meer competitie en dus extra kosten opleveren. In de laatste situatie kan
het voor ouders dus voordeliger zijn om meer van het geslacht te produceren dat
verder weg trekt van thuis. Op deze manier kan het seksespecifieke dispersiegedrag
van nakomelingen, maar ook de maat van seksespecifieke competitie op lokaal niveau
van groot belang zijn bij het bepalen of een van beide geslachten een hogere fitness
voor de ouders zal opleveren. 

De sociale omgeving beïnvloedt de mate van competitie die de jongen ervaren.
Binnen een familie wordt de competitie in het nest beïnvloed door het aantal zonen en
dochters, en de verhouding hiertussen. Op een hoger niveau wordt de competitie
binnen en tussen de seksen bepaald door de lokale dichtheid en geslachtsverhouding
van soortgenoten. Met name bij soorten waar een sekse domineert over de ander, en
waar een sekseverschil in dispersiepatronen bestaat, kan een verandering in de sociale
omgeving de seksespecifieke fitness beïnvloeden.
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Doel van dit onderzoek

Het doel van dit proefschrift was om te onderzoeken hoe competitie (met betrekking
tot lokaal beperkte resources) tussen en binnen de geslachten beïnvloedt of ouders in
zonen of dochters moeten investeren. 

We hebben de Koolmees (Parus major) voor onze studie gekozen omdat deze soort
belangrijke kenmerken bezit om seksespecifieke competitie en sekseallocatie te
kunnen bestuderen. 1. In eerdere studies is aangetoond dat bij koolmezen de vrouw-
tjes de sekseratio van de eieren kunnen beïnvloeden. 2. Bij de koolmees zijn mannen
iets groter dan vrouwen, en door hun dominantie hebben mannen, met name in de
winter, meer voordeel in de competitie over voedsel en slaapplaatsen (nestkasten).
Een verschuiving in the lokale sekseverhouding zou dus de sterkte van competitie
tussen de seksen moeten beïnvloeden. 3. Koolmezen hebben een territoriaal systeem
waarbij mannetjes moeten vechten voor beschikbare territoria. Jonge mannen hebben
een betere kans om een vrijgekomen territorium te bezetten als ze zich dichterbij het
geboorteterritorium vestigen. Daarom hebben jonge mannen waarschijnlijk ook
gemiddeld een kleinere dispersieafstand dan jonge vrouwen. Een toename van de
lokale dichtheid zou daarom vooral voor jonge mannen een toename van competitie
betekenen.

We hebben een experiment gedaan waarmee we competitie binnen de familie
(broedsel) en binnen de lokale groep (plot) konden bekijken. Dit experiment is uitge-
voerd in de jaren 2005 tot 2007 in het Lauwersmeer in het noorden van Nederland.
Het experimentele gebied bestond uit 12 verschillende bos-plots (terreinen, elk met
50 nestkasten). We hebben tegelijkertijd het aantal en de sekseverhouding van de
jongen binnen broedsels en plots gemanipuleerd door jongen van een bepaald
geslacht te verplaatsen, zowel tussen broedsels en tussen plots. Zo werden plots gecre-
ëerd, enerzijds met een hoge of een lage dichtheid van uitvliegende jongen en ander-
zijds met een sekseverhouding van voornamelijk mannetjes (75%), voornamelijk
vrouwtjes (25% mannen) of evenveel mannetjes als vrouwtjes. Om bijvoorbeeld een
plot te creëren waar voornamelijk mannetjes in een hoge dichtheid uitvliegen, hebben
we (op dag 6 na het uitkomen van de eieren) bij alle nesten binnen deze plot een
groot deel van de vrouwelijke jongen weggehaald en door mannelijke jongen
vervangen, en tegelijkertijd extra jongen aan de broedsels toegevoegd. 

Onze verwachting was dat de competitie voor bepaalde resources hoger zou zijn in
plots met een hogere dichtheid en in plots met meer mannelijke dan vrouwelijke jonge
mezen. Dit zou tot gevolg hebben dat mannelijke jongen meer moeite hebben om een
territorium te krijgen en vrouwelijke jongen meer moeten vechten voor voedsel en
slaapplekken. 

Om de effecten van de manipulatie op het succes van beide geslachten te onder-
zoeken, hebben we de overleving en het dispersiegedrag van zowel de jongen als de
ouders bekeken. Hierbij keken we niet alleen naar de overleving en de dispersie tussen
broedseizoenen, maar zeker ook in de fase direct na het uitvliegen van de jongen. In



deze fase zijn de jongen namelijk bijzonder kwetsbaar, moeten nog veel leren en
moeten belangrijke beslissingen nemen. Uiteindelijk hebben we onderzocht of onze
manipulaties ook invloed hadden op het sekseallocatie gedrag van vrouwtjes die het
volgende jaar in het gebied broeden. De verwachting hierbij was dat hoge competitie-
druk (vooral tussen mannen om territoria) het voordeliger maakt om meer vrouwtjes
te produceren, omdat deze makkelijker verder weg kunnen trekken van hun geboort-
eterritorium.

De belangrijkste resultaten

Ouderlijke zorg en competitie in het nest
In een pilot-project in 2004 hebben we onderzocht hoe de sekseverhouding in het nest
het voergedrag van de ouders beïnvloedt, met andere woorden, of nakomelingen van
het ene geslacht, afhankelijk van de sekseratio binnen het broedsel, meer voedsel
krijgen dan jongen van het andere geslacht (Hoofdstuk 2). Uit deze analyse blijkt dat
ouders geen verschil maken tussen zonen en dochters binnen hun nest, voor wat
betreft de hoeveelheid en grootte van voedsel dat ze geven. Dat de ouders hun zonen
en dochters in het nest hetzelfde voeden kan eraan liggen dat ze gewoon geen tijd
hebben om bij elk nestbezoek eerst te kijken wie eigenlijk wie is. Echter, de sekse ratio
van het broedsel is wel belangrijk voor de grootte van de prooien die de jongen binnen
een nest krijgen. Nesten met meer mannetjes worden namelijk iets minder vaak
gevoed dan nesten met meer vrouwen, maar de prooien zijn wel groter. Een verklaring
daarvoor kan zijn dat de kwaliteit van grote en kleine prooien verschilt, en ouders
‘mannetjesnesten’ en ‘vrouwtjesnesten’ dus met verschillende kwaliteit voedsel voeren.
Ook is het mogelijk dat in mannelijke broedsels de competitie hoger is (omdat
mannetjes al in het nest wat groter zijn dan vrouwtjes) en de ouders grotere prooien
brengen om de competitie te reduceren.

Overleving en dispersie tijdens naar het uitvliegen
We hebben geen verschillen tussen de geslachten gevonden in hoe de manipulatie de
overlevingskansen na het uitvliegen heeft beïnvloed (Hoofdstuk 3), maar er waren
wel seksverschillen in het dispersiegedrag ten opzichte van dichtheid en de seksever-
houding (Hoofdstuk 4). Het lijkt er dus op dat competitie voornamelijk het gedrag
beïnvloedt,  met name de afstand van het geboorteterritorium die zonen en dochters
na het uitvliegen afleggen. 

Zowel in de eerste maand na het uitvliegen als ook in latere maanden trokken
mannelijke jongen sneller en verder weg van gebieden met een natuurlijke hoge dicht-
heid dan vrouwelijke jongen. Er waren geen effecten van de verandering in dichtheid
van jonge koolmezen. We concluderen uit dit resultaat dat niet de dichtheid van jonge
mezen een effect op het dispersie gedrag had, maar voornamelijk de dichtheid van
volwassen individuen. De oorspronkelijke hoeveelheid jongen in een gebied is name-
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lijk sterk gecorreleerd met de dichtheid van broedparen. In een plot met een hoge
dichtheid broedparen hebben jonge mannen minder kans om een plek in het territo-
riaal systeem te verkrijgen en zouden ze dus beter kunnen wegtrekken; iets wat ze ook
werkelijk lijken te doen. Ook hadden de verschuivingen in sekseverhouding binnen de
plots een invloed op het dispersiegedrag van de jongen. In de eerste maand na het
uitvliegen trokken zowel mannelijke als vrouwelijke jongen sterker weg van plots
waar meer mannen waren uitgevlogen. In een latere fase werd er ook een verschil
tussen de geslachten duidelijk, omdat jonge vrouwen in de herfst (september en
oktober) nog sterker wegtrekken van mannelijke plots dan jonge mannen. Het lijkt
alsof jonge vrouwtjes de competitie met jonge mannetjes proberen te vermijden. Dit is
vooral in de herfst belangrijker omdat de mannen dan in het algemeen agressiever
gedrag laten zien, maar ook omdat hulpbronnen belangrijker worden (het voedsel-
aanbod wordt lager en de mezen beginnen in nestkasten te slapen).

We vonden ook geen effecten van de dichtheid op de algemene overleving na het
uitvliegen, onafhankelijk van het geslacht van een individu. We vonden wel dat de
algemene overleving werd beïnvloed door de sekseverhouding binnen de plots, maar
dat verschilde tussen jaren. In 2005 hadden jonge koolmezen een lagere overleving als
ze in mannelijke plots waren uitgevlogen, en een hogere als ze in vrouwelijke plots
waren uitgevlogen met controle plot er tussenin. In 2006 was het patroon net
andersom. Het patroon in 2005 lijkt overeen te komen met onze verwachting dat de
competitie hoger en dus de overleving lager zou zijn in plots met meer mannen. 2006
was in zoverre wel anders omdat in dit jaar veel meer tweede broedsels zijn begonnen
(30% van alle broedparen hadden een tweede broedsel). Echter, kan het experiment
ook invloed hebben gehad op de keuze van de ouders om een tweede broedsel te
beginnen, en in dat geval moeten ouders beslissen hoeveel zorg ze nog aan de uitge-
vlogen jongen van het eerste broedsel besteden. Verminderde ouderlijke zorg redu-
ceert de overlevingskansen van uitgevlogen jongen, omdat ze nog moeten leren om
het voedsel te vinden en aan vijanden te ontsnappen. Maar waarom er een verschil
tussen plots met meer mannetjes en plots met meer vrouwtjes zou bestaan in hoe de
ouders de zorg tussen eerste en tweede broedsel opdelen is niet helemaal duidelijk.

Overleving tot het volgende jaar
In Hoofdstuk 5 wordt voor ouders en hun nakomelingen onderzocht hoe de kans op
overleving naar het volgende jaar wordt beïnvloed door competitie tussen en binnen
de seksen, de dichtheid van broedparen en de dichtheid van jonge mezen. Een belang-
rijke vondst was dat er zowel voor mannen als voor vrouwen geen effecten waren van
het aantal soortgenoten van het tegenovergestelde geslacht. Echter, we vonden dat
zowel vrouwtjes als mannetjes meer kans hadden om te overleven als ze in een gebied
waren uitgevlogen met meer soortgenoten van hetzelfde geslacht. Een verklaring hier-
voor (tenminste voor mannelijke jongen) zou kunnen zijn dat als er meer jongen op
zoek zijn naar een territorium in een gebied, er een grotere druk op het territoriaal
systeem komt te staan. Onder deze druk zouden oudere mannen (met een territo-



rium) hun territorium moeten verkleinen om de kosten voor het verdedigen van hun
territorium te verlagen. Dit zou meer ruimte en dus meer kansen geven voor jonge
mannetjes om zich te vestigen. Of een gelijk soortige mechanisme ook voor jonge
vrouwtjes zou kunnen werken is nog onduidelijk.

Verder hebben we gevonden dat de dichtheid van broedparen een invloed op de
overleving van zowel de ouders als de nakomelingen had. Echter hebben volwassen
vogels een betere overlevingskans naar het volgende jaar in plots met hoge aantallen
broedparen terwijl tegelijkertijd de jongen juist slechter overleven. In het algemeen
zouden plots met een hoge dichtheid van broedparen ook gebieden zijn van hoge
kwaliteit (veel voedsel, weinig predatie), wat verklaart dat volwassen individuen daar
beter overleven. De jongen mezen hebben in zo’n gebied daarentegen minder kans om
zich te vestigen en hebben dus waarschijnlijk ook minder grote overlevingskansen.

Sekseallocatie
De laatste stap in mijn promotie onderzoek was om te kijken of de verandering in de
sociale omgeving (dichtheid en sekseverhouding) uiteindelijk tot gevolg heeft dat in
het volgende jaar de vrouwtjes de sekseratio van hun broedsel afstemmen op de mate
van seksspecifieke competitie (Hoofdstuk 6). Ervaren vrouwtjes (die het experiment
als ouder hebben doorlopen) wisselen tussen jaren bijna nooit van plot, maar jonge
vrouwtjes (die het experiment als jong hebben doorgemaakt) vestigen zich meestal in
een ander plot dan waar ze uitgevlogen zijn. Bij de ervaren vrouwen hebben we
daarom slechts naar de effecten gekeken van het plot waar ze het voorgaande jaar
hebben gebroed. Voor de jonge vrouwtjes hebben we gekeken of de sekseratio van hun
broedsel in een jaar afhangt van zowel de manipulatie het voorgaande jaar in het plot
waar ze uitgevlogen zijn, als in het plot waar ze zich hebben gevestigd. 

We vonden dat zowel ervaren als jonge vrouwtjes de sekseratio van hun broedsel
in het volgende jaar systematisch afstemmen op de dichtheid en sekseverhouding van
het plot in het voorgaande jaar. Ervaren vrouwtjes hadden het volgende jaar vaker
broedsels met meer mannen als ze in plots gebroed hadden waar de dichtheid van de
jongen was verlaagd en andersom. De jonge vrouwtjes lieten een vergelijkbaar
patroon zien ten opzichte van de oorspronkelijke dichtheid (niet de manipulatie) van
jonge mezen in het plot waar ze uitgevlogen waren. Onze resultaten lijken dus met
onze verwachting overeen te komen, omdat er meer van de dispersieve sekse (vrouw-
tjes) geproduceerd werd als de dichtheid hoog of verhoogd was. Echter hebben
mannelijke nakomelingen net een wat betere kans op voortplanting als de dichtheid
laag of verlaagd was, omdat ze meer kans maken om zich in een territorium te
vestigen. Het verschil tussen ervaren en jonge vrouwen in welk ”soort” dichtheid een
invloed heeft (de oorspronkelijke of de gemanipuleerde), ligt er waarschijnlijk aan dat
voor jonge vrouwen de dichtheid van broedparen (die gerelateerd is aan de oorspron-
kelijke dichtheid van jonge mezen) belangrijker is dan de dichtheid van de jongen zelf.
Wij vonden ook resultaten ten opzichte van de experimentele verschillen in sekse
verhouding. Jonge vrouwen die uitgevlogen waren in mannelijke plots produceerden
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in het volgende jaar meer vrouwtjes en jonge vrouwen uit vrouwelijke plots meer
mannetjes. Dit zou drie dingen kunnen betekenen: 1. Zoals verwacht produceerden de
mezen meer van het dispersieve geslacht (vrouwtjes) als de competitie voor territoria
hoog was. 2. Hoge competitie reduceerde de conditie van vrouwtjes, waardoor ze het
geslacht gingen produceren dat minder energie kost om groot te brengen (bij mezen
zijn dit vrouwtjes). Om deze verklaring te kunnen bevestigen, hadden we echter ook
effecten van de manipulatie op de conditie van vrouwtjes in het volgende jaar moeten
vinden, maar dat was niet zo. 3. Vrouwtjes produceren meer van het geslacht dat in
het voorgaande jaar het minste voorkwam in het plot, omdat dit geslacht meer kans
maakt op het vinden van een partner. Deze laatste verklaring is echter minder waar-
schijnlijk omdat we dan hetzelfde patroon bij ervaren vrouwen hadden moeten
vinden, wat niet het geval was.

Tot slot hebben de resultaten van dit proefschrift laten zien dat lokale dichtheid en
sekseverhouding belangrijke selectiedrukken zijn die op sekseallocatie in koolmezen
werken. Het mechanisme dat hier waarschijnlijk achter zit, is dat hoge dichtheid en
een overschot aan mannen de competitie voor beschikbare territoria tussen manne-
lijke jongen verhoogt, terwijl vrouwelijke jongen voornamelijk door competitie met
mannen lijken te worden beïnvloed. De manier (via hormonen, gedrag of conditie)
waarop de sociale stimulans (dichtheid en sekseverhouding) in een fysiologisch
antwoord (sekseallocatie) wordt omgezet is nog niet bekend maar onze experimenten
lieten wel een causaal verband zien. Verder onderzoek zal moeten uitwijzen of indivi-
duen de best mogelijke keuzes met betrekking tot dispersie en sekseallocatie hebben
gemaakt, of dus deze keuzes ook de hoogste fitness opleverden.
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Geschlechtsspezifische
Strategien
in einer Welt mit
Geschlechterungleichgewicht

ZUSAMMENFASSUNG



Geschlechterallokation bei Vögeln

Geschlechterallokation wird allgemein definiert als die relative Investition von
Ressourcen in männliche und weibliche Nachkommen. 

Im Gegensatz zu Säugetieren (Männchen XY, Weibchen XX) haben bei Vögeln die
Weibchen und nicht die Männchen zwei verschiedene Geschlechtschromosomen
(Männchen ZZ, Weibchen ZW). Wenn ein weiblicher Vogel ein Ei produziert, wird
deshalb dem Ei entweder ein Z-Chromosom oder ein W-Chromosom zugeteilt,
währenddem das Männchen nur Spermien mit Z-Chromosomen liefert. Dies gibt den
Weibchen prinzipiell die Möglichkeit, das Geschlecht des Embryos zu beeinflussen. In
den vergangenen Jahren hat eine Reihe von Studien gezeigt, dass Vogelmütter schon
vor der eigentlichen Befruchtung das Geschlecht des Embryos festlegen können, auch
wenn der Mechanismus, welcher dies möglich macht, noch nicht eindeutig bekannt ist.

Ein evolutionärer Grund, um das Geschlechterverhältnis (den Anteil Söhne) der
Nachkommen zu anzupassen, ist, dass unter bestimmten Bedingungen Söhne und
Töchter nicht die gleiche Chance haben sich fortzupflanzen. In natürlichen
Populationen beobachtet man meist ein gleichmässiges Geschlechterverhältnis, also
gleich viele männliche und weibliche Individuen. Eine simple Erklärung dafür ist, dass
jenes Geschlecht, welches weniger häufig vorkommt, mehr Chancen hat, einen
Partner zu finden, und deshalb auch einen grösseren erwarteten Fortpflanzungserfolg
hat. Wenn zum Beispiel in einer Population mehr männliche als weibliche Individuen
vorkommen, ist es für Eltern besser, Töchter statt Söhne zu produzieren. Selektion
sorgt dann dafür, dass das Geschlechterverhältnis wieder ins Gleichgewicht kommt, da
diese Eltern erfolgreichere Nachkommen haben. 

Für ein gleichmässiges Geschlechterverhältnis ist es jedoch auch erforderlich, dass
Söhne und Töchter gleich viel Zeit und Energie zur Aufzucht benötigen, und ebenso
müssen gleich viel Kosten für die Eltern nach dem Verlassen des Nests entstehen. Zum
Beispiel hilft bei einigen Vogelarten ein Geschlecht der Jungen häufiger bei der
Aufzucht nachfolgender Bruten mit und ist deshalb besser für die elterliche Fitness
(die Anzahl sich erfolgreich reproduzierender Nachkommen), falls genügen
Ressourcen vorhanden sind. Befinden sich die Eltern jedoch in einem schlechten
Territorium mit wenig Nahrung, verursachen Junge, welche zu Hause bleiben, nur
Kosten, da sie mit den Eltern um die Ressourcen konkurrieren. In diesem Fall sollten
Eltern in jenes Geschlecht investieren, welches eher von zu Hause wegzieht. Das
geschlechtstypische Verteilungsverhalten der Jungen, ebenso wie das Mass an
geschlechtstypischer Konkurrenz auf lokalem Niveau, scheinen demnach wichtige
Faktoren, welche bestimmen, ob Söhne oder Töchter den Eltern eine höhere Fitness
liefern. Die soziale Umgebung beeinflusst das Mass an Konkurrenz, welches die
Jungen erfahren. Innerhalb einer Familie beeinflussen die Anzahl und das
Geschlechterverhältnis der Jungen den Konkurrenzkampf im Nest, und auf höherem
Niveau bestimmen die lokale Dichte und das Geschlechterverhältnis der Artgenossen
die Konkurrenz innerhalb und zwischen den Geschlechtern. Vor allem bei Arten, wo
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ein Geschlecht das andere in konkurrenzbetonten Interaktionen dominiert und wo es
Unterschiede im Verteilungsverhalten der Geschlechter gibt, können Veränderungen
im sozialen Umfeld die geschlechterspezifische Fitness beeinflussen.

Ziel der Studie

Das Ziel dieser Doktorarbeit war zu erforschen, wie der Konkurrenzkampf zwischen
und innerhalb der Geschlechter um lokal begrenzte Ressourcen die Entscheidung
beeinflusst, ob Eltern in Söhne oder Töchter investieren sollten.

Wir haben uns entschlossen, für unsere Studie mit Kohlmeisen (Parus major) zu
arbeiten, da diese Art wichtige Merkmale besitzt, die es erlauben, geschlechtertypi-
sche Konkurrenz und Geschlechterallokation zu studieren. 1. Frühere Studien legen
nahe, dass auch bei Kohlmeisen die Weibchen das Geschlechterverhältnis der Eier
beeinflussen können. 2. Bei den Kohlmeisen sind die Männchen etwas grösser als die
Weibchen und haben deshalb, beim Konkurrenzkampf um Futter und Schlafplätze
(Nistkästen) im Winter, einen Vorteil durch Dominanz. Eine Verschiebung im lokalen
Geschlechterverhältnis müsste demnach den Konkurrenzdruck zwischen den
Geschlechtern beeinflussen. 3. Bei Kohlmeisen herrscht ein territoriales System, wobei
die Männchen um freie Territorien konkurrieren. Junge Männchen haben eine bessere
Chance, ein frei gewordenes Territorium zu besetzen, wenn sie sich näher bei ihrem
Geburtsterritorium niederlassen. Daher haben junge Männchen im Durchschnitt wahr-
scheinlich auch geringere Dispersionsabstände (vom Geburtsterritorium) als junge
Weibchen. Eine Zunahme der lokalen Dichte müsste demnach vor allem für junge
Männchen zu einer Zunahme des Konkurrenzdrucks führen. 

Wir haben ein Experiment durchgeführt, welches es uns erlaubte, den Konkurrenz-
kampf innerhalb der Familie (Brut) und innerhalb der lokalen Gruppe (Plot) zu unter-
suchen. Das Experiment wurde in den Jahren 2005 bis 2007 in der Lauwersmeer
Gegend (im Norden der Niederlande) in 12 Waldplots durchgeführt (Gebiete mit je 50
Nistkästen). Dabei haben wir simultan sowohl die Anzahl als auch das Geschlechter-
verhältnis von jungen Kohlmeisen in Bruten und Plots manipuliert, indem wir
Nestlinge eines bestimmten Geschlechts zwischen Nestern und Plots ausgetauscht
haben. So haben wir Plots mit einer hohen oder niedrigen Dichte an flüggen
Jungtieren geschaffen und mit einem Geschlechterverhältnis von entweder hauptsäch-
lich Männchen (75%) oder hauptsächlich Weibchen (25% Männchen) oder mit einem
gleichmässigen Geschlechterverhältnis (50%). Um zum Beispiel einen Plot mit einer
hohen Dichte an Flügglingen zu kreieren, in dem die meisten Jungtiere Männchen
waren, haben wir am sechsten Tag nach dem Schlüpfen der Jungen bei allen Nestern
in diesem Plot die meisten weiblichen Jungtiere durch männliche ersetzt und gleich-
zeitig bei 60% der Nester im Plot zusätzliche Junge hinzugefügt. 

Unseren Erwartungen zufolge müsste in Plots mit einer höheren Dichte an
Jungmeisen und mit mehr Männchen als Weibchen der Konkurrenzkampf um



bestimmte Ressourcen höher sein. Als Folge davon sollten männliche Jungtiere mehr
Mühe haben, ein Territorium zu ergattern, und weibliche Jungtiere sollten härter um
Futter und Schlafplätze konkurrieren müssen. 

Um zu ermitteln, wie unsere Manipulation den Erfolg der Geschlechter beeinflusst,
haben wir die Überlebensrate und das Verteilungsverhalten der Jungtiere sowie ihrer
Eltern untersucht. Die Überlebensrate und vor allem das Verteilungsverhalten wurden
jedoch nicht nur zwischen Brutsaisons ermittelt, sondern auch in der Phase direkt
nach dem Ausfliegen der Jungen, da die Jungtiere in dieser Zeit besonders
verwundbar sind, noch viel lernen und wichtige Entscheide treffen müssen.
Schlussendlich haben wir noch geprüft, ob die Manipulation einen Einfluss auf das
Geschlechterallokationsverhalten derjenigen Weibchen hatte, die im darauf folgenden
Jahr im Gebiet gebrütet haben. Wir erwarteten, dass bei hohem Konkurrenzdruck und
vor allem bei starkem Wettkampf zwischen Männchen um Territorien die Produktion
von Töchtern bevorzugt wird, da diese einfacher weiter von ihrem Geburtsterritorium
wegziehen können.

Die wichtigsten Resultate

Elterliche Fürsorge und Konkurrenzkampf im Nest 
Im Jahr 2004 haben wir während eines Pilotprojektes untersucht, wie das
Geschlechterverhältnis der Brut das Fütterungsverhalten der Eltern beeinflusst, ob
also, in Abhängigkeit der Anzahl männlicher und weiblicher Nachkommen im Nest,
Söhne oder Töchter mehr Futter erhalten (Kapitel 2). Aus diesen Analysen ging
hervor, dass Mütter und Väter nicht zwischen einzelnen Söhnen und Töchtern unter-
scheiden, dass also innerhalb eines Nests beide Geschlechter gleich viele und gleich
grosse Futtereinheiten erhalten. Da männliche Junge schon im Nest signifikant grösser
sind als weibliche Junge, erstaunt dieses Resultat. Eine mögliche Erklärung hierfür ist
jedoch, dass Eltern einfach nicht die Zeit haben, um bei jedem Nestbesuch erst zu
schauen, wer eigentlich wer ist (bei bis zu 12 Jungen muss alles schnell gehen). Das
Geschlechterverhältnis der Brut war jedoch sehr wohl wichtig für die Grösse der
Futtereinheiten, welche die Eltern ans Nest brachten. Nester mit mehr männlichen
Jungen erhielten grössere Beutestücke, jedoch etwas weniger häufig, als Nester mit
mehr weiblichen Jungen. Falls ein Qualitätsunterschied zwischen grossen und kleinen
Beutestücken besteht, könnte dieses Resultat bedeuten, dass männliche und weibliche
Nester mit qualitativ unterschiedlicher Nahrung gefüttert werden. Eine andere
Erklärung wäre, dass in männlichen Nestern der Konkurrenzkampf grösser ist (weil
Männchen grösser sind) und die Eltern grössere Beutestücke füttern, um die
Konkurrenz im Nest zu reduzieren.

Überlebensrate und Verteilungsverhalten nach dem Ausfliegen
Wir fanden keinen Unterschied zwischen den Geschlechtern, inwieweit die
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Manipulation die Überlebensrate der jungen Meisen nach dem Ausfliegen beeinflusste
(Kapitel 3). Wir fanden jedoch sehr wohl Unterschiede im Verteilungsverhalten der
Geschlechter in Abhängigkeit der lokalen Dichte und der experimentellen
Veränderung des lokalen Geschlechterverhältnisses (Kapitel 4). Demnach scheint es,
dass lokale Konkurrenz vor allem das Verhalten der jungen Meisen beeinflusste,
nämlich den Abstand, den die Geschlechter nach dem Ausfliegen vom Geburts-
territorium zurücklegen. 

Sowohl im ersten Monat nach dem Ausfliegen der Jungen als auch in späteren
Monaten (bis Oktober) zogen männliche Junge stärker von Gebieten mit einer hohen
natürlichen Dichte an Jungtieren weg als weibliche. Wir fanden jedoch keine Effekte
der experimentellen Dichteveränderung. Deshalb schliessen wir aus diesem Resultat,
dass nicht hauptsächlich die Dichte der Jungmeisen einen geschlechtsspezifischen
Einfluss auf das Verteilungsverhalten der Jungen hat, sondern vor allem die Dichte
adulter Tiere. Die ursprüngliche Dichte der Jungtiere pro Plot vor der Manipulation
korreliert nämlich stark mit der Brutpaardichte pro Plot. In einem Gebiet mit einer
hohen Brutpaardichte haben junge Männchen weniger Chancen, einen Platz im terri-
torialen System zu ergattern und sollten deshalb besser wegziehen, was der Fall zu
sein scheint. Auch die Veränderung des Geschlechterverhältnisses der Jungen pro Plot
hatte einen Einfluss auf das Verteilungsverhalten der jungen Meisen. Im ersten Monat
nach dem Verlassen des Nestes bewegten sich Junge beider Geschlechter schneller
weiter weg von Plots, in denen mehr Männchen ausgeflogen waren. In einer späteren
Phase wurde auch ein Unterschied zwischen den Geschlechtern in diesem Verhalten
deutlich, denn junge Weibchen zogen im Herbst (September und Oktober) stärker
weg von männlichen Plots als junge Männchen. Es scheint deshalb so, als versuchten
weibliche Jungtiere, den Konkurrenzkampf mit männlichen Jungtieren zu vermeiden.
Dies wird vor allem im Herbst wichtiger, da männliche Kohlmeisen dann zunehmend
aggressiveres (territoriales) Verhalten zeigen, und auch weil dann Konkurrenz um
Ressourcen wie Nahrung (wird knapper) und Schlafplätze (Nistkästen werden
häufiger aufgesucht) wichtiger wird.

Wir fanden keinerlei Effekt der Dichte auf die allgemeine Überlebensrate der
Jungtiere nach dem Ausfliegen, unabhängig vom Geschlecht. Jedoch fanden wir allge-
meine Effekte des experimentellen Geschlechterverhältnisses, die für die beiden
Untersuchungsjahre 2005 und 2006 unterschiedlich ausfielen. Im Jahr 2005 hatten
junge Kohlmeisen beider Geschlechter eine niedrigere Überlebensrate, wenn sie aus
Plots ausgeflogen waren, wo ein Männchenüberschuss herrschte und eine höhere,
wenn sie aus Plot mit mehr Weibchen stammten, mit Kontrollplots in der Mitte. Im
Jahr 2006 war das Muster genau umgekehrt. Das Resultat aus 2005 scheint mit
unseren Erwartungen überein zu stimmen, dass die Überlebensrate niedriger ist, wenn
der Konkurrenzdruck steigt, also in Gebieten mit mehr Männchen. 2006 war insofern
anderes, als dass in diesem Jahr wesentlich mehr Zweitbruten begonnen wurden
(30% aller Brutpaare machten eine zweite Brut). Das Experiment kann jedoch einen
Einfluss auf die elterliche Entscheidung ausgeübt haben, in eine Zweitbrut zu inve-



stieren, und dann müssen Eltern entscheiden, wie viel Fürsorge sie noch ihren ausge-
flogenen Jungen der ersten Brut zukommen lassen. Reduzierte elterliche Fürsorge
verschlechtert die Überlebenschance der ausgeflogenen Jungtiere erheblich, da diese
noch lernen müssen, wie man Futter findet und Prädatoren entkommt. Wieso jedoch
ein Unterschied zwischen Plots mit Männchen- oder Weibchenüberschuss bestehen
sollte, wie elterliche Fürsorge zwischen Erst- und Zweitbrut aufgeteilt wird, ist noch
nicht völlig klar. 

Überleben bis zum nächsten Jahr 
In Kapitel 5 wird der Frage nachgegangen, wie Konkurrenz zwischen und innerhalb
der Geschlechter, Brutpaardichte und Dichte von Jungtieren die Überlebensrate der
Jungen und ihrer Eltern bis zur nächsten Brutsaison beeinflusst. Ein wichtiges
Ergebnis hieraus ist, dass die Anzahl der Artgenossen des anderen Geschlechts die
Überlebensrate nicht beeinflusst, weder für Männchen noch für Weibchen. Wir fanden
jedoch heraus, dass sowohl Männchen als auch Weibchen besser bis ins nächste Jahr
überlebten, wenn sie aus einem Gebiet ausgeflogen waren, welches mehr gleichge-
schlechtliche junge Artgenossen enthielt. Eine Erklärung hierfür wäre (zumindest für
junge Männchen), dass mehr Junge auf der Suche nach einem Territorium im Gebiet
den Druck auf das territoriale System erhöhen. Unter diesem Druck müssen ältere
Männchen, die schon ein Territorium besitzen, ihr Territorium verkleinern, um die
Kosten für die Verteidigung des Territoriums zu senken. Dies schafft Platz und erlaubt
weiteren jungen Männchen, sich niederzulassen. Ob ein ähnlicher Mechanismus auch
das Muster bei jungen Weibchen verursacht, können wir zurzeit noch nicht sagen. 

Weiter fanden wir auch heraus, dass die Brutpaardichte sowohl die Überlebensrate
von adulten wie auch von jungen Kohlmeisen beeinflusst. Währenddem Altvögel
bessere Überlebenschancen haben, wenn die Anzahl der Brutpaare pro Plot höher war,
hatten Jungtiere zugleich schlechtere Überlebenschancen. Im Allgemeinen sind Plots
mit einer hohen Brutpaardichte auch Gebiete von hoher Qualität (viel Nahrung, wenig
Prädation), was erklärt, warum Adulttiere dort besser überleben. Die jungen Meisen
jedoch haben in einem Gebiet mit vielen Brutpaaren geringere Aussichten sich nieder-
zulassen und deshalb wahrscheinlich auch geringere Überlebenschancen wegen
hohen Konkurrenzdrucks.

Geschlechterallokation
Der abschliessende Schritt meiner Doktorarbeit war zu überprüfen, ob die
Veränderungen im sozialen Umfeld (Dichte und Geschlechterverhältnis) schlussend-
lich bewirken, dass im darauf folgenden Jahr die Weibchen das Geschlechterverhältnis
ihrer Brut an das Ausmass des geschlechtsspezifischen Konkurrenzdrucks anpassen
(Kapitel 6).

Erfahrene Weibchen, welche das Experiment als Adulttier durchliefen, brüteten
fast in allen Fällen im gleichen Plot wie im Jahr zuvor, währenddem junge Weibchen,
welche das Experiment als Jungtier durchliefen, sich meist in einem anderen als ihrem
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Geburtsplot niedergelassen haben. Wir haben deshalb für erfahrene Weibchen ledig-
lich untersucht, welchen Einfluss das Experiment des Plots hatte, in dem sie im
Vorjahr brüteten. Für junge Weibchen jedoch untersuchten wir, ob das von ihnen
produzierte Brutgeschlechterverhältnis im nächsten Jahr von der Manipulation des
Plots abhängt, in dem sie im Vorjahr ausgeflogen waren, aber auch des Plots, wo sie
sich niederliessen. 

Wir fanden heraus, dass sowohl erfahrene als auch junge Weibchen das
Geschlechterverhältnis ihrer Brut im nächsten Jahr systematisch an die lokale Dichte
und das Geschlechterverhältnis anpassten, das sie im vorherigen Jahr erfahren hatten.
Erfahrene Weibchen produzierten im nächsten Jahr häufiger Bruten mit einem
Männchenüberschuss, wenn sie im vorigen Jahr in Plots gebrütet hatten, wo die
Dichte an Jungtieren experimentell verringert wurde und umgekehrt. Junge Weibchen
zeigten ein vergleichbares Muster, jedoch in Bezug auf die ursprüngliche Dichte an
Jungtieren (vor Manipulation) des Plots, aus dem sie ausgeflogen waren. Demnach
produzierten sie eher Bruten mit einem Männchenüberschuss, wenn sie aus Plots mit
natürlich niedriger Dichte stammten. Unsere Resultate scheinen deshalb mit unseren
Erwartungen überein zu stimmen, dass mehr des dispersiveren Geschlechts
(Weibchen) produziert werden sollte, wenn die Dichte gross oder erhöht ist. Hingegen
haben männliche Nachkommen bessere Fortpflanzungsaussichten, wenn die Dichten
niedrig oder reduziert sind, weil sie bessere Chancen auf ein Territorium haben. Der
Unterschied zwischen erfahrenen und jungen Weibchen, welche „Art“ von Dichte
einen Einfluss auf das Geschlechterallokations-verhalten hat (natürliche oder experi-
mentelle), liegt wahrscheinlich darin, dass für junge Weibchen die Brutpaardichte
wichtiger ist (sie korreliert mit der ursprünglichen Jungendichte) als die Dichte von
Jungtieren selbst. 

Wir fanden ebenfalls etwas komplexere Resultate in Bezug auf die experimentellen
Plotunterschiede im Geschlechterverhältnis der Jungen. Junge Weibchen, welche aus
Plots mit einem Männchenüberschuss ausgeflogen waren, produzierten im folgenden
Jahr mehr weibliche Nachkommen und solche aus Plot mit einem Weibchenüber-
schuss mehr männliche Nachkommen. Dieses Muster hat drei mögliche Erklärungen:
1. Wie erwartet produzieren junge Weibchen das dispersivere Geschlecht, wenn der
Konkurrenzdruck um Territorien zunimmt (lokaler Männchen-Überschuss). 2. Höherer
lokaler Konkurrenzdruck verschlechtert die Verfassung (z.B. geringeres Gewicht) der
Weibchen, und sie investieren deshalb vermehrt in das Geschlecht, welches der
Vermutung nach weniger Ressourcen zur Aufzucht benötigt (wiederum Weibchen bei
Meisen). Zur Bestätigung dieser Erklärung hätten wir jedoch auch Effekte der
Manipulation auf die Kondition der Weibchen im nächsten Jahr finden müssen, was
nicht der Fall war. 3. Weibchen produzieren mehr von jenem Geschlecht, welches im
Vorjahr in der Unterzahl war, da dieses bessere Aussichten hätte, einen Partner zu
finden. Letztere Erklärung ist jedoch etwas weniger wahrscheinlich, da wir in diesem
Fall dasselbe Muster auch bei adulten Weibchen hätten finden müssen, was nicht
zutraf. 



Zum Abschluss lässt sich aus den Resultaten dieser Doktorarbeit schliessen, dass die
lokale Dichte und das Geschlechterverhältnis von Individuen wichtige
Selektionsagenten sind, welche auf die Geschlechterallokation bei Kohlmeisen wirken.
Der Mechanismus hinter unseren gefundenen Resultaten besteht wahrscheinlich
darin, dass eine hohe Kohlmeisendichte, und vor allem eine hohe Dichte an männ-
lichen Jungtieren, den Konkurrenzkampf um verfügbare Territorien zwischen
Männchen erhöht, währenddem weibliche Junge vor allem durch Konkurrenz mit
Männchen beeinflusst zu sein scheinen. Der Mediator (Hormon, Verhalten oder
Kondition), welcher den sozialen Stimulus (Dichte und Geschlechterverhältnis) in
eine physiologische Antwort (Geschlechterallokation) übersetzt, ist uns noch nicht
bekannt, aber unsere Experimente zeigten einen eindeutigen kausalen Zusammen-
hang. Nun bleibt noch zu untersuchen, ob die Entscheide in Bezug auf das
Verteilungsverhalten und die Geschlechterallokation die bestmögliche Wahl waren,
welche Individuen treffen konnten, d.h. ob diese Entscheide die höchste Fitness
liefern. 
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