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CHAPTER 1

Life history theory
Life histories lie at the heart of biology; no other field brings you closer to the underlying
simplicities that unite and explain the diversity of living things and the complexities of their
life cycles… Life history theory is needed to understand the action of natural selection, a central element of evolution, the only theory that makes sense of all of biology…. There is much
to be done.
Stephen C. Stearns
In: The evolution of life histories

During life, each individual is faced with the
fact that available resources (i.e. time and
energy) in any particular environment are
finite. As a result, resources allocated to one
trait, or activity, are no longer available for
investment in other traits or activities. This is
one of the fundamental assumptions of life history theory and can be seen as the driving force
behind natural selection. As a result, individuals are always faced with interactions between
numerous processes and behavioral decisions
(life history traits). These traits include for
example growth, age at first reproduction, condition specific investment in reproduction,
number and size of offspring, sex of the offspring and lifespan. When interactions between
traits are directly related to fitness they are
called trade-offs.
The main aim of this thesis is to broaden
our understanding of the mechanisms by
which trade-offs shape the life history of individual jackdaws. However, also the interaction
of a number of life history traits with social
dominance will be discussed to highlight the
importance of this trait in the life history of
jackdaws. This chapter provides a general
introduction as well as a summary and discussion of the main results of this thesis. First, the
potential use of telomere length as an indicator
of physiological condition, aging and survival
probability will be investigated (Chapter 2).
Then an experiment where brood sizes were
either enlarged or reduced is presented, to find
out how environmental conditions during early

development affected the offspring (Chapters 3
and 4), but also how the parents coped with the
increase in reproductive effort (Chapter 5). The
last part of this thesis covers the importance of
social dominance in the life of jackdaws and its
interaction with in particular the number, quality (Chapter 6) and the sex of offspring
(Chapter 7). In the last chapter (Chapter 8)
recent evidence for sex dependent embryonic
period from other studies will be discussed
including a test whether this also applies to
jackdaws, as such a mechanism can potentially
have a profound effect on sex allocation.
Trade-offs
Natural selection is expected to maximize the
fitness of individuals. In iteroparous species
(i.e. having multiple breeding attempts), fitness
is the sum of the total reproductive output of
each individual over all its breeding attempts,
which therefore also includes the reproductive
value of its offspring. While reproductive effort
within each breeding attempt should be focused on producing as many offspring of high
quality (in terms of reproductive value) as possible, there is at the same time a limit to this
amount because all resources allocated to the
offspring (e.g. food and time) will no longer be
available for investment in somatic maintenance and repair. These long term costs, in
addition to direct costs like higher mortality
risk through increase in foraging activity to
feed the offspring, result in lower parental
body condition and survival probability. As a
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result, the amount of effort invested during
each breeding attempt should always be determined by balancing current fitness benefits
against the potential decline in fitness benefits
of future breeding attempts. At the same time,
the total number of offspring per breeding
attempt will negatively affect rearing conditions of each individual offspring because this
will lead to an increase of competition over the
resources provided by the parents. Thus, there
exists also an optimal number of offspring in a
nest, in the sense that increasing this number
would no longer increase reproductive value of
the brood and could even lead to a decrease.
These two trade-offs between current and
future reproductive success and between the
number and quality of offspring are the most
prominent trade-offs between two life history
traits (directly related to reproduction and fitness) in life history theory (see Figure 1.1).
Especially in the wild, the number of offspring at which overall fitness of an individual
will be maximized (in birds commonly termed
‘optimal brood size’) is likely to depend on
local environment, but most importantly on
individual quality (physiological health and
reserves). Therefore, correlational studies may
hold little value when studying the trade-offs
associated with clutch size. Such information
can only come from studies that experimentally manipulated reproductive effort. The
most popular tool to perform such manipulations is via brood size manipulation, where the
number of offspring is either increased or
decreased. Although such manipulations have
indeed been shown to affect overall fitness of
individuals either through decreased body
condition, survival or future reproductive
value of the parents or the offspring or even
both, surprisingly little is known about the
mechanisms underlying these effects. The aim
of the brood size experiment in this study was
therefore to provide more insight into these
mechanisms, by assessing its effect on several
physiological indicators of body condition and
survival.
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Figure 1.1. Life history of an iteroparous species. Each
breeding season a reproductive decision is made on
the basis of physiological state. Reproductive effort
after this decision is a dynamic process, balancing
investment in fitness benefits of the current reproductive effort against the expected fitness benefits of own
future reproduction to optimize total fitness.

A long-term study on jackdaws
This study was conducted on free-living jackdaws, a hole breeding semi-colonial bird
species. The largest part of the data presented
here was collected in a colony at the Biological
Centre (BC) in Haren (the Netherlands), a semiurban environment (36 nest boxes). During this
project we also established five smaller colonies
located in a more rural area 5–10 kilometers
south of Haren (5–20 nest boxes each). The BC
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colony was established in 1965 after which it
was used on and off for research (for example
by August Röell in the late 1970’s and Cor
Dijkstra in 1989) before it was enlarged to 36
nest boxes in 1996 when the study was
resumed.
Estimates of survival of jackdaws at the BC
were around 80%, indicating an average lifespan of around five years (Chapter 6). Individuals that were over the age of ten years were
however no exception, and there was one
female that was at least 15 years of age when
she sadly died in 2009. Jackdaws are sedentary
and, even more noteworthy, highly monogamous. Pairs bond for life and most often return
for breeding to the same nest box every year
(especially after a successful first year of breeding). Therefore a large number of individuals
could be studied over several consecutive years
allowing the investigation of trade-offs both
within and between breeding seasons. Moreover, free-living individuals face a multitude of
trade-offs and behavioral options that are
absent in captivity. Therefore, the jackdaw
makes an ideal model species for the questions
addressed in this thesis.

Brood size manipulations
The number of nestlings in a brood was manipulated when the oldest nestling in the brood
was five days old. The parents readily accepted
the new nestlings, resulting in an increase in
the number of nestlings that they reared. On
average parents whose broods were enlarged
had to provide for approximately 5 nestlings
while parents rearing broods reduced in size
only had to take care of approximately 2 nestlings. Furthermore, total brood mass production for ‘enlarged’ broods between day 5 and
day 20 was twice that recorded for ‘reduced’
broods. Thus, under the assumption that higher
brood mass indicates higher parental effort, it
can be concluded that parental effort of birds
rearing ‘enlarged’ broods was substantially

increased. From the point of view of the offspring, the higher number of nestlings in
enlarged broods was expected to create less
optimal environmental conditions during early
development as a result of increased competition over the resources provided by the parents. In this study, broods were either enlarged
or reduced. As a consequence there were no
control broods of natural size. The decision to
use this setup was made based on the fact that
the main aim of this study was to find out more
about the trade-offs in response to brood size
manipulations. The addition of a control group
would have reduced per group sample size and
therefore statistical power to test these effects.

Physiological condition
By definition, measures of (physiological) state
can only be considered a condition index when
they are associated with fitness (i.e. reproduction and survival). Although it has been recognized that physical condition plays an important role in steering many life history decisions
and, as such, is an important concept in evolutionary ecology there is still little knowledge on
how different aspects of condition should be
measured. In this study a total of six physiological traits were determined, body mass, haematocrit, buffy coat, telomere length and levels of
total antioxidant capacity (TAC) and oxidative
damage. In the next section each of these parameters will be shortly introduced.
Body mass
Body mass is probably the easiest and most
often used index of condition. Corrected for
structural measures of body size such as tarsus
length, it provides an estimate of the energy
reserves of an individual. In general a higher
body mass is seen as an indicator of higher
body condition. In jackdaws, this was at least
true for nestlings. Nestlings that were low in
body mass at fledgling had lower chances of
surviving the first year (Chapter 6), in line with
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other studies showing similar effects (Magrath
1991; Schwagmeyer & Mock 2008). In adults,
females that had a lower body mass laid
smaller eggs (Chapter 6), also showing that low
body mass is an indicator of lower condition.
However, (especially for adults) the relation
between body mass and (physiological) condition may not be as straightforward. Apart from
obvious negative side-effects like those related
to obesity in humans, it is now well known that
body mass is a dynamic parameter that can
also be subject to regulation in response to
environmental circumstances, independent of
condition. Thus mass can only be reliably used
as a characterization of condition when these
circumstances are taken into account. Even
when mass does predict fitness prospects, additional measures of condition can be of use
because combining multiple sources of information in one measure of condition is likely to
have higher predictive value than mass alone.

especially when studying effects of like in this
study elevated levels of reproductive effort.

Haematocrit
In the literature there are several indications
that a high proportion of red blood cells per
volume of blood (haematocrit) is an indication
of good condition. Several studies showed that
birds that suffered food shortage, were subject
to experimentally elevated levels of energetic
demand or had an overall lower survivability
had lower levels of haematocrit (Svensson &
Merilä 1996; Piersma et al. 2000; Møller & Petrie
2002; Verhulst et al. 2004; Sánchez-Guzmán et
al. 2004; Kalmbach et al. 2004; Jenni et al. 2006).
However, other studies did not find such relations and have argued that although haematocrit may vary in relation to (extreme) changes
in condition, haematocrit levels need not
always vary with condition when body condition is within the normal range (Cuervo et al.
2007). As haematocrit largely determines the
oxygen transport capacity, there is the possibility that haematocrit is regulated as an optimal
compromise between the competing demands
of oxygen transport and constraint of blood viscosity. This possibility must not be overlooked,

Telomeres
Telomeres are regions of non-coding but highly
structured DNA at the end of linear eukaryotic
chromosomes, consisting of a tandem repeated
highly conserved DNA sequence (5’-TTAGGG3’)n. In this study, the length of telomeres was
determined in red blood cells, which are nucleated in birds. After the DNA was extracted, and
digested using restriction enzymes, each sample was separated by pulsed field gel electrophoresis (see Figure 1.2). This method,
although laborious, has the advantage that it
provides estimates of genome-wide distributions of telomere lengths for each sample (Baird
2005), but perhaps most importantly in the case
of bird studies one can avoid the problem of
interstitial telomeres (in combination with a
probe that only binds to the 3’overhang structure of the telomere). Evidence accumulates
that telomeres shorten during life, and that
telomere shortening in particular reflects life
style and predicts remaining lifespan. However, few studies until now have investigated
telomere dynamics and its relation to survival

Buffy coat
The buffy coat is the proportion of cells other
than erythrocytes per volume of blood (primarily leukocytes). A high buffy coat indicates acute
or chronic infections (Harrison & Harrison
1986; Gustafsson et al. 1994) and can therefore
be expected to be higher in birds with low condition. Although the number of bird studies
measuring buffy coat is relatively low, there are
a few observational studies on free-living birds
that do indeed show a relation between buffy
coat and body mass (Verhulst et al. 2002; Møller
& Petrie 2002), reproduction (Moreno et al.
1998) and survival (Verhulst et al. 2004). While
collared flycatchers Ficedula albicollis rearing
experimentally enlarged broods had more
blood parasites and a larger buffy coat
(Gustafsson et al. 1994).
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below). Because oxidative stress also causes
damage to other physiological components of
an organism, it is as yet unclear whether telomere length or shortening rate has a direct
(causal) effect on survival, or whether it should
be seen as a biomarker of somatic deterioration
due to these damaging processes.
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Figure 1.2. Picture of representative pulsed-field gel
showing the molecular size ladder and the first
7 lanes with smears representing telomeres of individual samples.

under natural conditions. In fact there is currently only one study on telomere dynamics
related to age and survival in a free-living animal, the alpine swift (Bize et al. 2009). In this
study it was shown that telomeres shortened
with age and moreover that, initial telomere
length and telomere shortening rate were both
better predictors of survival probability than
age itself. Telomere shortening occurs primarily
as a consequence of oxidative stress (see

Oxidative stress
Oxidative stress results from an imbalance
between pro-oxidant (ROS) production (e.g.
free radicals and peroxides) and the capability
of an individual to defend itself against and/or
repair damage caused by these ROS. Because of
their high reactivity ROS can do damage to
lipids, proteins and nucleic acids (DNA). They
are the inevitable byproducts of aerobic metabolism, and therefore any increase in energy
turnover should in theory lead to an increase in
ROS production and consequently to oxidative
stress in the case of an insufficient defensive
system. These antioxidant defense systems are
made up of enzymatic antioxidants such as
superoxide dismutase and catalase that work
primarily within mitochondria at the site of
free-radical production and micromolecular
antioxidants such as vitamins E and C, uric
acid and glutathione that function both in tissues and in the bloodstream. Antioxidant protection is assumed to entail costs and has been
shown to be reduced in birds with increased
reproductive effort (Wiersma et al. 2004).
Because of its damaging potential, oxidative
stress leads to physiological deterioration and
has been linked to aging and senescence
(Beckman & Ames 1998; Finkel & Holbrook
2000). Levels of TAC and oxidative damage
were determined in the plasma. ROS production can not be determined directly due to the
high reactivity, instead the concentration of
reactive oxygen metabolites (ROM) in the
plasma was determined. ROM’s are formed
through the interaction between reactive oxygen species and somatic tissue (primarily
lipids) and can be used as an indicator of ROS
and especially oxidative damage.

2000
1500

1000
500
0

YES

NO

returned to the breeding colony
in the next year

Figure 1.3. Telomere shortening rate (base pairs / ln
(year)) (mean ± standard error) for individuals that
did or did not return to the colony the next year.

selective disappearance of individuals with
short telomeres at any given age. Moreover,
these data in particular show that not only the
length of telomeres within individuals was
important, but that the rate at which the telomeres of an individual shortened in particular
predicted the survival of that individual
(Figure 1.3). This was in agreement with the
results from the recent study on alpine swifts
by Bize et al (2009). As in most other species
studied so far, telomere shortening early in life

telomere
shortening

physiology

Effects on growth and physiology
In line with earlier studies, manipulating brood
size affected the growth and body condition of
offspring (Chapters 3 and 4; see Figure 1.4 for a
summary of the observed effects). This indicates that the actual number of offspring does
indeed play a role in determining the quality of
offspring.
Both measures of growth (body mass and
tarsus length) were lower in nestlings reared in
‘enlarged’ broods (Chapter 3). Thus, enlarging
brood size is likely to have had a substantial
effect on offspring survival prospects. These
effects were stronger in daughters compared to
sons and therefore, assuming that a possible
mass * sex interaction with respect to survival
was weak, it could be anticipated that survival
was stronger affected in daughters than in sons.
On the basis of growth, it seems therefore justified to conclude that daughters are more vulnerable to brood size effects than sons.
In contrast, the effect of brood size manipulation on the level of DNA damage, estimated
by telomere length, was found to be highest in
sons (Chapter 4). Between the age of 5 days and
30 days (just before fledging), sons reared in
‘enlarged’ broods lost on average almost double the amount of base pairs compared to sons
reared in reduced broods (Figure 1.4). At the
same time, telomere shortening was found to
be independent of brood size manipulation in
daughters (Figure 1.4). This is an important
finding, because not only do these data provide
evidence for a trade-off between growth and
somatic maintenance and repair and an apparent difference between the sexes in the outcome
of this trade-off, it provides valuable information on the link between environmental conditions during early development and fitness
prospects.
In Chapter 2 longitudinal data are presented on telomere dynamics in nestling and adult
jackdaws. These data show that telomeres
shortened with age and that there was indeed
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Figure 1.4. Comparison of the effect size of the brood
size manipulation for different parameters in daughters (open dots) and sons (closed dots). Dashed line
indicates no effect.
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was markedly higher compared to that in
adults. In jackdaws, the rate at which telomeres
shortened between ages 5 and 30 days was up
to 100 times higher than the rate recorded in
adults (Chapter 2). Obviously, telomere length
during adult life is predominantly affected by
the amount of telomere loss in early life.
Therefore, the observed effect of experimentally
manipulated environmental conditions on
telomere shortening in the offspring could provide a link between these conditions and fitness
of the offspring through its connection with life
expectancy (Chapter 2).
The next step would be to understand what
causes the increased rate of telomere shortening
in sons reared in enlarged broods. As mentioned above, the main known determinant of
telomere shortening is damage resulting from
oxidative stress. As such, differences in telomere
shortening rate between individuals are likely
to be the result of a higher resistance to the
damaging potential of pro-oxidants produced
in the body. Data on the level of TAC and oxidative damage in nestlings reared in either
enlarged or reduced broods revealed that these
oxidative stress parameters were indeed also
affected by brood size manipulation. Furthermore, they show that these effects also differed
between daughters and sons. Although for TAC
there was no significant interaction between sex
and manipulation, the effect size for sons was
substantially larger than it was for daughters
(Figure 1.4). This could indicate that nestlings
(sons in particular) reared in ‘enlarged’ broods
allocated fewer resources to defense mechanisms against oxidative damage. This was supported by the fact that the effect of the manipulation on levels of TAC could be entirely
explained by differences in body condition
(residual body mass over tarsus). However,
instead of an expected lower level of oxidative
damage due to a higher protection, oxidative
damage levels were also higher in sons reared
in reduced broods. In daughters, there was no
discernible effect of brood size manipulation. It
is worth mentioning here that this finding clear-

ly illustrates the necessity for studies concerning
levels of oxidative stress to estimate both sides
of the equation, if only because it was previously suggested that levels of oxidative protection can also be up regulated as a consequence
of increased levels of ROS (Barja 2002, Costantini 2008) and measuring just either one would
have lead to opposite conclusions.
The mechanism causing a higher level of
oxidative damage in sons reared in reduced
broods is unclear, especially considering that
these levels seem to contradict our finding of
lower telomere shortening rates in these nestlings. Differences in mass and size between
nestlings reared in ‘reduced’ and ‘enlarged’
broods could explain the increase in oxidative
damage in ‘reduced’ broods. However, although
tarsus length was correlated to levels of oxidative damage, it did not explain the brood size
manipulation effect. Moreover, within treatment groups there was a negative correlation in
sons, i.e. oxidative damage was lower in larger
nestlings. This, in combination with the finding
that the effect of manipulation on oxidative
damage was only observed in sons, whereas
growth estimates were instead most affected in
daughters, makes it less likely that growth per
se affected levels of oxidative damage.
Most likely, the higher level of oxidative
damage in these nestlings was the result of
increased free radical production through
higher daily energy expenditure. For instance,
it could be that nestlings in ‘reduced’ broods
allocated more resources to immune function
and that, in experimentally enlarged broods,
the immune function competes with other
physiological functions, such as growth. Here
this should then result in differential allocation
of energy towards somatic maintenance
between nestlings in ‘enlarged’ and ‘reduced’
broods. Indeed, levels of RMR were found to be
higher in nestlings in ‘reduced’ broods
(Chapter 3). However, when RMR was corrected for body mass, to allow comparison with
oxidative damage (which is measured as a concentration), the brood size manipulation effect

SYNTRODUCTION

on RMR could be completely explained by differences in body mass between the treatment
groups. Note however that, even though it is
the only available proxy of energy expenditure
in this study, RMR comprises only a small part
of total daily energy expenditure (DEE) and it
is not unlikely that the relation between RMR
and DEE differs between treatments as was for
instance found in starlings working for food
(Wiersma et al. 2005).
Sex dependent environmental sensitivity
Even though the relation between telomere
shortening and levels of both TAC and oxidative damage in nestlings did not quite reach significance, and also that the results regarding
levels of oxidative damage seemed to contradict
the observed difference in telomere shortening,
these data provide evidence for a sex dependent
differential allocation of resources towards
growth and somatic maintenance and repair in
response to limited resource availability.
Sex dependent effects of environment during early development have repeatedly been
reported. For instance in zebra finches it was
shown that final body mass and growth rates of
females were lower in conditions of restricted
food when compared to males, in the absence
of parent-offspring and sib-sib interactions
(Martins 2004; see Råberg et al. 2005 for a
review of other examples). However, the sex
that was most susceptible to the manipulation
varied between species and most importantly
also between studies on the same species. Such
patterns of sex dependent sensitivity to environmental conditions during early development could facilitate the evolution of sex allocation, because they will affect the fitness benefits
of investing in a particular sex depending on
the state, condition or environment of the parents. At first glance also in this study one of the
sexes seemed more affected by brood size
manipulation than the other. Daughters in
‘enlarged’ broods had lower growth rates
whereas sons were seemingly less affected.
Nonetheless, daughters were not the only sex
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suffering from brood size enlargement as sons
were found to pay, less visible, costs in terms of
physiology.
Although it remains to be tested whether
there was a difference between the sexes in the
effect of the experiment in terms of actual fitness, the observed differences in response
between the sexes does provide further support
for the hypothesis that the observed effects
were the result of differential energy allocation
in the trade-off between growth and somatic
maintenance. Such a trade-off could very well
result from selective pressures forcing sons to
invest most in growth, under sub-optimal conditions at the expense of physiology. These
selective pressures would arise for example
through an effect of body size on social dominance. In jackdaws, dominance rank has been
shown to affect future survival and reproductive success (see below) and the rank of a
breeding pair is primarily dependent on the
status of the male. Hence, by investing in
growth under sub-optimal conditions at the
expense of other physiological parameters,
jackdaw sons may increase their fitness
prospects. For daughters on the other hand,
body size may be less important and more
resources are allocated towards physiological
maintenance and repair.
These results show that studies on the effect
of rearing conditions can be highly dependent
on the parameter of interest. Moreover, they
show that the use of only a limited number of
parameters could lead to false conclusions
when certain other parameters that could have
an opposite effect on fitness are overlooked.
Ideally, one should focus not only on the direct
short-term effects of brood size manipulation,
but also on effects at the level of survival and
fitness. Unfortunately, studies showing such
data are extremely rare and inconclusive.
Clearly, more studies are needed to test
whether sexes do differ in sensitivity to environmental conditions during early development in terms of actual fitness, the most relevant parameter in this context.
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Figure 1.5. Comparison of the effect size of the brood
size manipulation for different parameters in parents.
Dashed line indicates no effect.

ditions are not performing at their maximal
effort and could in fact work harder without
detrimental effects on their physiology (Figure
1.6). A possible explanation could be that the
increase in reproductive effort incurred by the
brood size manipulations of this study was not
large enough, allowing parents to fully cope
with the increased workload. However, the
effects of the manipulations on the offspring
seem to contradict this. The quality of off-

0.0
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relative rank

Parents rearing ‘enlarged’ broods had to provide food for a higher number of nestlings.
Thus, it would seem justified to conclude that
the workload of these parents was increased.
Nonetheless, the effects on (physiological) condition of the parents were rather weak (Figure
1.5). This raised suspicions about whether
brood size manipulation really did increase
reproductive effort. However, the finding that
cumulative brood mass production was substantially higher for parents rearing ‘enlarged’
broods seemed to confirm an increase in effort
in response to brood size enlargement. Of
course this can only be true under the assumption that brood mass production is an indicator
of parental effort (i.e. the total amount of provisioning), however given the substantial difference between treatment groups this assumption seems justified.
There could be several reasons for the
apparently small effects of increased reproductive effort on the parents. First of all, there is a
possibility that the data had insufficient power
to detect the actual effect. Especially in the case
of the measures of oxidative stress there
seemed to be an, albeit small and insignificant,
effect in the expected direction. Another reason,
from a practical point of view, may have been
that the wrong parameters were measured or
that the timing of the measurements was not
optimal. All parameters were only measured
once around fifteen days after brood size
manipulation. Although brood size was still
larger at that moment for broods in the ‘enlarged’ treatment, most nestlings had already
reached their final body size as the peak in
growth rate of nestling jackdaws was around a
week earlier. Therefore it is possible that the
largest effect of the manipulation would also
have been earlier.
Assuming that parents indeed did not experience negative effects on their physiology in
response to increased reproductive effort, this
suggests that the jackdaws under ‘normal’ con-
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Figure 1.6. Relation between male age and social dominance. Lines connect data of separate individuals.
Low rank indicates high dominance.
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spring, in terms of growth and physiology, was
significantly reduced when brood sizes were
enlarged. This indicated that parents did not
provide optimal rearing conditions for these
offspring. Thus, in other words, even though
parents whose brood was enlarged did increase
their effort, this increase was insufficient and
this affected the quality and (presumably) fitness prospects of their offspring.
It could be that reproductive effort of parents with ‘enlarged’ broods was less than optimal from the point of view of the offspring
because the parents valued their own future
reproductive output higher than the expected
fitness benefits through their current offspring.
Assuming that further increase in their effort
would have resulted in a decrease in their own
condition. This would be in line with theoretical predictions of the outcome of the trade-off
between current and future reproductive success for species with low extrinsic mortality.
Although it is of course tempting to conclude
this from the combined effects of brood size
manipulation on parents and offspring in this
study, the lack of data directly linking brood
size manipulation to actual fitness benefits does
not allow such a conclusion. Perhaps in the
near future, data on recruitment rate and survival of individuals manipulated in this study
will fill in the bottom half of the scheme presented in Figure 1.1 and provide the answer.

Social dominance
Living in groups, jackdaws spend a large proportion of the day interacting with other members of the colony. These interactions can be
beneficial or neutral for the involved individuals for example in the case of sharing information on foraging opportunities in communal
roosts or predator alert, promoting coloniality.
However, especially around the breeding season, a large proportion of the interactions are
the result of competition over resources (e.g.
food, nest boxes, nesting material and mates).
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These interactions are often resolved via nonphysical displays. Sometimes such displays are
not enough however, and in these cases fights
occur that can sometimes become quite severe
and even result in injuries (ranging from a
removed tail feather to damage to the cornea of
an eye (personal observations)). At the population level, it is thought that the principle of
social dominance and especially social hierarchies in colonial species has evolved to lower
the amount of physical fights and thus the risk
of injury. Subordinates will know which individuals are more dominant over them, making
the outcome of fights more predictable and
they will be more likely to leave without a
fight.
Social dominance was determined by
observing interactions over an artificial food
source. The number of times an individual won
or lost an interaction through displacement
(loser leaves when the other approaches), threat
(loser leaves when the other performs a threat
display) or physical fights or when an individual was obviously waiting for the other to stop
eating was scored. To stage conflicts, food was
offered in small pits (diameter 10 cm). At these
pits, only one jackdaw or a jackdaw pair could
eat at a time. From these interactions a rank
order was calculated. A strong linear dominance hierarchy exists, in the sense that jackdaws rarely lose a conflict with an individual
with lower social status (Tamm 1977; Röell
1978; Wechsler 1988). The outcome of a conflict
can of course be state dependent; hungrier
birds may, for example, win more conflicts over
food. Earlier studies in the same colony had
already shown however, that jackdaws that
were successful in interactions over food also
had primary access to available nest boxes and
succeeded in defending more nest boxes during winter (Röell 1978). This information,
together with the observation that the hierarchy is highly stable over successive years, indicates that dominance in competition over food
reflects resource- holding potential, rather than
some transient effect of state.
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Reproductive success
Because socially dominant individuals, by definition, have priority of access to resources, it is
generally assumed that these individuals also
attain the highest reproductive success. Besides
lowering the frequency of physical fights, the
fitness advantage to socially dominant individuals is crucial in understanding the existence of
dominance hierarchies. Dominants have to
invest in acquiring and maintaining social
dominance. Such investments are, for example,
costly signals used in agonistic interactions
(Zahavi & Zahavi 1997) and harmful sideeffects of high androgen levels (Folstad &
Karter 1992; Frank et al. 1995; Packer et al. 1995;
Buchanan et al. 2001), while the increased number of interactions that dominant individuals
are involved in (Chapter 6) consume time and
energy and increase the risk of an injury. If
dominants did not benefit, these investments
would be wasted (Pusey & Packer 1997).
Indeed studies reporting positive effects of
dominance on reproductive success (reviewed
in Ellis 1995) by far exceed those that find
either neutral or negative correlations. However, the majority of studies that do not find a
positive correlation are based on animals in
captivity where the benefits of being dominant
may be less pronounced through for instance
the ad lib availability of food. Therefore,
(inspired by the data collected by Röell at the
BC colony in the 1970’s) the effects of being
dominant in this colony were investigated. It
was found that social dominance was associated with low fledgling production and low
fledgling quality (deduced from a lower body
mass, indicating a lower survival probability;
see Chapter 6). At least part of the low success
rate of dominant pairs was explained through
maternal effects. Females paired with dominant
males had poorer condition and produced
smaller eggs. The decrease in reproduction was
not compensated with greater longevity,
because survival was independent of social
dominance. As in jackdaws the frequency of
extra-pair fertilizations is practically zero

(Liebers & Peter 1999; Henderson et al. 2000).
These findings led us to conclude that dominant jackdaws in the BC colony had lower fitness than did subdominants.
This study was the first to show that in freeliving animals high ranked individuals can
have lowest fitness. This was not a general pattern found within all colonies of jackdaws.
Henderson and Hart (1995), in their study on a
colony of jackdaws in Leicestershire, found that
the most dominant individuals did produce the
most offspring. Hypotheses that explain low
fitness of dominant birds in the BC colony are
based on one of two assumptions. Either it is
assumed that there is a causal relation between
dominance and reproductive success, or it is
assumed that a third factor causes both high
dominance and low reproductive success. One
possible external factor is senescence, when
aging is associated with a decline in reproductive success and an increase in dominance.
Although there was no relation found between
social dominance and age in the data presented
in Chapter 6, more recent data (including data
collected between 2005 and 2008) do suggest
that dominance rank increases with age in
some, but not all, individuals (Figure 1.7).
However, it would seem unlikely that such an
aging effect could explain the pattern of
reduced fitness in dominant jackdaws, not in
the least because the decreased reproductive
success of dominant individuals was extremely
pronounced over a long period of time within
individuals. For instance, the most dominant
pair in the colony between 1998 and 2007 produced only a total of five fledglings in 1996 and
1997 combined, but no fledglings in all the
years afterwards, until the male disappeared in
2008. It is highly unlikely that an individual
that is fully capable of maintaining the top
position in the hierarchy would be too senescent to produce offspring over a period most
likely to be more than half its entire lifespan.
The variation in fitness consequences of
dominance can also be dependent on food
availability and to which level dominant indi-
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Figure 1.7. Sexual size dimorphism for several parameters of body size in the jackdaw. Solid line indicates no difference, positive values indicate that
males are bigger.

viduals are able to monopolize resources (Ellis
1995). In agreement with this proposition,
Henderson & Hart (1995) found in jackdaws
that dominance had a stronger effect on fledgling production in years when overall success
was low and in the common raven Corvus corax
it was found that increase in the effort needed
to monopolize a food source decreased the net
benefits of high ranked individuals (Heinrich
1994). Using simple optimality reasoning, this
proposition can logically be extended to
explain a negative association between dominance and reproductive success: when costs are
associated with acquiring and maintaining
dominance, and these costs are not compensated with increased resource access (because
resources are abundant regardless of status),
the net effect of dominance on reproductive
success will be negative. Although fledgling
production at the BC was approximately equal
to that found in the colony studied by
Henderson & Hart, the other colonies in this
study were doing much better in terms of number and quality of offspring. This difference
seemed, especially in the later years, to be due
to a lower availability of food suitable for the
offspring (mostly invertebrates) at the BC.
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Thus, high resource abundance is unlikely to
explain the negative association found between
dominance and reproductive success.
The question remains why dominant individuals at the BC would ‘choose’ to participate
in interactions and attain a high position in the
dominance hierarchy when the benefits associated with such a position are in terms of fitness
apparently outweighed by the involved costs. It
is possible that such a ‘decision rule’ has
evolved as a consequence of increased fitness
benefits at a global scale as illustrated by the
study of Henderson & Hart. This rule may
however become maladaptive in certain situations like those at the BC. It remains unclear
what characteristic makes this colony less suitable for dominant individuals. A comparison
with the colony studied by Henderson & Hart
revealed that apart from a woodland environment the most pronounced difference was the
proximity of neighboring nest boxes in the
colony in Leicestershire. Nest boxes in
Leicestershire were approximately 8 m apart
where nest boxes at the BC were around 1.5 m
up to a maximum of 3 m apart. It is possible
that the closer proximity induced an increase in
the number of interactions. Considering the
fact that dominant jackdaws were found to participate more in agonistic interactions (Chapter
6), it is possible that a density dependent
increase in such interactions would be
strongest in these high ranked individuals.
Potentially, this could affect breeding success
for instance through a reduction in parental
care as a result of increased levels of testosterone associated with agonistic interactions.
Alternatively, it could also be that male provisioning rates, essential during incubation and
the early rearing period, were lower for high
ranked individuals, due to a higher tendency of
these males to stay close to the breeding area as
a result of higher levels of territoriality. So far,
there is however no data to test both these
hypotheses (although blood samples have been
collected allowing for an analysis of hormone
levels).

Sex allocation
Evidence for biased sex allocation in birds has
accumulated in recent years. An increasing
number of studies report effects on sex allocation of parameters related to environmental
conditions and/or of parental body condition,
quality or attractiveness in relation to differential resource allocation between daughters and
sons (see Pike & Petrie 2003; Alonso-Alvarez
2006 for reviews). These patterns can especially
be expected when the net fitness benefits of
investment in offspring varies between sons
and daughters in different circumstances.
Jackdaws are moderately sexually size
dimorphic at fledging, with males being 5-10%
larger than females (Figure 1.8), suggesting that
higher costs are involved in producing male
offspring. Moreover, in jackdaws sexes differed
in their response to environmental conditions
(Chapter 3 and 4). Although more data are
needed to determine the consequences at the
level of actual fitness, these two findings
increase the likelihood that optimal sex allocation in jackdaws depends on parental resource
access and therefore social dominance.
There are several mechanisms via which
parents can preferentially increase the quality
and survival chances of either sons or daughters. For instance in birds, females may vary the
volume of their eggs, and thereby the available
resources, or differentiate the amount or quality
of food delivered to the nestlings depending on
sex.
Since offspring survival probability usually
decreases with hatching order in species with
brood-reduction (like the jackdaw), parents can
also vary the position in the laying order or in
the hatching order via variation in embryonic
period between the sexes. Whereas there was
the aforementioned difference in the response
to environmental conditions between the sexes,
there was no evidence that survival chances
until fledging differed between sons and
daughters (Chapter 3). Although data on preferential food provisioning towards sons and
daughters were not available, there were no
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Figure 1.8. (A) Social dominance and sex ratio in two
year-groups. Data were pooled for 1997, 1998, 2000
and 2001 (solid dots, each dot represents 9 or 10
clutches, N = 58) and 2004 and 2005 (open dots, each
dot represents 5 or 6 clutches, N = 23) respectively.
For statistics see Chapter 7. (B) The relation between
sex ratio of all nestlings born in a year and the slope
of the relationship between social dominance and sex
ratio.

indications that resource allocation in the form
of egg volume differed between eggs containing male or female embryos (Chapter 7). Also,
the order in which nestlings hatched within a
nest was not dependent on their sex as there
were no differences in laying order (Chapter 7)
or embryonic period (Chapter 8) between sons
and daughters. Thus, it would seem that there
is no evidence for sex dependent resource allocation in jackdaws, at least through these mechanisms.
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However, the most direct strategy to modify
sex allocation is through adjustment of the primary sex ratio of offspring (Fisher 1930;
Charnov 1982; Pike & Petrie 2003; AlonsoAlvarez 2006). Of all hatchlings at the BC
between 1996 and 2008 (except for 2002 and
2003) sex was determined from their DNA.
Overall 376 sons were born against 365 daughters, as would be expected when offspring sex
determination in these jackdaws was random
with probability 0.5. Nonetheless, in none of
these years separate was the sex ratio ever
really close to 1:1. This may suggest that sex
determination in jackdaws was not such a random process after all. Indeed, it was found that
clutch sex ratio was strongly associated with
social dominance. The effect was very strong
compared to most avian sex ratio studies, with
a sex ratio difference of 30-40% between the
most and least dominant pairs. However, the
direction of this effect varied between years.
Dominant jackdaws produced more sons during the first years of the study, but fewer sons
during the last years (Figure 1.8A) and this
effect seemed persistent within individuals.
Attempts to explain the relation between
social dominance and offspring sex ratio, and
especially the shift in this relationship between
years, have thus far not been successful
(Chapter 7). Maternal condition, although
related to social dominance, did not predict the
primary sex ratio. While on the other hand
more sons were born early in the season, but
social dominance was not related to laying
date. Nonetheless (a change in) environmental
condition and/or body condition is still the
most likely candidate to explain the observed
patterns.
The addition of three more years of data
from the years after the period in which the
data presented in Chapter 7 was collected
revealed that the relation between social dominance and offspring sex ratio continued to shift.
After 2005 the relation shifted again towards
more males being born in high ranked individuals in 2006, this was also true for 2008 but not
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for 2007 where these individuals produced
more daughters. Therefore, these data make the
possibility that there was a permanent change
in the environment between 2001 and 2004 less
likely because of the rapid shifts in recent
years. Interestingly, these extra data revealed a
pattern that the direction of the slope of the
relation between social dominance and offspring sex ratio in a certain year was related to
the sex ratio of all the offspring born in that
same year (Figure 9B). As such, the most dominant individuals in the colony each year produced more of the rare sex. Potentially, this
could result in higher fitness benefits through a
higher reproductive value of these offspring.
The existence of such a causal relationship
between these two parameters is however
extremely unlikely, not in the least because
such a mechanism would require that individual jackdaws can predict the sex of all the offspring produced in the colony. Thus, overall
sex ratio at the population level provides neither a mechanistic nor a functional explanation
of the observed relation between social dominance and offspring sex ratio. It seems more
likely that both parameters were affected by the
same (as yet unknown) factor, therefore resolving the questions related to the shift in the
effect of social dominance on sex ratio may be
one step closer.

Concluding remarks
First of all, the data presented in this thesis
show that telomeres and, perhaps even more
importantly, their shortening rates can be used
as a biomarker of aging and survival probabilities of individuals. Using information on telomeres in combination with other parameters
associated with (physiological) condition evidence for trade-offs at various levels and in
various traits related to the life history of jackdaws was presented here.
Although the plasticity in the decision
remains unclear, jackdaws make decisions

22

CHAPTER 1

about pursuing a high position in the local hierarchy. Dominant individuals will have higher
resource holding potential, but there are also
costs involved presumably as a result of the
effort needed to attain a high rank. As was
shown here, in terms of fitness these costs can
even outweigh the benefits associated with
social rank.
There was also evidence for parental control
on the investment in sons and daughters in the
sense that parents seemed to be able to adjust
offspring sex ratio. Although evidence for
(adaptive) sex allocation in birds is accumulating, extremely little is known about the mechanism via which sex determination could occur.
This makes it even more difficult to speculate
about what causes the observed link between
social dominance and sex ratio, let alone the
possibility of a causal link between these two
parameters. More research on the observed
relationship with overall sex ratio at the population level and also on the differences in the
sex dependency of environmental sensitivity
during early development should bring us
closer to answering these questions.
With regard to the trade-off between current
reproductive effort (which includes the investment in number and quality of offspring) and
future reproduction to maximise fitness, the
data presented here suggest that parents shunt
most of the costs resulting from an experimental increase in the cost of reproduction onto
their offspring. As such it would seem that
jackdaw parents favour their own survival and
expected reproductive value over that of their
offspring. However, the data presented in this
thesis do not warrant such a conclusion
because for this information on actual fitness is
crucial. Therefore, it is good to know that the
continuity of the jackdaw project was assured
for the coming years, so that more information
on the individuals that were manipulated in
this study will become available. With this
information the gap that for the moment
remains in the bottom half of the scheme presented in Figure 1.1 can then be filled.
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Telomere shortening and survival
in free-living corvids

H. Martijn Salomons
Ellis Mulder
Louis van de Zande
Mark F. Haussmann
Maarten H.K. Linskens
Simon Verhulst
Summary
Evidence accumulates that telomere shortening reflects life style and predicts remaining lifespan, but little is known of telomere dynamics and its relation to survival under natural conditions. We present longitudinal telomere data in free-living jackdaws (Corvus monedula), and
test hypotheses on telomere shortening and survival. Telomeres in erythrocytes were measured using pulsed field gel electrophoresis. Telomere shortening rates within individuals
were twice as high as the population level slope, demonstrating that individuals with short
telomeres are less likely to survive. Further analysis showed that shortening rate in particular
predicted survival, because telomere shortening was much accelerated during a birds’ last
year in the colony. Telomere shortening was also faster early in life, even after growth was
completed. It was previously shown that the length of the shortest telomeres best predicts cellular senescence, suggesting that shorter telomeres should be better protected. We test the latter hypothesis, and show that within individuals long telomeres shorten faster than short
telomeres in adults and nestlings, a result not previously shown in vivo. Moreover, survival
selection in adults was most conspicuous on relatively long telomeres. In conclusion, our longitudinal data indicate that the shortening rate of long telomeres may be a measure of ‘life
stress’ and hence holds promise as biomarker of remaining life span.

P Roy Soc Lond B Bio, 276: 3157-3165
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Introduction
Telomeres are regions of non-coding but highly
structured DNA at the end of linear eukaryotic
chromosomes, consisting of tandem repeated
highly conserved DNA sequence (5’-TTAGGG3’)n,. Telomeres play an important role in the
protection of chromosome integrity (Blackburn
1991), and there are indications that telomere
length predicts remaining life span in humans
(Cawthon et al. 2003; Bakaysa et al. 2007;
Kimura et al. 2008) (but see (Aviv 2008)), tree
swallows Tachycineta bicolor (Haussmann et
al. 2005), alpine swifts Apus melba (Bize et al.
2009) and nematodes (Joeng et al. 2004). Moreover, when comparing species, telomere shortening rate is correlated with maximum lifespan, in that short lived species lose their telomeres at a higher rate (Haussmann et al. 2003),
but note that between species the average telomere length is not correlated with (maximum)
life span (Haussmann et al. 2003; Seluanov et
al. 2007). Telomere shortening rate is accelerated by oxidative stress (von Zglinicki 2002;
Tchirkov & Lansdorp 2003). Since oxidative
stress is often considered a major agent of
senescence (Beckman & Ames 1998) this would
provide a mechanistic link explaining associations between telomeres and life span, in that
shorter telomeres may indicate that the organism experienced higher levels of oxidative
stress (Jennings et al. 2000; Monaghan &
Haussmann 2006). Thus, telomere length, and
perhaps telomere shortening rate in particular,
can potentially be used as a proxy for the ‘life
stress’ experienced by individual organisms
(Epel et al. 2004; Epel et al. 2006; Kotrschal et
al. 2007) and hence as a marker of an individual’s ‘biological age’. However, more information is required to assess whether telomere
length and telomere shortening can be interpreted as proxies for ‘physiological age’.
Information from natural populations in particular can contribute to such an assessment,
since the fitness consequences of a trait can
only be estimated under natural circumstances

where animals face the adversities that have
shaped their evolution.
Studies on telomere length in relation to age
are mostly cross-sectional, where different age
classes are represented by different individuals.
When individuals with short telomeres are
likely to die sooner, individuals with longer
telomeres early in life and/or lower telomere
shortening rate will be overrepresented in older
age classes (Haussmann & Mauck 2008a).
Relationships between telomere length and
aging obtained using cross-sectional data are
therefore likely to be confounded by selective
disappearance. More specifically, this would
result in estimates of telomere shortening that
are lower than the actual within-individual
shortening rate. We test this hypothesis using
three years of telomere data from a colony of
free-living jackdaws, and thus test whether
short telomeres are associated with higher mortality rate. In addition we test whether telomere
shortening rate is dependent on age and predicts remaining life span.
The length of the shortest telomeres in a cell
determines when cellular senescence commences (e.g. Hemann et al. 2001; di Fagagna et
al. 2003; Capper et al. 2007). On functional
grounds one can therefore expect that defensive mechanisms against DNA damage have
evolved to act stronger on chromosomes with
short telomeres (Karlseder et al. 2002), resulting
in an accumulation of shorter telomeres
(Martens et al. 2000). We quantified telomeres
in erythrocytes using pulsed-field gel electrophoresis, which yields genome-wide distributions of telomere lengths for each sample
(Baird 2006), and hence gives the opportunity
to quantify telomere shortening separately for
subsets of these size distributions (Haussmann
& Mauck 2008b). We use this information to
test the hypothesis that telomere shortening
rate is lower for short telomeres within individuals.
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Methods
Study population
We studied a colony of free-living jackdaws in
Haren (the Netherlands), a semi-urban environment (see Salomons et al. 2008 for details).
Birds were individually marked with colour
rings and a metal numbered ring. Estimates of
adult age are exact for individual birds first
ringed as fledglings or yearlings, the latter distinguishable from older adults through brown
plumage colouration. Birds of unknown age
were assigned a minimum age of two years.
This is likely to be a good estimate of their real
age, since telomere shortening patterns were
not different between individuals of whom the
exact age was known or not. Moreover, our primary interest is within individual telomere
shortening rate, for which it is sufficient to
know the exact age difference between sampling points. We have studied jackdaws in this
colony since 1996, and (minimum) ages of
adult birds in this study were 1–12 years.
In the years 2004 - 2006 adult birds were caught
in their nest box using remote controlled trap
doors. All breeding birds were caught twice
during the nestling rearing period (when the
chicks were 5 and 20 days old respectively),
and most birds were also caught in March,
before the breeding season. Jackdaws are
highly sedentary by nature and breeding birds
generally return to the colony when still alive.
Hence the data set comprised individuals sampled over 1 to 3 subsequent years. Immediately
after capture a small blood sample (~60 µl) was
taken using puncture of the brachial vein. This
sample was stored in 2% EDTA buffer at a temperature of 4-7°C, before it was snap-frozen
within two weeks in a 40% glycerol solution for
permanent storage at –80°C. In total, 48 adults
were sampled up to six times, and in total we
measured telomere length of 131 samples on 15
gels. In three years (2005-2007) we also collected blood samples of 74 individual nestlings
(from 29 nests) at both five and thirty days after
hatching. Telomere length of these samples was
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assessed using 9 gels. Since we were mainly
interested in within individual shortening rates
the different samples of each nestling would
always be on the same gel. All animals were
handled in strict accordance with good animal
practice, and all animal work was conducted
under license from the Animal Experiments
Committee of the University of Groningen (#
D4071).
Telomere length analysis
We used erythrocytes as the source of DNA,
which was extracted from the nuclei of 5 µl isolated erythrocyte cells using the CHEF
Genomic DNA Plug kit (Biorad, Hercules, CA).
Cells in the agarose plug were digested
overnight with Proteinase K at 50°C. The genomic DNA within half of this plug was digested
simultaneously with Hind III (60 U), Hinf I (30
U) and Msp I (60 U) for ~18 h in NEB2 buffer
(New England Biolabs, Inc, Beverly, MA).
Approximately 5 µg of digested DNA from
each sample was separated by pulsed field gel
electrophoresis through a 0.8% pulsed field certified agarose gel (Bio-Rad, Hercules, CA) at
14oC for 24 h (3 V/cm, initial switch time 0.5s,
final switch time 7.0s). Gels were dried using a
gel dryer (Bio-Rad, model 538) without heating
and hybridized overnight with a 32P-endlabeled oligo (5’-CCCTAA-3’)4 that binds to the 3’
overhang of telomeres, thereby avoiding the
problem of interstitial telomeres that are prevalent in birds (Class I telomeres (See Delany et
al. 2000 for a description of different telomere
classes)). The radioactive signal of the marker
was detected by a phosphor screen (MS,
PerkinElmer) and analysed using a phosphor
imager (Cyclone™ Storage Phosphor System,
PerkinElmer). For size calibration we used a 32P
labeled size ladder (NEB DNA ladder 1 kb)
(Figure 2.1).
Telomere length varies between chromosomes (Lansdorp et al. 1996; Martens et al.
1998; Baird et al. 2003), and due to stochastic
events also between the hematopoietic stem
cells that generate the erythrocytes. Hence the
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as the lower boundary of the measurement
window over which telomere length was calculated. Determining the upper boundary is more
difficult because on the upper side of the distribution the background noise was usually
higher and more variable than at the lower end
of the distribution. To determine the upper
boundary, we used the following formula to
first determine threshold background intensity
(Y) at the upper side of the distribution.
Y = 0.1 * (Ip – Imin) + Imin
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Figure 2.1. Picture of representative pulsed-field gel
showing the molecular size ladder and the first 7
lanes with smears representing telomeres of individual samples.

data obtained for each sample is a telomere
length distribution (a smear, see Figure 2.1)
rather than one value (a sharp band). We determined the size distribution of telomeres
through densitometry (Haussmann & Mauck
2008b) using the open-source software ImageJ
version 1.38x. We subtracted lane specific background values based on the lowest signal on
the part of the distribution representing the
short telomeres, and this point was also taken

Where, for each specific lane, Ip = peak intensity and Imin = minimum intensity at the side of
the distribution representing long telomeres.
The upper boundary of the measurement window was taken to be the molecular size at
which the signal was first below Y.
Telomere distributions are usually characterized using the average telomere length only,
but, as explained above, telomere shortening
rate may not be the same for chromosomes
with short and long telomeres. We therefore
characterized telomere distributions not only
by the mean, but also by the mode (running
average of three neighbouring pixels) and further quantified every tenth percentile for each
sample, and examined telomere shortening
separately for each estimate.
Repeatability of telomere length of subsequent samples of the same individual measured within gels was high (for average telomere length: r = 0.90, s.e. = 0.06, F1,35 = 27.6, P <
0.001), while the between gel coefficient of variation of a standard sample run on all gels was
7.5%.
Statistics
We analyzed our data using mixed models,
including gel, individual and sample (nested
within individual) as random effects. Statistical
significance of variables, using the REML estimates, was assessed from the t-ratio. Models
were also compared using the Akaike Information Criterion (AIC) (Akaike 1981).
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Telomere shortening estimates from crosssectional analyses are a weighted mean of
within-and between-individual effects when
individuals are sampled repeatedly. We were
mainly interested in the telomere shortening
rate within individuals. Therefore the age variable in the model was replaced by two variables, average age (calculated over all samples
of an individual) and delta age (the deviation
from individual average age for each sample),
such that for each sample age = average age +
delta age. Replacing age with these two terms
in the model yields separate estimates for the
between individual effect (average age) and
within individual effect (delta age). Moreover,
when the within individual slope is significantly steeper than the between individual
slope, this is evidence that individuals with
short telomeres disappear from the sample
population at a higher rate (Snijders & Bosker
1999). Telomere shortening in relation to survival was further analyzed using a variable
called ‘returned’ which was coded as follows:
all samples collected in a year were coded 1
when that individual returned to breed the next
year, and coded 0 when that individual did not
return the next year. This approach was used
instead of capture-recapture methods, as the
essence of our analyses is that we test for an
association between survival and a trait (telomere length) that changes over time within individuals. This feature is unavailable in a capture-recapture approach.

Results and Discussion
Average telomere length declined with age, but
at a decelerating rate (Figure 2.2A). To linearize
the model we used the natural logarithm of
age, which yielded the highest fit (AIC =
2708.2) when compared to untransformed age
(AIC = 2723.1), and root transformed age (AIC
= 2713.5). Sample sizes for adult data were 131
samples from a total of 48 individuals (see
methods section for details). In a cross-sectional
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analysis, telomere length shortened at a rate of
336 bp/ln(year) (Table 2.1A). On a linear scale,
this corresponds to ~233, ~61 and ~33 bp/year
for individuals of ages one, five and ten years
old respectively. Telomere length and telomere
shortening rate did not differ between the
sexes, which contrasts with the results obtained
in humans (e.g. Benetos et al. 2001; Terry et al.
2008). Non-linear telomere shortening with
higher rates at young ages was previously
reported for birds by Pauliny et al. (2006), but
unfortunately they analysed their gels with
Telometric (Grant et al. 2001), a computer program of which it is now known that it uses an
incorrect algorithm that yields strongly biased
results (our observations, and see Haussmann
& Mauck 2008b). Faster telomere shortening
early in life is nevertheless a pattern that is generally observed in birds (Hall et al. 2004),
humans (Frenck 1998; Zeichner et al. 1999;
Rufer et al. 1999; Sidorov et al. 2004; Aubert &
Lansdorp 2008), and other mammals (Brummendorf et al. 2002; Baerlocher et al. 2007). In
species such as humans this could be related to
higher cell division rate during the prolonged
growth period. However, jackdaws are fullygrown at the age of approximately one month,
ruling out this hypothesis. Thus perhaps also in
humans the higher telomere shortening rate
early in life is not only due to growth per se but
also to another aspect of being at a younger age
such as higher energy turnover (Roberts &
Rosenberg 2006; Moe et al. 2009) or increased
turnover of hematopoietic stem cells as found
in baboons and cats (Brummendorf et al. 2002;
Baerlocher et al. 2007). Alternatively, high telomere shortening rate may be a property of long
telomere length as the higher amount of guanine makes them particularly vulnerable to oxidative damage (Henle et al. 1999; Oikawa et al.
2001), which could generate the same pattern.
We partitioned the age variable (in this case
the natural log of age) into two terms: average
age, to estimate the between individuals effect
(Figure 2.2B), and delta age, to estimate the
within individuals effect (Figure 2.2C; see
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Figure 2.2. Cross-sectional estimates of age-related
telomere shortening rate (A) follow a log-linear function with a decrease in shortening rate with age.
Longitudinal analysis of the same data results in estimates of 309 bp per ln(year) between individuals (B)
and 664 bp per ln(year) within individuals (C). The
slope within individuals was significantly steeper
than the slope between individuals (for comparison,
the between individual slope was added to the within
individuals graph (dashed line))

methods for details). Telomere shortening rate
within individuals was significantly higher at
664 bp/ln(year) than the decline between
(young and old) individuals (t1,93.9 = 2.1, P =
0.04), which was 309 bp/ln(year). These results
did not differ between subsets of data from
individuals of which exact age was known (N =
22) or of which only an estimate of minimum
was available (N = 26; tests of interaction
between factor exact/minimum and age differences between [t1,38.2 = –0.88, P = 0.4] and within
individuals [t1,74.9 = 0.12, P = 0.9] , see also Table
1C for tests of the age effect restricted to individuals of which exact age was known). The
significant difference in slopes between and
within individuals is evidence for selective disappearance of individuals with shorter telomere
length (van de Pol & Verhulst 2006). The finding
that individuals with long telomeres are more
likely to return the next year is in agreement
with several studies of humans (Cawthon et al.
2003; Bakaysa et al. 2007; Kimura et al. 2008),
and two other studies of free-living animals in
which this was investigated (Haussmann et al.
2005; Bize et al. 2009). Note however that there
are also several studies that do not find such
pattern (Martin-Ruiz et al. 2005; Bischoff et al.
2006; Harris et al. 2006), and this issue therefore
clearly deserves more study. Note further that
in our study telomeres appear to maintain
almost constant length later in life when
viewed cross-sectionally (Figure 2.2A), but this
is apparently caused by selective disappearance of individuals with short telomeres since
in the longitudinal analysis there is no evidence
that the rate of within individual telomere
shortening depends on (ln-) age (Table 2.1B).
Oxidative stress accelerates telomere shortening, at least in vitro (von Zglinicki et al. 2000;
Aviv 2002; von Zglinicki 2002) and evidence
accumulates that this also happens in vivo
(Cattan et al. 2008; Ilmonen et al. 2008). Since
oxidative stress is considered a potentially
important agent of senescence it has been
hypothesised that this process may cause the
association between telomere length and sur-
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Table 2.1. Cross-sectional (A) and longitudinal analysis (B&C) of age dependent telomere shortening (sample
sizes are 116 samples from 46 individuals for A&B and 44 samples from 22 individuals for C).

Constant
ln(Age)
Rejected terms
Sex [Female]
Sex * ln(Age)
B) Longitudinal
Average telomere length
Constant
Average(ln(age)) [Between]
Delta ln(age) [Within]
Rejected terms
Sex [Female]
Sex * Delta ln(Age)
Average(ln(age)) * Delta ln(age)

Estimate (s.e.)

Degrees of freedom

t - ratio

P - value

5520.8 (91.9)
-336.3 (46.1)

46.2
91.7

60.1
-7.3

<0.001
<0.001

-65.5 (73.5)
3.1 (79.1)

39.5
48.8

-0.9
0.04

Estimate (s.e.)

Degrees of freedom

t - ratio

P - value

5484.8 (94.4)
-309.4 (47.0)
-664.0 (162.2)

44.2
81.7
81.5

58.1
-6.6
-4.1

<0.001
<0.001
<0.001

-65.3 (72.3)
12.6 (314.0)
55.9 (267.3)

39.4
78.2
120.8

C) Longitudinal (Using only birds of known age)
Average telomere length
Estimate (s.e.)
Constant
Average(ln(age)) [Between]
Delta ln(age) [Within]

5625.4 (109.3)
-367.2 (58.5)
-554.2 (299.1)

vival (Haussmann et al. 2005; Vleck et al. 2007).
Under this hypothesis telomere shortening
should perhaps be a better predictor of survival
than absolute telomere length. We therefore
tested the interaction between delta age and a
new variable (‘returned’) that indicated whether
or not a bird returned to breed the next year.
The rate of telomere shortening between years
was five times steeper for the individuals that
did not return the next year (Figure 2.3; interaction delta age * returned: t1,83.3 = –2.5, P = 0.01;
added with main effect to model in Table 2.1B).
Thus telomere shortening is accelerated in the
last year before an individual disappears from
the colony and presumably dies, suggesting a

0.4
0.97

-0.9
0.04
0.2

0.4
0.97
0.8

Degrees of freedom

t - ratio

P - value

19.6
21.5
56.1

51.5
-6.3
-1.9

<0.001
<0.001
0.07

telomere shortening (Bp/In(year))

A) Cross-sectional
Average telomere length
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Figure 2.3. Telomere shortening rate (base pairs /
ln(year)) (mean ± standard error) for individuals that
did or did not return to the colony the next year.
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Figure 2.4. The slope (± standard error) of the relation
with age for different estimates of telomere length in
adults (A). The difference between within-individual
(closed dots) and between-individual estimates (open
dots) of telomere shortening in adults shows an accelerated increase. Telomere shortening in the 25 days
prior to fledging (B) was much higher compared to
adults for all measures used.

rapid disintegration of body integrity near the
end of life. It is worth noting that this effect is
in agreement with data from alpine swifts (Bize
et al. 2009) and cross-sectional observations in
humans that telomere loss accelerates at high
age (Lansdorp 2004), although a direct association between life expectancy and telomere
shortening rate has to our knowledge not yet
been demonstrated in humans.
It is the length of shortest telomeres that
triggers cellular senescence (Hemann et al.
2001; Capper et al. 2007) and one could hypothesise therefore that short telomeres could be
better protected and hence shorten at a lower
rate. We therefore repeated the analyses in
Table 1B for the other characterizations of the
telomere distribution we derived, i.e. the different percentiles of the telomere distribution that
each measurement yields. Telomere shortening
rate increased with percentile, with the longest
telomeres shortening at twice the rate of the
shortest telomeres (Figure 2.4; Table 2.2). This is
not a regression to the mean effect, since subsequent samples and percentile estimates are statistically independent. Furthermore, the difference between the within- and between-individual estimates of telomere shortening increased
with percentile. Significance level of selective
disappearance also increased with percentile,

Table 2.2. Comparison between estimates of age related telomere shortening derived from cross-sectional and
longitudinal analysis, for different parameters characterising the telomere size distribution (sample size is 116
samples from 46 individuals).

Estimate of
Telomere length
Average
Mode
10th Percentile
30th Percentile
50th Percentile
70th Percentile
90th Percentile

ln(age)
(standard error)
-336.3
-357.6
-301.2
-309.7
-332.8
-369.3
-382.2

(46.1)
(68.5)
(50.6)
(45.0)
(43.9)
(49.8)
(66.9)

Within Individuals
Delta(ln(age))
(standard error)
-664.0
-942.4
-486.5
-588.9
-591.5
-671.6
-1031.2

(162.2)
(304.1)
(220.4)
(178.4)
(145.2)
(155.6)
(254.1)

Between individuals
Average(ln(age))
(standard error)
-309.4
-328.2
-290.1
-290.6
-308.5
-337.4
-340.5

(47.0)
(69.6)
(51.8)
(45.7)
(45.1)
(51.4)
(67.7)
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being significant from the 65th percentile
onwards and reaching P < 0.01 at the 90th percentile. This indicates that selective disappearance of individuals with short telomeres is
most conspicuous on longer telomeres. To our
best knowledge, there is only one other comparable test; in a human twin study (Kimura et al.
2008) mean telomere length below the 25th and
50th percentile respectively did not predict mortality better than mean telomere length, but
higher percentiles (where we find a clear effect)
were not compared.
Average telomere length in nestlings
decreased by 261 bp between ages five and
thirty days of age (N = 74; paired t-test: t =
–11.5, df = 73, P < 0.001), and telomere loss was
independent of telomere length at day five. The
latter conclusion follows from the finding that
the slope of the correlation between telomere
lengths at day five and thirty was not significantly different from unity (Figure 2.5) (b =
1.08, s.e. = 0.05). Telomere length increased in a
few nestlings. However, as the activity of
telomerase, an enzyme capable of elongating
telomeres (Greider & Blackburn 1985), is downregulated in most post-natal somatic tissue
(Forsyth et al. 2002; Haussmann et al. 2007), we
attribute this to measurement error. Telomere
shortening rate in nestlings over the 25-day
measurement period (age 5–30 days) was ~16
times higher than shortening rates in one year
old individuals, and ~62 and ~115 times higher
than in adults at the age of five and ten years
respectively.
Similar to adults, telomere shortening rate
within individual nestlings was higher for
longer telomeres (Figure 2.4B). Thus, in nestlings there is an interesting contrast: when comparing between individuals the telomere shortening rate was independent of telomere length
(Figure 2.5), while within individuals the
longer telomeres shortened at a higher rate
(Figure 2.4). For the adults the different estimates are more in agreement, since telomere
length declined faster early in life (when telomeres are longer) compared to late in life (Figure

telomere length at the age of 30 days (Bp)

TELOMERE

8000

7000

6000

5000
5000

6000

7000

8000

telomere length at the age of 5 days (Bp)

Figure 2.5. Nestling telomere length at ages 5 and 30
days plotted against each other. Line indicates equal
values (y = x) and hence when telomeres have shortened between ages 5 and 30 days the data points fall
below this line.

2.2A). One possible explanation for the difference between nestlings and adults could be
that in adults the hematopoietic stem cells disappear from the bone marrow when their
telomeres become too short, whereas this
process is unlikely to occur in nestlings due to
the young age (up to 30 days post hatching) of
the majority of stem cells.

Conclusions
Cross-sectional analyses yield biased estimates
of within individual effects when the focal trait,
in this case telomere shortening, is subject to
selective disappearance. However, the effects
within and between individuals can be disentangled using longitudinal data (Snijders &
Bosker 1999). This is useful because the biological interpretation of these two effects is different. The within individual estimate is relevant
when one is interested in estimating the telomere loss of individuals, which clearly is the biologically most interesting estimate. The interest
in the between individual estimate lies primar-
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ily in the comparison with the within individual estimate, as this allows a test of an association between telomere length and selective disappearance from the sample population. Using
this approach we showed that individuals with
short telomeres are more likely to disappear
from the population and, more specifically, that
telomere shortening rate is substantially higher
during the last year preceding disappearance
from the colony. When telomere shortening rate
reflects oxidative stress this suggests that
oxidative stress is higher in the last year of life,
either due to a higher rate of free radical production, lower antioxidant capacity, or a combination of the two. Telomerase activity could
also play a role, although, as mentioned above,
earlier studies have shown telomerase activity
to decline strongly with age very early in life,
and to be negligible in adult birds that are not
very long lived. Studies are currently under
way to investigate these hypotheses.
We do not take our findings as evidence that
there is a direct (causal) effect of telomere length
on survival, because it seems at least as likely
that its predictive value derives from the link
between telomere shortening and oxidative
stress or other (DNA) damage generating mechanisms. This does however not detract much of
its value, since also in this case can telomere
length be used as a biomarker of aging (von
Zglinicki & Martin-Ruiz 2005) and there are
few, if any, alternative options available if one
aims to predict survival probabilities of individuals. Telomere shortening serves that purpose
regardless of the underlying mechanism.
Within individuals, longer telomeres shortened at a higher rate in both adults and nestlings (Figure 2.4) and to the best of our knowledge this is the first demonstration of within
individual size-dependent telomere shortening
in vivo. The general finding that telomere
shortening rate is highest at younger ages suggests that the same occurs between individuals,
with individuals with longer telomeres losing
base pairs at a higher rate. Note however that
the observed higher shortening rates in indi-

viduals with longer telomeres can also be
attributed to other differences between younger
and older individuals, such as a decline in
metabolic rate (Moe et al 2009). Furthermore,
we found no indication for telomere length
dependent shortening rate when comparing
between individual nestlings. Several recent
studies did conclude that also between individuals longer telomeres have higher shortening
rates (Bize et al. 2009; Aviv et al. 2009; Nordfjäll
et al. 2009). Unfortunately, all three studies
reporting such an effect tested this hypothesis
in a way that is known to create a bias in the
reported direction called regression to the
mean, which can be strong enough to explain
the reported correlations.
We can only speculate regarding the mechanisms generating size dependent telomere
shortening, but in addition to the allocation of
defensive mechanisms as suggested by
Hemann et al. (2001) it seems possible that
longer telomeres are intrinsically more vulnerable simply because they form a larger target (op
den Buijs et al. 2004). Using other techniques
such as T/C-FISH it is now possible to study
telomere shortening for different chromosomes
(Perner et al. 2003; e.g. Mayer et al. 2006),
which would enable a test of the hypothesis
that it is the telomere length or shortening rate
at specific chromosomes that best predicts mortality. Our finding that selective disappearance
with respect to telomere length was most conspicuous for long telomeres (Figure 2.4A) suggests that it is likely that telomere shortening of
some chromosomes will be more suitable to
predict mortality than others.
Acknowledgements
Data were collected under license of the animal
experimentation committee of the University of
Groningen. We thank Arjen Wassink for his
help with programming ImageJ and Daniel
Promislow and two anonymous referees for
valuable comments that improved the manuscript. H.M.S., G.A.M. and S.V. were supported
by a NWO Vici-grant to S.V.

TELOMERE

SHORTENING AND SURVIVAL

35

Sex dependence of environmental
sensitivity differs qualitatively
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in jackdaw nestlings
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Summary
Developmental conditions can have profound fitness consequences, which may be sex dependent. Little is known of the underlying mechanisms, but oxidative stress is a promising candidate. We manipulated brood size in jackdaws Corvus monedula, and studied effects on growth
and two oxidative stress parameters: total antioxidant capacity and oxidative damage.To our
best knowledge, this is the first study examining the effects of experimentally manipulated
environmental conditions during early development on both growth and oxidative stress
under natural conditions. Growth was reduced in enlarged broods, and this effect was significantly stronger in daughters. Total antioxidant capacity was lower in enlarged broods, irrespective of sex, although the effect was most pronounced in sons. This could indicate more
oxidative stress in enlarged broods. However, oxidative damage in daughters was unaffected
and in sons it was significantly higher in reduced broods. Although levels of oxidative stress
were related to growth, growth by itself did not explain the relation between oxidative stress
and brood size manipulation. We suggest that energy turnover, and hence ROS production, of
nestlings in reduced broods was higher, and hence oxidative protection was up-regulated. In
sons compensation through this up-regulation was apparently not sufficient as indicated by
the higher oxidative damage in reduced broods. To infer which sex is most susceptible to
environmental conditions during early development, growth is often used as fitness proxy.
Our finding that it varied between traits which sex was the most affected (growth in daughters, physiology in sons) suggests that this approach could lead to erroneous conclusions.
Measuring fitness rather than a fitness proxy is required to resolve this issue.
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Introduction
Environmental conditions experienced during
early development can have profound effects
on fitness prospects in many animal species
(Lindström 1999; Cam, Monnat & Hines 2003;
van de Pol et al. 2006) including humans
(Lummaa 2003). For example, individuals reared under impaired conditions may have lower
survival rates (Dijkstra et al. 1990; Metcalfe &
Monaghan 2001; Lummaa & Clutton-Brock
2002) acquire lower quality territories (Verhulst,
Perrins & Riddington 1997; van de Pol et al.
2006) and/or have lower reproductive potential through decreased fertility or attractiveness
(Haywood & Perrins 1992; Gustafsson, Qvarnström & Sheldon 1995; de Kogel & Prijs 1996;
but see Naguib, Heim & Gil 2008).
Considering the broad and long-lasting
effects of early environmental conditions on the
life history of adults, surprisingly little is
known about mechanisms underlying these
effects, in particular under natural conditions.
In some cases a direct effect of body size seems
evident, for instance when there is size-dependent resource holding potential (see Briffa &
Sneddon 2007 for review), but in other cases
mechanisms are probably more subtle. Environmental conditions experienced during early
development affected for example standard
metabolic rate at adulthood (independent of
body size) (Verhulst, Holveck & Riebel 2006;
Criscuolo et al. 2008), nestling (Saino, Calza &
Møller 1997; Fargallo et al. 2002; Parejo, Silva &
Aviles 2007; Bonisoli-Alquati et al. 2008) and
adult (Birkhead, Fletcher & Pellatt 1999) immunity and song quality (Nowicki, Searcy &
Peters 2002; Spencer et al. 2003).
The finding that rearing conditions affect so
many aspects of the adult phenotype suggests
there are developmental effects beyond simply
growing to a smaller size. The self-construction
process of growth may somehow be executed
less well, e.g. with more construction errors,
when rearing conditions are poor. Pro-oxidants
(e.g. free radicals and peroxides) are the

inevitable byproducts of aerobic metabolism.
Their high reactivity can result in damage to
lipids, proteins and nucleic acids. Antioxidant
defense systems prevent such damage, and
consist of enzymatic antioxidants such as
superoxide dismutase and catalase that work
primarily within mitochondria at the site of
free-radical production (Barja 2004) and micromolecular antioxidants such as vitamins E and
C, uric acid and glutathione that function both
in tissues and in the bloodstream (Finkel &
Holbrook 2000; Costantini 2008; Cohen, Hau &
Wikelski 2008). Oxidative stress, defined as the
rate at which oxidative damage is generated
(Costantini & Verhulst 2009), results from the
imbalance between pro-oxidant production and
the capability of an individual to defend itself
against pro-oxidants (Ames, Shigenaga &
Hagen 1993; Beckman & Ames 1998; von
Schantz et al. 1999; Finkel & Holbrook 2000;
Kregel & Zhang 2007; Costantini 2008). Because
of its (DNA-)damaging effect, oxidative stress
leads to physiological deterioration and has
been linked to disease and senescence (Beckman & Ames 1998; Finkel & Holbrook 2000).
Thus, oxidative stress could potentially play a
mediating role in the effect of rearing conditions on fitness prospects (Monaghan, Metcalfe
& Torres 2009), for example when antioxidant
defenses are impaired when growing up in
poor rearing conditions.
The sensitivity to environmental conditions
often differs between daughters and sons
(Råberg, Stjernman & Nilsson 2005; Dubiec,
Cichon & Deptuch 2006; Arnold et al. 2007;
Alonso-Alvarez, Bertrand & Sorci 2007; Rowland et al. 2007). A sex difference in environmental sensitivity is interesting because it may
create selective pressure to invest in a specific
sex in response to state, condition and/or environment of the parents, thereby facilitating the
evolution of adaptive sex allocation (CluttonBrock, Albon & Guinness 1985; see also Benito
& Gonzalez-Solis 2007). Sex dependent environmental sensitivity can not be attributed to
differential effects on food acquisition alone,
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because Martins (2004) showed in the sexually
size mono-morphic zebra finch that growth
rates of females were lower in conditions of
restricted food when compared to males subjected to the same restriction protocol. This suggests more subtle differences between the sexes
in their response to adverse circumstances, that
could involve different tolerance of oxidative
stress but this has to our knowledge not been
studied.
To study the interplay between sex, early
environmental conditions, growth and oxidative stress, we manipulated brood size in freeliving jackdaws. The trade-off between the
number and quality of offspring is one of the
foundations of life history theory (Lessells
1991). Increasing or decreasing the number of
young thus allowed us to compare the effect of
environmental conditions during the rearing
period on growth and oxidative stress of
nestlings. We measured body mass and tarsus
length up to fledging. After two-third of the
nestling period had passed, shortly after the
period of peak growth, we took blood samples
to measure total antioxidant capacity (TAC)
and oxidative damage in plasma. At the same
age we measured resting metabolic rate (RMR)
overnight for a subset of nestlings because it
provides an index of the energy budget
(Speakman 2000), and possibly also of the rate
at which ROS are generated. We expected
growth to be impaired in nestlings reared in
enlarged broods, and the sub-optimal growth
conditions experienced in enlarged broods
could result in impaired anti-oxidant defenses
(Blount et al. 2003; Costantini & Dell'Omo 2006;
Rubolini et al. 2006; Isaksson et al. 2007) and
thus higher oxidative stress.

Methods
Study population
We studied free-living jackdaws, a hole breeding semi-colonial bird species, during the
breeding seasons of the years 2005 until 2008 in
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the colony at the Biological Centre in Haren
(the Netherlands), a semi-urban environment
(36 nest boxes), and 5 smaller colonies located
in a more rural area 5–10 kilometers south of
Haren (5–20 nest boxes). Due to relative low
occupation rates at some of these sites, data
were pooled for the colonies outside the
Biological Centre (OTHER).
Nest boxes were checked daily, starting in
the first week of April, until the clutch was complete, and eggs were numbered with a felt tip
pen. For the BC colony, clutches were moved to
an incubator 1–2 days before the estimated
hatching date (temperature 37.7ºC, humidity
75%), to determine from which egg a chick had
hatched. Upon finding, hatchlings were placed
in their original nest (for details see Salomons et
al. 2006). At the other colonies nests were
checked daily for hatched eggs, starting one day
before estimated hatching date. Hatchlings were
weighed and a blood sample (10-20ml) was
taken by clipping the tip of a toe nail for sexing
and future DNA-analysis. Sex was determined
by PCR analysis of blood samples (Griffiths et
al. 1998). The reliability of this method was confirmed using adult birds of known sex (N > 50).
The clipping of a nail tip does not interfere with
nestling growth. The clipped nail is identifiable
up to fledging, and we used this to identify the
chicks within broods.
Brood size manipulation
We manipulated brood size at day 5 or day 6
(day of hatching = day 1). Nests with only one
chick alive in the nest at the day of manipulation were not used, as these nests could only be
enlarged. Pairs of nests were selected with similar hatch date and clutch size, and randomly
assigned to an enlarged or reduced treatment.
For reduced broods, two chicks were moved to
same aged broods in the enlarged treatment. In
2005 and 2006 a full cross-foster scheme was
applied where three chicks were moved from
the reduced brood to the enlarged brood and
one chick from the enlarged brood was moved
to the reduced brood.
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Growth and survival
The survival of the chicks in the nest was
checked every 5 days (day of hatching = day 1).
At day 10, 20 and 30 the chicks were also
weighed and tarsus- and wing length (day 20
and 30) were measured. As body mass is a
combined measure of size and condition, we
separated these components in our analysis by
replacing body mass in the model by tarsus
and residuals of the regression of mass over
tarsus. At day 30, shortly before fledging, the
chicks were ringed.

portional to the pro-oxidative status. The protocol was slightly adjusted from factory specifications provided by the manufacturer (buffer
400 µl, chromogen 4 µl, calibrator 10 µl, sample
40 µl / incubation 90 minutes at 37ºC). Absorbance was measured with a spectrophotometer
(Beckman Coulter DU530) at 505nm and
546nm. Mean value calculated using measurements at both wavelengths was taken as measure of oxidative damage. All results are
expressed as Carratelli Units (1 CARR U is
equivalent to 0.08 mg/dl H2O2).

Oxidative stress analysis
At day 20, a blood sample was taken from the
chicks by puncture of the brachial vein and collected in heparinized capillary tubes. Samples
were then transported on ice, centrifuged and
plasma was stored at -20°C within hours.
Samples were analyzed immediately after each
breeding season. TAC was measured by the
OXY-Adsorbent test (Diacron, Grosseto, Italy)
which uses colorimetric determination to quantify the ability of the antioxidant barrier to cope
with the oxidant action of hypochlorous acid
(HOCl). The intensity of the colored complex
was measured with a spectrophotometer (Beckman Coulter DU530) at 505nm and 546nm. We
used the mean of the values obtained at both
wavelengths as measure of a chick’s TAC levels.
Analysis was according to specifications provided by the manufacturer, with some minor
changes (volume: buffer 500 µl, chromogen 10
µl, calibrator 10 µl, sample 10 µl / dilution: calibrator 1:200, sample 1:200 / Incubation 10 minutes at 37ºC). All results are expressed as µmol/
ml HClO neutralized per volume of serum.
The level of oxidative damage was measured by the d-ROMs test (Diacron, Grosseto,
Italy), which quantifies the level of hydroperoxides, which are derived from damage to both
lipids and proteins (Alberti et al. 2000; Iamele,
Fiocchi & Vernocchi 2002). This method uses
colorimetric determination to quantify the ability of the plasma to oxidize a chromogen, producing a complex whose color intensity is pro-

Metabolic rate
In 2006 metabolic rate of a subset of 26 nestlings
(BC only) was measured at the age of 20 ±2
days overnight at 28ºC (well within the thermoneutral zone for adult jackdaws (Gavrilov &
Dolnik 1985)) in the dark using indirect
calorimetry. Chicks were moved from the nest
just before sunset and kept in a Plexiglas box (10
x 10 x 15 cm) in an open air flow system (flow
rate set to deliver 60 l/h) for measuring rates of
O2 consumption and CO2 production (for further technical details see Wiersma, Salomons &
Verhulst 2005). Nestlings were returned to the
nest at sunrise the next morning. To prevent
parental desertion 1–2 chicks would remain in
the nest to be measured the next night.
Statistical analysis
We analyzed our data using mixed models,
incorporating random effects to avoid pseudoreplication effects. We used JMP (version 7.0.1,
SAS Institute Inc.) for all analyses except for the
survival of nestlings where we used MLWiN
(version 2.0.2, Rasbash et al. 2005). Siblings are
not statistically independent; therefore nest was
added as a random factor to all models. Where
applicable the effect size (Cohen's d, see
Nakagawa & Cuthill 2007) is reported. The BC
colony was less productive than the other, more
rural, colonies. These differences between
colonies were reflected in our estimates of
growth, TAC and oxidative damage. On average, growth was reduced at the BC (mass at age
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20 days: t1,176 = –5.0 P < 0.001; tarsus at age 20
days: t1.104.1 = –5.6 P < 0.001) and also levels of
both TAC (t1,66.5 = –4.43 P < 0.001) and oxidative
damage (t1,60.1 = –2.45 P = 0.02) were lower at
the BC colony. To account for these differences,
colony was added as a random factor to all
models.

Results
We manipulated brood size of 90 nests, containing in total 325 nestlings (N = 14, 24, 17, 35
broods for 2005-2008 respectively). At manipulation, there were no significant differences
between enlarged and reduced broods in either
laying date, hatching date, clutch size, brood
size or nestling mass (all P > 0.1). For 76 nests
two chicks were either removed from or added
to the original brood size. In one occasion three
chicks were moved from reduced to enlarged.
In 12 nests only one chick could be moved
because there were only two (viable) chicks left
in the nests assigned to the reduced treatment
at the time of the manipulation. Averaging over
years and colonies, there were on average
2.1 ±0.1 and 5.3 ±0.2 chicks in reduced and
enlarged broods respectively after manipulation. Levels of TAC and oxidative damage were
measured in 186 nestlings at the age of 20 days
in 2006 and 2008, of which 160 were reared in
manipulated broods. Sex was successfully
determined for 95% of these chicks. As not all
parameters were available for all the individual
chicks sample sizes vary slightly between
analyses. We tested whether being raised by
either natural or foster parents affected growth
or oxidative stress parameters, but this was not
the case (all P > 0.1), and this factor is therefore
not presented in subsequent analyses.
Growth
When pooling all measurements after manipulation, the body mass of chicks reared in
enlarged broods was lower compared to chicks
in reduced broods (Figure 3.1A; t1,208.2 = –5.4,
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P < 0.001; tested as in Table 3.1A but without
the sex * manipulation interaction). The manipulation effect on body mass growth was significantly stronger in daughters compared to sons
(see interaction in Table 3.1A). Note that there
was also a significant sex * age interaction, indicating that daughters and sons have different
growth trajectories. The manipulation effect
was significant in both sexes when analyzed
separately (reduced vs enlarged: daughters
t1,107.8 = –4.6 P < 0.001; sons t1,92.7 = –2.6 P =
0.01). At the age that oxidative stress was measured (20 days), the effect size for daughters
(d = –0.87) was more than double the effect size
in sons (d = –0.34).
Tarsus length, a measure of structural body
size, was smaller for chicks in enlarged broods
(Figure 3.1B; t1,184.5 = –2.0, P < 0.05; tested in
model as in Table 3.1B without the sex * manipulation interaction). Unlike for body mass, there
was no significant sex * manipulation interaction effect on tarsus length (Table 3.1B). However, on closer inspection it was found that at
day 10 there was hardly an effect visible of the
manipulation itself on tarsus length, most likely
due to the relatively short period after the
manipulation in combination with the fact that
tarsus length is not a very flexible trait. When
the analysis was restricted to later ages, i.e. the
ages 20 and 30 days, there was indeed a significant sex * manipulation effect (t1,185.6 = 2.0, P <
0.05), which was due to there being a larger
manipulation effect on tarsus length of daughters (Figure 3.1B; t1,106 = –1.9, P = 0.06; effect size
at 20 days: d = –0.46) compared to sons (t1,66.2 =
–0.8, P = 0.4; effect size at 20 days: d = –0.20).
Fledging probability was significantly lower
in enlarged broods (Wald test; ∆Dev = 7.8, P <
0.01; tested using logistic regression with
colony and nest as random terms, and mass at
manipulation and hatch date as fixed effects).
There was a trend that fledging probability was
higher for sons compared to daughters (Wald
test; ∆Dev = 3.2, P = 0.07), but the manipulation
effect was independent of sex (Wald test; ∆Dev
= 2.3, P = 0.13).
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Figure 3.1. Brood size manipulation and growth, measured in body mass and tarsus length. Average and standard error are shown for sexes pooled and for daughters and sons separate.

Total antioxidant capacity
TAC was significantly lower in nestlings reared
in enlarged broods (Fig. 3.2; t1,148.5 = –2.1 P =
0.04), and did not differ between daughters and
sons. The sex * manipulation interaction was
not significant (t1,143.7 = –1.0 P = 0.3), although
the manipulation effect was substantially larger
in sons (d = –0.38; t1,70.1 = –1.6, P = 0.1) as compared to daughters (d = 0.10; t1,62.9 = 0.5, P = 0.6).
Since both TAC and growth up to day 20
were higher in reduced broods, it is possible
that the manipulation effect on TAC is due to
the growth difference between treatments. We
therefore tested whether TAC level was correlated to growth up to day 20 when TAC was
measured. The correlation between TAC and

body mass at the time of sampling was positive
and bordered on significance (Table 3.2A), and
manipulation was no longer significant in
either sex when added to this model (Table
3.2A). Thus, the effect of the brood size manipulation on levels of TAC seemed to be the result
of differences in growth between the treatments. Mass is determined by size as well as
other factors such as energy stores, and to separate the effect of these components on TAC we
replaced body mass in the model by tarsus
length and the residual body mass from a
regression on tarsus (including the sex * tarsus
interaction). Again manipulation was rejected
from the final model, which did however contain a significant interaction between residual
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Table 3.1. Analysis of the effect of brood size manipulation on growth.
Dependent

Term

(A) Mass

Intercept
Manipulation [Enlarged]
Sex [Son]

N = 267 / 231 / 180
at ages 10 / 20 /30

Age
Age [10 days]
Age [20 days)
Age * Sex
Age [10 days] * Sex
Age [20 days] * Sex
Manipulation * Sex
(B) Tarsus
N = 186 / 222 / 178
at ages 10 / 20 /30

Intercept
Manipulation [Enlarged]
Sex [Son]
Age
Age [10 days]
Age [20 days]
Age * Sex
Age [10 days] * Sex
Age [20 days] * Sex
Manipulation * Sex

1)

Estimate
(Standard Error) 1)

DFDen

t Ratio

Prob>|t|

172.3 (10.0)
-20.6 (4.0)
8.7 (4.5)

8.8
219.6
209.3

17.3
-5.2
2.0

<0.001
<0.001
0.05

424.1

-22.4

<0.001

-53.8 (1.7)
32.7 (1.8)
425.1

-2.9

<0.001

-10.2 (2.4)
4.2 (2.5)
11.5 (5.3)

213.9

2.2

0.03

39.0 (0.8)
-0.9 (0.4)
0.8 (0.5)

10.7
191
183.6

47.4
-2.2
1.8

<0.001
0.03
0.08

330.7

-1.8

0.08

338.0

-2.6

<0.01

184.4

1.2

0.2

-8.4 (0.1)
4.0 (0.1)
-0.7 (0.2)
0.4 (0.2)
0.7 (0.5)

Estimates of categorical variables represent deviation from reference category (between brackets)

manipulation *
sex interaction P =0.26

total antioxidant capacity
(µmol/ml HCIO neutralised)

120
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Figure 3.2. Brood size manipulation and total antioxidant capacity. TAC was lower in nestlings reared in
enlarged broods (dark grey bars) compared to
reduced broods (light grey bars).
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Table 3.2. Analysis of the effect of brood size manipulation on total antioxidant capacity.
Dependent

Term

(A) Total
antioxidant capacity

Intercept
Body mass
Rejected terms
Manipulation [Enlarged]
Sex [Son]
Body mass * Sex
Body mass [Daughter]
Body mass [Son]
Manipulation * Sex
Manipulation [Daughter]
Manipulation [Son]

(B) Total
antioxidant capacity

1)

Estimate
(Standard Error) 1)

DFDen

t Ratio

Prob>|t|

74.8 (13.5)
0.1 (0.05)

5.7
146.4

5.5
1.9

<0.01
0.06

-4.6 (3.6)
-4.4 (3.1)

149.4
134.0
137.7

-1.3
-1.4
-1.0

0.20
0.16
0.32

144.2

-1.3

0.20

0.08 (0.08)
0.16 (0.07)
0.7 (5.2)
-7.7 (6.6)

Intercept
Residual mass
Sex [Son]
Residual Mass * Sex

97.1
0.02
-1.7
0.3

(9.5)
(0.1)
(2.9)
(0.1)

1.0
146.8
127.4
137.1

10.3
0.2
-0.6
2.3

0.06
0.83
0.56
0.02

Rejected terms
Tarsus
Manipulation [Enlarged]

0.73 (1.0)
-3.6 (3.5)

145.3
141.4

0.7
-1.0

0.47
0.30

Estimates of categorical variables represent deviation from reference category (between brackets)

body mass and sex (Table 3.2B). This interaction was caused by a significantly positive correlation between residual mass and TAC in
sons and absence of any relationship in daughters (Figure 3.3). Tarsus length was not related
to levels of TAC. Thus, in sons residual mass
was more important than structural size in
explaining variation in levels of TAC, while in
daughters neither mass component was correlated with TAC.
Oxidative damage
Levels of oxidative damage were somewhat
lower in nestlings reared in enlarged broods
(Figure 3.4), but this effect was not statistically
significant (t1,144.6 = –1.50 P = 0.1). Oxidative
damage levels did not differ significantly
between daughters and sons, but there was a

significant
manipulation * sex
interaction
(t1,141.2 = –2.2 P = 0.03). When the sexes were
tested separately, the manipulation effect was
significant in sons (73.4 ±2.1 vs. 67.0 ±1.7;
d = –0.56; t1,36.8 = –2.3 P = 0.03), but not in
daughters (69.0 ±2.3 vs 70.1 ±1.6; d = 0.10;
t1,71.0 = 0.5 P = 0.6).
There was no correlation between oxidative
damage level and body mass at the time of
sampling (Table 3.3A). Like in the analysis of
TAC level, we replaced body mass in the model
by tarsus length and residual body mass, as
well as their interactions with sex. Residual
body mass was rejected from this model,
whereas the interaction between sex and tarsus
was statistically significant (Table 3.3B). This
interaction was caused by a negative correlation in sons (t1,42.7 = –1.75 P = 0.09), whereas the
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Figure 3.3. Partial residual plots of relation between total antioxidant capacity and residual body mass (top) and
oxidative damage in relation to tarsus length (bottom) in sons (left) and daughters (right) in reduced broods
(open circles) and enlarged broods (closed circles).
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Table 3.3. Analysis of the effect of brood size manipulation on oxidative damage.
Dependent

Term

(A) Oxidative damage Intercept
Sex [Son]
Manipulation [Enlarged]
Manipulation * Sex
Rejected terms
Body mass
Body mass * Sex
Body mass [Daughter]
Body mass [Son]
(B) Oxidative damage Intercept
Sex [Son]
Manipulation [Enlarged]
Manipulation * Sex
Tarsus
Tarsus * Sex
Rejected terms
Residual mass
Residual mass * Sex
Residual mass [Daughter]
Residual mass [Son]
1)

Estimate
(Standard Error) 1)

DFDen

t Ratio

1.8
141.1
143.1
141.2

16.9
1.9
0.8
-2.2

<0.01
0.06
0.45
0.03

128.6
128.7

-1.1
-1.5

0.3
0.1

39.8 (33.0)
6.6 (2.8)
2.3 (2.7)
-8.3 (3.6)
0.6 (0.7)
-2.1 (0.8)

136.5
138.5
140.5
137.1
144.0
119.6

1.2
2.3
0.9
-2.3
0.8
-2.5

0.2
0.02
0.4
0.02
0.4
0.01

-0.01 (0.05)

136.4
124.8

-0.3
0.9

0.8
0.4

66.1
5.5
2.0
-7.8

(3.9)
(2.9)
(2.6)
(3.5)

-0.04 (0.04)

Prob>|t|

0.006 (0.047)
-0.063 (0.039)

-0.05 (0.07)
0.02 (0.06)

Estimates of categorical variables represent deviation from reference category (between brackets)

correlation in daughters was negligible (Fig.
3.3; t1,68.8 = 0.47 P = 0.6). Hence, in contrast to
TAC, structural growth instead of residual
body mass had the higher explanatory value
for oxidative damage level. However, structural growth could not explain the differences
between the treatment groups since the manipulation effect remained significant when tarsus
length was controlled for (Table 3.3B).
Resting metabolic rate
RMR was higher in nestlings from reduced
broods (Figure 3.5A; t1,21.7 = –3.7 P < 0.01). This
effect was the same for daughters and sons (sex

* manipulation: t1,21.2 = –0.3 P = 0.8). RMR is a
measure of whole body energy consumption,
whereas levels of TAC and oxidative damage
are measured as concentrations. Therefore
RMR should be controlled for body mass when
comparing it to concentrations. Controlling for
body mass, by adding it as a covariate to the
model explaining RMR, revealed that neither
TAC nor oxidative damage were related to
RMR (TAC: t1,23.0 = –1.2 P = 0.2; Oxidative damage: t1,17.9 = 0.6 P = 0.6). Furthermore, the brood
size manipulation effect on RMR was, in both
sexes, fully explained by differences in body
mass between treatment groups (Figure 3.5 B).
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Figure 3.5. Resting metabolic rate (W) in 20 day old
nestlings in relation to sex and brood size manipulation (light grey bars: reduced brood size; dark grey
bars: enlarged brood size). (A) RMR. (B) RMR corrected for body mass.

Discussion
Rearing conditions, in the form of manipulated
brood size, affected growth and oxidative stress
parameters of nestling jackdaws, and we summarized these findings by calculating standardized effect sizes for each of these traits (Figure
3.6).
Both measures of growth (body mass, tarsus
length) were lower in chicks reared in enlarged
broods, but these effects were stronger in
daughters compared to sons. Mass at fledging
predicts subsequent survival probability in
many bird species (for reviews see Magrath
1991; Schwagmeyer & Mock 2008) including
jackdaws (Verhulst & Salomons 2004). Thus,
our brood size manipulation is likely to have

had a substantial effect on offspring survival
prospects. We further anticipate that such a survival effect is likely to be stronger for daughters
than for sons when we can assume that a possible mass * sex interaction with respect to survival is weak. Thus on the basis of growth it
seems justified to tentatively conclude that
daughters are more vulnerable to brood size
effects than sons.
Sex dependent effects of brood size manipulations on growth and nestling survival have
been reported more often (see Råberg et al.
2005 for review). Which sex is most susceptible
to the manipulation varies between species
however, or even between studies on the same
species (Råberg et al. 2005). This indicates that
sex per se does not determine susceptibility to
environmental conditions. Sex dependent
responses to manipulations could result from
competition, e.g. the larger sex being least susceptible, or an increase of resource requirements with size, in which case the larger sex
would be more susceptible. In jackdaws, males
are the larger sex (Figure 3.1) and our finding
that growth of sons was less susceptible to
brood size enlargement than growth of daugh-
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Figure 3.6. Effect size (Cohen’s d) of manipulation on
growth (tarsus and body mass) and physiology (total
antioxidant capacity and oxidative damage) of
daughters (open dots) and sons (closed dots) at the
age of 20 days. Solid lines represent 95% confidence
intervals. Calculated from t-statistic using the power
module in the statistical software package Statistica.
Dashed line indicates no effect.
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ters could indicate that they do better in the
competition between siblings. Sex biased
parental feeding patterns could also cause these
effects (Nishiumi et al. 1996; Lessells 1998;
Magrath et al. 2004), when parents preferentially feed sons when food is short in supply.
However, there may also be a sex difference in
the efficiency with which food is converted to
mass in the face of food shortage, as reported
for zebra finches (Martins 2004). Given the latter finding, the conclusion that differences in
the effect of the manipulation on growth reflect
differences in energy consumption between
sons and daughters may be premature. Sex
dependent effects of brood size manipulations
on growth could also arise because the sexes
differ in how they change their resource allocation between growth and other processes when
per capita provisioning rate declines as usually
happens when brood size is enlarged.
The effects of the brood size manipulation
were not limited to growth, but also affected
other aspects of nestling physiology, as shown
by the two oxidative stress related assays that
we applied. The total antioxidant capacity is
important in preventing oxidative damage, and
the level of this protection mechanism was
reduced in enlarged broods. Although the
interaction between sex and manipulation did
not reach significance, the effect size for sons
was substantially larger than it was for daughters (Figure 3.6). The reduction in TAC could
indicate that chicks (sons in particular) reared
in enlarged broods allocated fewer resources to
defense mechanisms against oxidative damage
(Bortolotti et al. 2000; Costantini & Dell'Omo
2006). This was supported by the fact that the
effect of the manipulation on levels of TAC
could be entirely explained by differences in
body condition (residual body mass over tarsus).
Surprisingly, the decreased antioxidant
capacity level did not result in higher oxidative
damage levels in nestlings in enlarged broods.
In daughters the oxidative damage level was
not affected by manipulated brood size, but in

sons the oxidative damage level was actually
lower in enlarged broods (Figure 3.6). This
same pattern was observed when comparing
colonies. While growth rate and nestling survival were highest at the OTHER colonies, levels of both TAC and oxidative damage were
also higher. In fact, there turned out to be even
a positive correlation between TAC and oxidative damage (t1,178.1 = 2.0 P = 0.04). This confirms that when studying oxidative stress it is
insufficient to determine levels of oxidative
protection (Costantini & Verhulst 2009), probably because oxidative protection will often be
up regulated in response to increased ROS
exposure (Barja 2002; Costantini 2008). Using
correlational data, Nussey et al (2009) recently
showed in free living Soay sheep (Ovis aries)
that increased growth rate was positively correlated with oxidative damage level, in agreement with our experimental result. We therefore tested whether the manipulation effects on
growth, as expressed in mass and size, could
explain the increase in oxidative damage in
nestlings in reduced broods. Although tarsus
length was correlated to oxidative damage
level, it did not explain the brood size manipulation effect. Moreover, within treatment
groups there was a negative correlation
between tarsus length and oxidative damage
level in sons. This, in combination with the
finding that the effect of manipulation on
oxidative damage was observed in sons only,
whereas growth estimates were instead most
affected in daughters, makes it less likely that
growth in the period before our measurements
per se affected oxidative damage levels.
The higher level of oxidative damage in
nestlings in reduced broods could reflect
increased free radical production through
higher daily energy expenditure. For instance,
it could be that nestlings in reduced broods,
similarly to nestlings of blue tits Parus caeruleus
(Dubiec et al. 2006) and Eurasian kestrels Falco
tinnunculus (Fargallo et al. 2002), allocated
more resources to immune function and that, in
experimentally enlarged broods, the immune
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function competes with other physiological
functions, such as growth (Saino et al. 1997;
Hõrak et al. 1999). In our study this should
then result in differential allocation of energy
towards somatic maintenance between nestlings in enlarged and reduced broods. Also,
higher body mass (Daan et al. 1989) as well as
higher growth rates (Dietz & Drent 1997) are
accompanied by a higher level of metabolic
rate, as was shown by Massemin and colleagues in nestlings of the Eurasian kestrel
(Massemin et al. 2002). Thus, it can be expected
that ROS production was higher in nestlings in
reduced broods a result of increased energy
metabolism. Levels of RMR were indeed found
to be higher in nestlings in reduced broods.
However, when RMR was corrected for body
mass, to correctly compare it to our estimate of
oxidative damage, there was no additional
brood size manipulation effect on RMR (Figure
5b). It is worth mentioning however that RMR
comprises only a part of total daily energy
expenditure (DEE), which we did not measure,
and it is not unlikely that the relation between
RMR and DEE differed between treatments
(Wiersma et al. 2005), with chicks in small
broods having a higher DEE/RMR ratio compared to chicks in large broods.
Oxidative damage level was higher in
nestlings reared in reduced broods (Figure 3.4),
which is not what one would expect given that
birds reared in reduced broods generally have
better fitness prospects. However, a similar pattern was observed in Soay sheep lambs, where
the level of oxidative damage was positively
associated with growth rate (Nussey et al.
2009), which in turn is positively associated
with fitness prospects (Cluttonbrock et al.
1992). These data suggest that investment in
growth entails costs in terms of oxidative damage, and further research is needed to assess
whether individuals that combine a high
growth rate with low oxidative damage have
better fitness prospects than individuals in
which both growth rate and oxidative damage
are high. What our data do show is that
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although, compared to daughters, growth of
sons was less affected by brood size manipulation, an effect on physiology was only observed
in sons (Figure 3.6). This sex dependent
response to the brood size manipulation shows
a resemblance to the study on brood size
manipulation effects in blue tit nestlings by
Dubiec et al (2006), who showed that, with
respect to growth daughters responded
stronger to the manipulation, whereas immune
function (response to PHA) was more affected
in sons. Obviously, studies on the effect of rearing conditions can be highly dependent on the
parameter of interest. Moreover, daughters and
sons may differentially trade-off growth against
other (physiological) parameters like immunity
and somatic maintenance and repair.
Sex differences in the trade-off between
growth and physiological condition could be
induced when selective pressures towards
larger body size are stronger in one of the
sexes, which in the case of the jackdaw is supported by the fact that sexual size dimorphism
has evolved, with males being the larger sex.
This selective pressure could arise for example
through an effect of body size on social dominance, as in jackdaws, dominance rank has
been shown to affect future survival and reproductive success (Henderson & Hart 1995;
Verhulst & Salomons 2004) and the rank of a
breeding pair is primarily dependent on the
status of the male (Röell 1978). In jackdaws
adult (structural) body size is almost fully
determined at fledging (Fig. 3.1), therefore
growth during the nestling phase may be most
important for sons. Larger body size has been
shown to be positively associated with social
dominance in two other corvids (carrion crow,
Corvus corone corone (Richner 1989) and rooks
Corvus frugilegus (Røskaft 1983)). However, in
jackdaws such a relationship between social
dominance and body size was not found
(Henderson & Hart 1995; Verhulst & Salomons
2004), although sample sizes in both studies
were modest.
Nevertheless, investing in
growth under sub-optimal conditions, at the
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expense of other physiological costs, may be
optimal for jackdaw sons, whereas for daughters body size may be less important and hence
more resources are allocated towards physiological maintenance and repair. Ultimately, this
may even result in equal effects of the brood
size manipulation on fitness for both sexes. To
our knowledge, only three studies that show
sex dependent manipulation effects on growth
also investigated effects on subsequent offspring survival (Oddie 2000; Råberg et al. 2005;
Nicolaus et al. 2009). Strikingly, in all three
studies the sex * manipulation interaction with
respect to first year recruitment was not statistically significant. Hence earlier conclusions that
one sex was more susceptible to an environmental condition than the other may have been
premature. Clearly, more studies are needed to
test whether sexes differ in sensitivity to environmental conditions during early development in terms of fitness, which is ultimately the
only relevant parameter in this context.
Acknowledgements
Data were collected under license of the animal
experimentation committee of the University of
Groningen. We thank David Costantini for
comments that improved the manuscript and
Gerard Overkamp for his help with the
respirometer. H.M.S., G.A.M. and S.V. were
supported by an NWO Vici-grant to S.V.

BROOD

SIZE, GROWTH AND OXIDATIVE STRESS

51

Telomere length variation and
sex dependent environmental sensivity
during early development
in a free-living corvid
H. Martijn Salomons
Ellis Mulder
Simon Verhulst

Summary
Telomeres, the ends of linear chromosomes, shorten with age, and evidence accumulates that
telomere length and shortening rate predicts remaining lifespan. Telomere shortening also
reflects life-style and, at least in vitro, is accelerated by oxidative stress. Thus, telomeres may
play a crucial role in the mechanism linking environmental conditions, for example those
experienced during early development, to individual fitness prospects. However, most studies on telomere shortening to date were correlational and/or on laboratory animals, and consequently little is known of the causes of telomere shortening under natural conditions. We
manipulated brood size in free-living jackdaws Corvus monedula, and studied effects on
telomere shortening in nestlings using pulsed field gel electrophoresis. Telomere shortening
in daughters was unaffected by brood size manipulation, despite our earlier finding that their
growth was much reduced in enlarged broods. In contrast, telomere shortening in sons in
enlarged broods was twice as high when compared to sons reared in reduced broods, while
their growth was less affected. We previously showed that oxidative stress was similarly
affected by the brood size manipulation (i.e. stronger effects in sons), but we found no correlations between oxidative stress or growth and telomere shortening. This suggests that, in
vivo, oxidative stress does perhaps not play an important role in telomere dynamics in
nestlings. Our findings do contribute to the view that the shortening of telomeres may serve
as a valuable indicator of environmental conditions during development. However, further
study is required, both to elucidate the mechanism causing the brood size effect on telomere
shortening, and its fitness consequences.
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Introduction
Environmental conditions experienced during
early development have effects on the fitness
prospects in animals (Lindström 1999; Cam et
al. 2003; van de Pol et al. 2006) and humans
(Lummaa 2003). For instance, poor environmental conditions experienced during early
development affect survival rates and lead to
costs in terms of immunity and/or reproductive potential through decreased fertility or
attractiveness (Haywood & Perrins 1992;
Gustafsson et al. 1995; de Kogel & Prijs 1996;
Metcalfe & Monaghan 2001; Fargallo et al. 2002;
Lummaa & Clutton-Brock 2002) as well as
metabolic rate at adulthood, independent of
body size (Verhulst et al. 2006; Criscuolo et al.
2008). Considering our knowledge on linking
early environmental conditions to individual
fitness prospects, surprisingly little is known
on the mechanisms underlying these effects.
Especially interesting in this context is evidence
showing that the rate of growth can be more
important than the amount of growth (Rollo
2002). Apparently, physical speed of growth
might be attained at the expense of the developing physiological machinery of organisms.
This becomes especially visible in the case of
‘catch-up’ or compensatory growth, an acceleration of growth rate caused by an increase in
nutritional value of food provisioning during
development, often leading to increased adult
mortality risk, metabolic rate and disease
(Metcalfe & Monaghan 2001; Metcalfe &
Monaghan 2003; Barker et al. 2005; Criscuolo et
al. 2008).
Telomeres are regions of non-coding but
highly structured DNA at the end of linear
eukaryotic chromosomes, consisting of a tandem repeated DNA sequence (5’-TTAGGG3’)n, a sequence that is highly conserved. They
play an important role in the protection of chromosome integrity (Blackburn 1991), and telomere shortening is often associated with ageing
and age-related diseases (e.g. cardiac and infectious diseases, artherosclerosis and cancer)

(Cawthon et al. 2003; Baird 2006; Jiang et al.
2007). There are indications that telomere
length predicts remaining life span in humans
(Cawthon et al. 2003; Bakaysa et al. 2007;
Kimura et al. 2008) (but see (Aviv 2008)), birds
(Haussmann et al. 2005; Salomons et al. 2009b)
and nematodes (Joeng et al. 2004). Moreover,
when comparing species, telomere shortening
rate is correlated with maximum lifespan, in
that short lived species loose their telomeres at
a higher rate (Haussmann et al. 2003), but note
that between species the average telomere
length is not correlated with (maximum) life
span (Haussmann et al. 2003; Seluanov et al.
2007). Telomere length is at least partly genetically determined (Slagboom et al. 1994; Rufer et
al. 1999; Graakjaer et al. 2006), there is however
large variation in the rate of telomere shortening between individuals (Salomons et al.
2009b).
There have been several studies looking at
age related changes in telomere length providing estimates of telomere shortening of humans
and other vertebrates early in life (Frenck 1998;
Rufer et al. 1999; Zeichner et al. 1999; Brummendorf et al. 2002; Hall et al. 2004; Salomons et
al. 2009b). Generally, telomere shortening early
in life is markedly higher compared to that in
adults. In jackdaws, the rate at which telomeres
shortened between ages 5 and 30 days was up
to 100 times higher than the rate recorded in
adults (Salomons et al. 2009b). Obviously,
telomere length during adult life is predominantly affected by the amount of telomere loss
in early life. Furthermore, evidence from the
European shag (Phalacrocorax aristotelis) indicated that telomere shortening was linked to
growth and to relative time in the breeding season (Hall et al. 2004), suggesting that environmental conditions during early development
are related to telomere shortening rate. We are
aware of only one previous experimental study
investigating this relationship. Jennings and
colleagues showed that changes in early
growth induced by diet restriction affected
telomere shortening (Jennings et al. 1999).
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Telomere shortening rate has been shown,
at least in vitro, to be accelerated by oxidative
stress (von Zglinicki 2002; Tchirkov & Lansdorp
2003), resulting from the imbalance between
pro-oxidant production and the capability of an
individual to defend itself against and/or
repair damage caused by these pro-oxidants
(Ames et al. 1993; Beckman & Ames 1998; von
Schantz et al. 1999; Finkel & Holbrook 2000;
Kregel & Zhang 2007; Costantini 2008). Antioxidant protection may be costly, as suggested
by its suppression in birds with increased
reproductive effort (Wiersma et al. 2004).
Moreover, the level of anti-oxidant protection
in nestlings is primarily determined by the
rearing environment (e.g. food delivery by the
parents) (Blount et al. 2003; Costantini &
Dell'Omo 2006; Rubolini et al. 2006; Isaksson et
al. 2007). Therefore, the damage incurred by
oxidative stress (either through or approximated by telomere length) may provide a link
between environmental conditions experienced
during early development and individual fitness prospects.
We manipulated brood size in free-living
jackdaws and measured telomere length at two
time points in the nestling phase. Life history
theory predicts a trade-off between the number
and quality of offspring which has been confirmed by many studies (Smith et al. 1989;
Stearns 1992; Pettifor et al. 2001). Thus, increasing or decreasing the number of young allowed
us to compare the effects of either impaired or
improved environmental conditions during the
rearing period of nestlings on telomere length
at fledging. Previously we have shown that
sub-optimal conditions in ‘enlarged’ broods
resulted in lower growth (body mass and tarsus length) and especially in altered levels of
plasma anti-oxidative barrier (TAC) and oxidative damage in nestlings reared under these
conditions. Interestingly, these effects were different between daughters and sons. Growth
was most strongly affected in daughters. In
contrast, oxidative stress related parameters
were more affected in sons. Although levels of
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TAC were, as expected, lower in the plasma of
nestlings reared in ‘enlarged’ broods, oxidative
damage levels were higher in sons reared in
‘reduced’ broods. We hypothesized that the different responses of daughters and sons to
brood size manipulation were the result of differential allocation of resources. Whereas sons,
possibly as a result of selective pressures on
body size, invested in growth at the expense of
physiological consequences under sub-optimal
conditions, daughters allocated more resources
towards maintenance and repair. This is the
first study in which the combined effects of
early environment on growth, oxidative stress
as well as telomere shortening are studied
within (free-living) individuals. We expected
telomere shortening of nestlings reared in
‘enlarged’ broods to be higher (independent of
growth) because the sub-optimal rearing conditions (based on the effects on growth) for
nestlings in ‘enlarged’ broods would result in a
lower availability of resources for somatic
maintenance and repair. We further predicted
that this effect would be more pronounced in
sons because the oxidative stress assays already
showed their physiology to be stronger affected
than in daughters.

Methods
Study population
We studied free-living jackdaws, a hole breeding semi-colonial bird species, in the colony at
the Biological Centre (BC) in Haren (The
Netherlands), a semi-urban environment, and 5
smaller colonies located in a more rural area
5–10 kilometres south of Haren. The BC colony
consisted of 36 nest boxes. At the other sites, the
first nest boxes were put up in 2004 and
depending on jackdaw occupation rates their
number was increased in consecutive years. The
number of nest boxes per site ranged from 5–20.
Due to relative low occupation rates at some of
these sites, data were pooled for the colonies
outside the Biological Centre (OTHER).
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Nest boxes were checked daily, starting in
the first week of April, until the clutch was
complete, and eggs were numbered with a felt
tip pen. For the BC colony, clutches were
moved to an incubator 1–2 days before the estimated hatching date (temperature 37.7ºC,
humidity 75%), and upon hatching, hatchlings
were placed in their original nest (for details
see Salomons et al. 2006). At the other colonies
nests were checked daily for hatched eggs,
starting one day before estimated hatching
date. Hatchlings were weighed and a blood
sample (10–20 µl) was taken by clipping the tip
of a toenail for sexing and future DNA-analysis. Sex was determined by PCR analysis of
blood samples (Griffiths et al. 1998). The reliability of this method was confirmed using adult
birds of known sex (N > 50). The clipping of a
nail tip does not interfere with nestling growth.
The clipped nail is identifiable by a blunt tip up
to fledging, and we used this to identify the
chicks within broods.
Brood size manipulation
We manipulated brood size at day 5 or 6 (day
of hatching = day 1). Nests with only one chick
alive in the nest at the day of manipulation
were not used, as these nests could only be
enlarged. Parents were randomly assigned to
an ‘enlarged’ or ‘reduced’ treatment in their
first ‘manipulation year’. Parents stayed on this
treatment in consecutive years, to study longterm effects of increased reproductive effort. For
‘reduced’ broods, two chicks were moved to
same aged broods in the ‘enlarged’ treatment.
In 2005 and 2006 a full cross-foster scheme was
applied where three chicks were moved from
the ‘reduced’ brood to the ‘enlarged' brood and
one chick from the ‘enlarged’ brood was moved
to the ‘reduced’ brood.
Growth and survival
The survival of the chicks in the nest was
checked every 5 days (day of hatching = day 1).
At day 10, 20 and 30 the chicks were also
weighed and tarsus- and wing length (day 20

and day 30) were measured. As body mass is a
combined measure of size and condition, we
separated these components in our analysis by
replacing body mass in the model by tarsus and
residuals of the regression of mass over tarsus
(including sex * tarsus interaction). At day 30,
shortly before fledging, the chicks were ringed.
Telomere length analysis
At the age of 5 days, at the same time as the
brood size manipulations, we again clipped the
nail tip of one of the toes of each chick to create
combinations of clipped nail that were unique
within the rearing nest after the brood size
manipulation. From the clipped nail a small
blood sample (~40 µl) was taken for DNA. At
the age of 30 days all remaining nestlings were
again sampled, this time by puncture of the
brachial vein. Both samples were stored in 2%
EDTA buffer at a temperature of 4–7 °C, before
it was snap-frozen, within two weeks after sampling, in a 40% glycerol solution for permanent
storage at –80°C. All samples were collected
under license from the Animal Experiments
Committee of the University of Groningen.
We used erythrocytes as source of DNA,
which was extracted from the nuclei of ± 5 µl
isolated erythrocyte cells using CHEF Genomic
DNA Plug kit (Biorad, Hercules, CA). Cells in
the agarose plug were digested overnight with
Proteinase K at 50°C. The genomic DNA within
half of this plug was digested simultaneously
with Hind III (60 U), Hinf I (30 U) and Msp I
(60 U) for ~18 h in NEB2 buffer (New England
Biolabs, Inc, Beverly, MA). Approximately 5 µg
of digested DNA from each sample was separated by pulsed field gel electrophoresis
through a 0.8% pulsed field certified agarose
gel (Bio-Rad, Hercules, CA) at 14°C for 24 h (3
V/cm, initial switch time 0.5s, final switch time
7.0s). Gels were dried using a gel dryer (BioRad, model 538) without heating and
hybridized overnight with a 32P-endlabeled
oligo (5’-CCCTAA-3”)4 that binds to the 3”
overhang of telomeres, thereby avoiding the
problem of interstitial telomeres that are preva-

BROOD

lent in birds (Class I telomeres (See Delany et al.
2000 for a description of different telomere
classes)). The radio-active signal of the marker
was detected by a phosphor screen (MS, PerkinElmer) and analysed using a phosphor imager
(Cyclone™ Storage Phosphor System, PerkinElmer). For size calibration we used a 32P
labeled size ladder (NEB DNA ladder 1 kb).
We determined the size distribution of
telomeres through densitometry using the
open-source software ImageJ version 1.38x. See
Salomons et al (submitted) for further details.
TRF length varies between chromosomes
(Baird et al. 2003), and due to stochastic events
also between the hematopoietic stem cells that
generate the erythrocytes, and hence the data
obtained for each sample is a TRF distribution
(a smear) rather than one value (a sharp band).
The TRF distribution is usually characterized
using the average TRF only, but, as explained
above, TRF shortening rate may not be the
same for chromosomes with short and long
TRF’s. We therefore characterized the TRF distributions not only by the mean, but also by the
percentiles, and examine TRF shortening separately for these different estimates.
Statistical analysis
We manipulated brood size of 90 nests, containing in total 325 nestlings (N = 14, 24, 17, 35
broods for 2005-2008 respectively). At manipulation, there were no significant differences
between ‘enlarged’ and ‘reduced’ broods in
either laying date, hatching date, clutch size,
brood size, nestling mass or telomere length (all
P > 0.1). For 76 nests two chicks were either
removed from or added to the original brood.
In one occasion three chicks were moved from
‘reduced’ to ‘enlarged’. In 12 nests only one
chick could be moved because there were only
two (viable) chicks left in the nests assigned to
the ‘reduced’ treatment at the time of the
manipulation. Since there was an association
between original brood size and the number of
chicks manipulated, we treated the manipulation as a categorical variable with two levels.
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Averaging over years and colonies, there
were on average 2.1 ±0.1 and 5.3 ±0.2 chicks in
reduced and enlarged broods respectively after
manipulation. Estimates of telomere length at
day 5 were available for 229 nestlings (2005:
N = 45; 2007: N = 58; 2008: N = 126), for technical reasons there were no samples for 2006),
and for 163 nestlings telomere length was
determined at day 30 (2005: N = 35; 2007: N =
47; 2008: N = 81). For a total of 136 nestlings
telomere length was determined both at day 5
and day 30 (2005: N = 28; 2007: N = 42; 2008: N
= 66)). In total, 183 nestlings for which telomere
length at the age of five days was determined,
were reared in nests where brood size was
either enlarged (N = 129) or reduced (N = 54).
For 108 of these nestlings a second measure of
telomere length was determined (‘reduced’:
N = 75; ’enlarged’: N = 33).
In total we measured TRF length of 385 samples on 18 gels. As we were mainly interested in
within individual changes in telomere length,
samples of those individuals for which two samples were available were run on the same gel, to
minimise measurement error. We analyzed our
data using mixed models, incorporating random
effects to avoid pseudo-replication. We used
JMP (version 7.0.1, SAS Institute Inc.) for all
analyses except for the survival of nestlings
where we used MLWiN (version 2.0.2, Rasbash
et al. 2005) to build a logistic model with random terms. Siblings are not statistically independent; therefore biological mother and nest
were added as random factors to all models.

Results
Initial telomere length
Approximately half of the variation in telomere
length at day 5 was explained by parental
effects (mother: r = 0.54 ±0.07 F58,169 = 5.5 P <
0.001, father: r = 0.49 ±0.07 F57,170 = 4.8 P < 0.001;
estimates calculated following Lessells and
Boag (1987), s.e. calculated following Becker
(1984)). This is in line with data showing that
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offspring telomere length is at least partly heritable in humans (Slagboom et al. 1994; Rufer et
al. 1999; Graakjaer et al. 2006). Repeatability
calculated for females (N = 9) of which offspring telomere length was measured in two or
three separate years was approximately the
same (r = 0.40 ±0.3 F7,8 = 2.3 P = 0.1), for males
this value was however considerably lower and
non-significant (r = 0.12 ±0.3 F10,11 = 1.3 P = 0.4).
This indicates that it was indeed a ‘parental
effect’ rather than a ‘nest-effect’ and that this
effect was primarily determined via the mother.

None of the parameters that characterise individual nests (laying date, clutch size, brood
size, sex ratio of brood mates, colony, body condition of the parents or their interactions), nor
parameters that characterise individual nestlings (body mass, sex, exact age) were correlated with telomere length at day 5 (Table 4.1).
Telomere shortening
On average, nestlings telomeres shortened by
270.0 ±19.7 bp between day 5 and day 30
(Figure 4.1; t35.4,92.5 = 13.8, P < 0.001). Although

Table 4.1. Analysis of the effect of several parameters on telomere length early in the rearing period.
Parameter of interest

Clutch size (N=229)
CS=3
CS=4
CS=5
CS=6
Average egg volume (N=223)
Hatching date (N=229)
Brood size at day 5 (N=229)
NC5=2
NC5=3
NC5=4
NC5=5
NC5=6
Sex ratio (N=218)
Maternal condition (N=93)
Paternal condition (N=93)
Egg volume (N=96)
Hatching order (N=97)
Order=2
Order=3
Order=4
Order=5
Sex (Son) (N=219)
Body mass (N=219)
Age (N=229)
Age=3
Age=4
Age=5
Age=6
1)

Estimate
(Standard Error) 1)

-39.2
-60.2
8.2
-212.2
-69.2
11.6

(156.6)
(113.6)
(103.7)
(160.8)
(62.3)
(12.4)

93.7
-15.9
-113.8
-142.5
5.7
-21.6
-13.9
-2.2

(147.4)
(147.0)
(127.5)
(138.0)
(261.4)
(74.0)
(14.3)
(7.7)

18.6 (43.8)
-14.6
109.7
60.0
-159.6
35.0
-2.8

(62.0)
(70.6)
(77.7)
(118.3)
(51.0)
(2.2)

70.6
31.4
-74.4
-143.8

(77.8)
(71.3)
(93.6)
(211.0)

DFDen

t Ratio

P

34.3

0.7

0.7

61.3
65.1
8.3

-1.1
0.9
0.8

0.3
0.4
0.7

198.1
1.0
33.9

-0.3
-1.0
-0.3

0.8
0.5
0.8

76.7
62.6

0.4
0.9

0.7
0.5

175.6
194.0
152.9

0.7
-1.3
0.8

0.5
0.2
0.7

Estimates of categorical variables represent deviation from reference category (between brackets)
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rate of telomere shortening was higher in
daughters compared to sons (302.5 ±27.2 vs
242.4 ±26.0) this difference was not significant
(N = 108, t1,100.2 = –1.6 P = 0.1).
The effect of the brood size manipulation on
telomere shortening was much stronger in sons
than in daughters, indicated by a significant
manipulation*sex interaction (Figure 4.2; t1,102.9

300

200

100

0

sexes pooled

daughters

sons

= –2.0 P < 0.05). Sons in enlarged broods lost
almost twice as many base pairs compared to
sons in reduced broods (148.9 ±49.2 vs. 292.2
±35.1; t1,52.2 = –2.2 P = 0.03), while in daughters
the difference was negligible (326.7 ±46.5 vs
294.7 ±30.0; t1,47.7 = 0.7 P = 0.5). When the sexes
were pooled, telomere shortening was still
higher in nestlings in ‘enlarged’ broods (Figure
2), but this effect was not statistically significant
(t1,105 = –1.6 P = 0.1).
Using percentiles to characterize the size
distribution of telomeres within separate samples we tested whether the effect of brood size
manipulation on telomere shortening differed
for telomeres of different sizes (see Figure 4.4).
The effect was fairly constant over the entire
size distribution, indicating that the increase in
telomere shortening in nestlings reared in
‘enlarged’ broods was not proportional to the
length of individual telomeres but similar for
all telomeres within an individual.

x

Telomere shortening and oxidative stress
The effect of brood size manipulation on telomere shortening was very similar to the previously observed effect on levels of oxidative
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telomere length at the age of 30 days (Bp)

Figure 4.1. Telomere shortening for nestlings reared
in broods where the number of nestlings was reduced
(light grey bars) or enlarged (dark grey bars). Effects
are shown for a data set with both sexes pooled as
well as for daughters and sons separately.
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Figure 4.2. Nestling telomere length at ages 5 and 30
days plotted against each other. Line indicates equal
values (y = x) and hence when telomeres have shortened between ages 5 and 30 days the data points fall
below this line.
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Figure 4.3. Comparison of the effect size of the brood
size manipulation for different parameters in daughters (open dots) and sons (closed dots). Effect sizes in
grey are from (Salomons et al. 2009a). Dashed line
indicates no effect.
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Figure 4.4. Effect of brood size manipulation on
telomere length at fledging for different parts of the
size distribution in daughters (open dots) and sons
(closed dots). Dashed line indicates no effect.

stress (see Figure 4.3). As oxidative stress is in
vitro often linked to telomere shortening, our
data seem to support this relation also in vivo.
However, we found no significant correlations
between either growth or levels of oxidative
stress with telomere shortening in our nestlings. There was a trend that telomere shortening was higher in nestlings with either low or
high levels of plasma anti-oxidant barrier (see
Table 4.2). This effect of anti-oxidant protection
was far from significant when the sexes were
tested separate, and also did not affect the
observed relation between brood size manipulation and telomere shortening.

Table 4.2. Analysis of the effect of several parameters on telomere shortening
Parameter of interest
Telomere shortening (+ = more shortening)
Manipulation (enlarged)
Sex (son)
Sex * Manipulation
Hatching date (N=108)
Average egg volume (N=102)
Maternal condition (N=95)
Paternal condition (N=93)
Sex ratio (N=100)
Colony (BC) (N=108)
Hatching order (N=40)
Order=2
Order=3
Order=4
Order=5
Age at day 5 (N=108)
Age=3
Age=4
Age=5
Age=6
Body mass (N=107)
Tarsus length (N=108)
Anti-oxidants
Anti-oxidants2
Oxidative damage
1)

Estimate
(Standard Error) 1)
29.4 (59.5)
168.4 (66.2)
-163.0 (80.3)
-2.2
32.2
-1.5
-2.2
119.3
-0.6

(6.8)
(28.9)
(2.2)
(2.1)
(62.0)
(23.1)

-112.0
18.7
122.5
-38.7

(64.5)
(87.3)
(98.8)
(114.9)

-79.1
-28.4
64.0
93.5
-0.2
-5.8

(51.7)
(35.7)
(43.4)
(78.9)
(0.7)
(13.5)

0.9 (1.7)
-0.2 (0.1)
-1.2 (2.4)

DFDen

t Ratio

P

102.9

-2.0

0.04

38.6
38.0
21.0
31.8
53.2
28.5

-0.3
1.1
-0.7
-1.1
1.9
-0.03

0.7
0.3
0.5
0.3
0.06
1.0

22.9

1.1

0.3

64.3

1.8

0.1

62.2
94.1

-0.3
-0.4

0.8
0.7

77.1
77.5
76.7

0.5
-1.9
-0.5

0.6
0.06
0.6

Estimates of categorical variables represent deviation from reference category (between brackets)
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Discussion
Experimentally manipulated environmental
conditions during early development indeed
affected telomere shortening in the offspring.
This effect of the brood size manipulation on
telomere length depended on the sex of the offspring: telomere shortening was higher in sons
reared in ‘enlarged’ broods compared to sons
reared in ‘reduced’ nests, whereas levels of
telomere shortening were not different between
treatments in daughters (Figure 4.1). We further
showed that while both shortening rate and the
predictive value for mortality are higher for
longer individual telomeres (Salomons et al.
2009b), the manipulation effect was fairly constant over the different percentiles (see Figure
4.4). This indicates that the increase in the
amount of attained damage between treatments was not proportional to the length of
individual telomeres. As telomere length and
especially telomere shortening rate was previously shown to be correlated to survival in the
jackdaw (Salomons et al. 2009b), the increase in
telomere shortening rate in nestlings reared in
enlarged broods observed in our data could
very well provide a link between early environmental conditions and fitness.
Oxidative stress accelerates telomere shortening in vitro (von Zglinicki 2002; Tchirkov &
Lansdorp 2003). However, evidence for a direct
link between oxidative stress and telomere
shortening has thus far not been shown in vivo.
Our data do suggest that higher levels of TAC
in sons reared in ‘reduced’ broods resulted in a
better defense against oxidative damage.
However, the relation between telomere shortening and levels of TAC did not quite reach significance. TAC also did not change the relation
between brood size manipulation and telomere
shortening, ruling out TAC as the mediator of
this relationship. Moreover, besides the higher
level of anti-oxidative protection in sons reared
in ‘reduced’ broods, surprisingly also the level
of oxidative damage was higher in these
nestlings. And finally, there was no direct corre-
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lation between oxidative damage and telomere
shortening. As previously suggested by others
(Barja 2002; Costantini 2008), levels of oxidative
protection can be up regulated to compensate
for increased levels of pro-oxidants. This could
explain the fact that we found telomere shortening to be highest in sons in ‘enlarged’ broods
while levels of oxidative damage were highest
in sons reared in ‘reduced broods’. Even
though we found no significant interaction
effects between oxidative damage and anti-oxidant barrier on telomere shortening, the aforementioned compensatory mechanisms might
explain the absence of a direct link between
telomere shortening and either oxidative damage or anti-oxidant barrier separately in this
study. There is of course the possibility that we
failed to find a relation because of practical reasons, for instance it could be that there was a
mismatch in the timing of our sampling, as we
took only one sample to estimate levels of
oxidative stress during the nestling phase.
Therefore we want to stress here that we do not
see the fact that we found no relation between
levels of oxidative stress and telomere shortening as proof that such a relation does not exist
in vivo.
Sex dependent effects of environment during early development have been reported
more often (Martins 2004; Råberg et al. 2005;
Dubiec et al. 2006; Arnold et al. 2007; AlonsoAlvarez et al. 2007; Rowland et al. 2007). For
instance, Martins (Martins 2004) showed that in
hand reared zebra finches, in the absence of
parent-offspring and sib-sib interactions, final
body mass and growth rates of females were
lower in conditions of restricted food when
compared to males subjected to the same
restriction protocol. This is interesting because
not only could this affect population sex ratio
responses to environmental variation, it may
also create selective pressure to invest in a specific sex in response to state, condition and/or
environment of the parents, thereby facilitating
the evolution of adaptive sex allocation.
However which sex is most susceptible to the
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manipulation varies between species, but also
between studies on the same species (Råberg et
al. 2005). Previously, we have shown that, at
first glance, daughters suffered most when
brood size was enlarged in terms of growth.
Here we provide further proof that sons also
paid, less visible, costs in terms of physiology.
This further supports the hypothesis that the
observed effects were the result of differential
energy allocation in the trade-off between
growth and somatic maintenance and that
especially sons would, under sub-optimal conditions, invest most in growth at the expense of
physiology as a result of selective pressures.
Such selective pressures could arise for example through an effect of body size on social
dominance, as in jackdaws, dominance rank
has been shown to affect future survival and
reproductive success (Henderson & Hart 1995;
Verhulst & Salomons 2004) and the rank of a
breeding pair is primarily dependent on the
status of the male (Röell 1978). Hence, by
investing in growth under sub-optimal conditions at the expense of other physiological
parameters, jackdaw sons may increase their
fitness. For daughters on the other hand, body
size may be less important and more resources
are allocated towards physiological maintenance and repair. Our data on telomere shortening support this hypothesis in that sons
reared under sub-optimal conditions indeed
pay physiological costs, while telomere shortening was independent of brood size manipulation in daughters.
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Summary
During life, each individual is faced with the fact that available resources (i.e. time, effort and
energy) in any particular environment are finite. As a result, resources allocated to one trait or
activity are no longer available for investment in other traits or activities. In order to maximize fitness, iteroparous species should therefore balance the resources allocated to the offspring (e.g. time, food) against investment in traits that increase their own survival (e.g.
somatic maintenance and repair). We conducted a brood size experiment aimed at providing
more insight into these mechanisms, by assessing its effect on several physiological indicators
of body condition and survival. Brood size enlargement resulted in an increase in parental
effort, because cumulative brood mass production approximately doubled. Nonetheless,
effects on physiological indicators of parental condition were weak. Haematocrit levels were
slightly lower in parents rearing enlarged broods, but body mass, buffy coat and levels of
anti-oxidant protection and oxidative damage were not significantly affected. Since there was
a significant effect of treatment on offspring quality, this might indicate that although parents
increased their reproductive effort after brood size enlargement, there was a limit to this
increase. Although the amount of parental effort was as such less than optimal to provide for
the offspring, parents rearing enlarged broods by limiting their effort seemingly avoided
detrimental effects on their own expected fitness benefits. However, data directly linking
brood size manipulation to actual fitness costs of both parents and offspring are required to
draw conclusions on this issue.
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Introduction
Life history theory predicts that individuals
trade-off current reproductive effort against
future reproduction to maximize fitness
(Williams 1966; Charnov & Krebs 1974; Stearns
1992; Roff 1992). This trade-off could result
from the fact that resources invested in reproduction are no longer available for self-maintenance and somatic repair. Another possibility is
that a certain activity (i.e. increased metabolism) itself has negative consequences for other
traits. One mechanism via which this trade-off
can occur is oxidative stress resulting from
increased daily energy expenditure in combination with sub-optimal levels of anti-oxidant
protection (Costantini 2008; Monaghan et al.
2009). Pro-oxidants (e.g. free radical oxygen
species; ROS) are the inevitable byproducts of
aerobic metabolism (Balaban et al. 2005). Their
high reactivity can result in damage to lipids,
proteins and nucleic acids. Antioxidant defense
systems, are made up of enzymatic antioxidants such as superoxide dismutase and catalase that work primarily within mitochondria
at the site of free-radical production (Barja
2004) and micromolecular antioxidants such as
vitamins E and C, uric acid and glutathione
that function both in tissues and in the bloodstream (Finkel & Holbrook 2000; Costantini
2008; Cohen et al. 2008). The imbalance between
pro-oxidant production and the capability of an
individual to defend itself against and/or
repair damage caused by these pro-oxidants
leads to oxidative stress (Ames et al. 1993;
Beckman & Ames 1998; von Schantz et al. 1999;
Finkel & Holbrook 2000; Kregel & Zhang 2007;
Costantini 2008).
To test the hypothesis that oxidative stress is
a mediator of the trade-off between current and
future reproductive output, we manipulated
brood sizes of free-living jackdaws, by either
addition or removal of nestlings. Brood size
manipulations are a classical and popular tool
to manipulate parental effort and data from
other field experiments have shown that they

do indeed increase the energetic demands of
parental birds (Røskaft 1985; Gustafsson &
Sutherland 1988; Verhulst 1995; Nilsson 2002).
There have been a limited number of studies
investigating effects of increased reproductive
effort on oxidative stress. However, these only
focused on either concentrations of specific
antioxidants (Wiersma et al. 2004) or the resistance of the blood to oxidative stress (AlonsoAlvarez et al. 2004; Alonso-Alvarez et al. 2006;
Bertrand et al. 2006). As levels of anti-oxidant
capacity may actually be up-regulated as a reaction to increased levels of pro-oxidants (Barja
2002; Costantini & Verhulst 2009), it remains
unclear whether high levels of anti-oxidant
capacity indicate either low or high levels of
oxidative stress. Therefore, measuring only antioxidant capacity, like in the aforementioned
studies, is insufficient to make firm conclusions
about actual levels of oxidative stress. For this
reason we measured not only levels of total
anti-oxidant capacity (TAC), but also levels of
reactive oxygen metabolites which are formed
through the interaction between ROS and
somatic tissue (primarily lipids) and can be
used as an indicator of pro-oxidative status and
oxidative damage.
Brood size manipulation has been shown to
lower parental fitness and survival in several
species (e.g. Reid 1987; Dijkstra et al. 1990a;
Moreno et al. 1995; Jacobsen et al. 1995;
Tinbergen & Verhulst 2000). To study the possible interplay between body condition, oxidative stress and reproductive effort, we measured not only levels of oxidative stress for
each individual in this study, but also several
estimates of body condition parameters. By
definition, measures of (physiological) state can
only be considered a condition index when
they are associated with fitness (i.e. reproduction and survival). Firstly, we measured body
mass, which after correction for structural body
size (in our case tarsus length), can be used as
an index of condition (Vandermeer & Piersma
1994). Residual body mass is very commonly
used, and higher values are generally seen as
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an indicator of good condition because of their
association with higher fitness prospects (e.g.
Ebbinge & Spaans 1995; Cichon et al. 1998;
Vleck & Vleck 2002; Verhulst et al. 2004), but
see (Houston & McNamara 1993; Verhulst
1998). Secondly, we measured haematocrit (i.e.
the proportion of red blood cells per volume of
blood). Haematocrit largely determines the
oxygen transport capacity (Gentry et al. 1997;
Burness et al. 1998; Hammond et al. 2000), and
there are several indications that high haematocrit indicates good condition in birds (see Fair
et al. 2007 for a review) . Observational studies
report that haematocrit is typically lower in
birds presumed to have suffered food shortage
(Svensson & Merilä 1996; Piersma et al. 2000;
Møller & Petrie 2002; Sánchez-Guzmán et al.
2004; Jenni et al. 2006). Furthermore, experimentally increased egg production, which
exhausts resources, resulted in a decrease in
haematocrit in the great skua Stercorarius skua
(Kalmbach et al. 2004). And oystercatchers
Haematopus ostralegus captured in winter were
more likely to be found dead in the following
year when their haematocrit was low (Verhulst
et al. 2004). Our third parameter of body condition is the buffy coat, which is given by the proportion of cells other than erythrocytes (primarily leukocytes) per volume of blood (Wardlaw
& Levine 1983). Buffy coat indicates acute or
chronic infections (Harrison & Harrison 1986;
Gustafsson et al. 1994) and can therefore be
expected to be higher in birds with low condition. There are a few observational studies on
free-living birds that do indeed show a relation
between buffy coat and body mass (Verhulst et
al. 2002; Møller & Petrie 2002), reproduction
(Moreno et al. 1998) and survival (Verhulst et
al. 2004). While collared flycatchers Ficedula
albicollis rearing experimentally enlarged broods
had more blood parasites and a larger buffy
coat (Gustafsson et al. 1994).
Previously, it has been shown that social
dominance plays an important role in the life
history of jackdaws affecting especially reproductive success and sex allocation (Henderson
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& Hart 1995; Verhulst & Salomons 2004;
Salomons et al. 2008). Interestingly, reproductive success in the colony also observed in this
study was found to be impaired in high ranked
individuals. This effect was found to be primarily mediated by a lower body condition of
females paired to high ranked males. Hence,
we were interested to see whether the position
in the hierarchy also affected levels of oxidative
stress of adult jackdaws.

Methods
Study population
We studied free-living jackdaws, a hole breeding semi-colonial bird species, during the
breeding seasons of the years 2005 until 2008 in
a colony at the Biological Centre (BC) in Haren
(the Netherlands), a semi-urban environment
(36 nest boxes), and five smaller colonies
located in a more rural area 5–10 kilometers
south of Haren (colony size ranging from 5 to
20 nest boxes). Due to relative low occupation
rates at some of these sites, data were pooled
for the colonies outside the Biological Centre
(OTHER).
During the nestling period, both the male
and the female were caught in their nest box
(simultaneously when possible) using remote
controlled trap doors, when their nestlings
were 5 days old and a second time 15 days
later. Immediately after capture a blood sample
(~500 µl) was taken using puncture of the
brachial vein and collected in heparinized capillary tubes. Samples were then transported on
ice, haematocrit (amount of red blood cells relative to total plasma volume) and buffy coat
(amount of leukocytes and thrombocytes relative to total plasma volume) were measured
with a caliper after centrifugation (Hettich
Zentrifugen, Mikro 12–24; 8 minutes at 8000
rpm) and plasma was stored at –20°C within
hours. Body mass and size (tarsus, head and
bill) were measured and birds new to the
colony were individually marked with color
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rings and a metal numbered ring. As a rule
birds were released within 20 min after capture.
All animals were handled in strict accordance
with good animal practice, and all animal work
was conducted under license from the Animal
Experiments Committee of the University of
Groningen (# D4071).
Brood size manipulation
Nest boxes were checked daily, starting in the
first week of April, until the clutch was complete, and eggs were numbered with a felt tip
pen. Length and width of the eggs were measured to the nearest 0.1 mm, and egg volume
(V, in cm3) was estimated using the formula:
V = π A2 L K / 6, where A is width, L is length
and for jackdaws K = 0.00096 (Soler 1988). For
the BC colony, clutches were moved to an incubator one to two days before the estimated
hatching date (temperature 37.7°C, humidity
75%), to determine from which egg a chick had
hatched. Upon finding, hatchlings were placed
in their original nest (for details see Salomons
et al. 2006). At the other colonies nests were
checked daily for hatched eggs, starting one
day before estimated hatching date. Hatchlings
were weighed and a blood sample (10–20 µl)
was taken by clipping the tip of a toe nail for
sexing and future DNA-analysis. The clipping
of a nail tip does not interfere with nestling
growth. The clipped nail is identifiable by a
blunt tip up to fledging, and we used this to
identify the chicks within broods until they
were ringed at the age of 30 days.
We manipulated brood size at day five or
day six (day of hatching = day one). Nests with
only one chick alive in the nest at the day of
manipulation were not used in the analysis, as
these nests could only be enlarged. Parents
were randomly assigned to an ‘enlarged’ or
‘reduced’ treatment in their first ‘manipulation
year’. Parents stayed on this treatment in consecutive years, to study long-term effects of
increased reproductive effort. For ‘reduced’
broods, two chicks were moved to same aged
broods in the ‘enlarged’ treatment.

Oxidative stress analysis
Samples were analyzed immediately after each
breeding season. TAC was measured by the
OXY-Adsorbent test (Diacron, Grosseto, Italy)
which uses colorimetric determination to quantify the ability of the anti-oxidants in the
plasma to cope with the oxidant action of
hypochlorous acid (HOCl). The intensity of the
colored complex was measured with a spectrophotometer (Beckman Coulter DU530) at
505nm and 546nm. We used the mean of the
values obtained at both wavelengths as measure of TAC levels. Analysis was according to
specifications provided by the manufacturer,
with some minor changes (volume: buffer
500ml, chromogen 10 µl, calibrator 10 µl, sample 10 µl / dilution: calibrator 1:200, sample
1:200 / Incubation 10 minutes at 37ºC). All results are expressed as µmol/ml HClO neutralized per volume of serum.
Oxidative damage was measured by the dROMs test (Diacron, Grosseto, Italy). This kit
uses colorimetric determination to quantify the
ability of the plasma to oxidize a chromogen,
producing a complex whose color intensity is
proportional to the pro-oxidative status. The
protocol was slightly adjusted from factory
specifications provided by the manufacturer
(buffer 400 µl, chromogen 4 µl, calibrator 10 µl,
sample 40 µl / incubation 90 minutes at 37ºC).
Absorbance was measured with a spectrophotometer (Beckman Coulter DU530) at 505nm
and 546nm. Mean value calculated using measurements at both wavelengths was taken as
measure of the amount of oxidative damage. All
results are expressed as Carratelli Units (one
CARR U is equivalent to 0.08 mg/dl H2O2).
Social dominance
Agonistic interactions were recorded during
March and the first half of April, until the first
egg in the colony was laid. Conflicts are resolved in different ways, either through displacement, threat or physical fighting and these
were all scored to obtain a rank-order (Röell
1978). To stage conflicts, food was offered in
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Statistical analysis
We analyzed our data using mixed models,
incorporating individual and year as random
effects to avoid pseudo-replication. We used
JMP (version 7.0.1, SAS Institute Inc.) for all
analyses.

Results
Brood size manipulation
At manipulation, there were no significant differences between ‘enlarged’ and ‘reduced’
broods in either laying date, hatching date,
clutch size, brood size or nestling mass (all P >
0.1). Averaging over years and colonies, there
were on average 1.9 ±0.9 and 5.2 ±1.3 chicks in
reduced and enlarged broods after manipulation. Although mortality of nestlings in
enlarged broods at the BC colony was higher
compared to the other colonies (Figure 5.1A),
average brood size at day 20 of ‘enlarged’
broods was still higher compared to ‘reduced’
broods at all colonies (BC 2.5 ±0.2 vs. 1.1 ±0.2;
t1,43 = 4.4 P < 0.001; OTHER 5.2 ±0.1 vs. 2.2 ±0.2;
t1,38 = 14.0 P < 0.001). To provide an estimate of
reproductive effort we summed the increase in
body mass of all nestlings in the brood after
brood size manipulation up until the age of 20
days when the parents were caught. Reproductive output of parents rearing enlarged
broods was twice that of parents rearing reduced broods (Figure 5.1B; 617.0 ±44.6 g vs.
298.1 ±45.1 g; t1,79 = 5.0 P < 0.001). Although the
difference was smaller at the BC colony
(BC 306.7 ±36.7 g vs. 181.2 ±35.8 g OTHER 912.5

number of nestlings

69

A

6
5
4
3
2
1
0
0

5

10

15

20

25

30

days after hatching
1000

brood mass production (g)

small pits (Ø10 cm) approximately 10 m from
the nearest nest box. The success in agonistic
interactions of an individual bird was calculated using “David’s score” (David 1987;
Gammell et al. 2003). We then scaled rank
between 0 and 1 (most and least dominant
male respectively) because the number of birds
in the hierarchy differed slightly between years
(for further details see Salomons et al. 2008).
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Figure 5.1. Change in parental effort after brood size
manipulation. Although the number of offspring per
nest was lower at the BC (triangles) than at the other
colonies (circles), within colonies the total number of
nestlings throughout the rearing period (A) was
always higher in enlarged nests (closed symbols) and
cumulative brood mass production (B) was also substantially higher in enlarged nests (dark grey bars)
compared to nests reduced (light grey bars) in size.

±35.8 g vs. 427.3 ±37.6 g; Interaction: t1,77 = -4.93
P < 0.001) brood mass production of parents
rearing enlarged broods was still significantly
higher at both colonies when tested separate
(BC t1,39 = 2.6 P = 0.01; OTHER t1,38 = 8.9 P <
0.001).
We caught 185 different adults at least once
during the breeding seasons of 2005-2008. In
total we collected 312 blood samples either at
day 5 or day 20. In 40 cases an individual was
only caught at day 5, in 70 cases an individual
was only caught at day 20. For 106 adults a
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sample was available for both days within the
same year. We manipulated brood size of 88
nests, where at least one of the parents was
caught during the nestling period (N = 14, 23,
19, 32 broods for 2005-2008 respectively), 95
parents whose brood was manipulated were
caught twice within the same year (‘enlarged’:
N = 52, ‘reduced’: N = 43).
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Body condition
Body condition (residual body mass over tarsus) was lower at day 20 compared to day 5,
but not significantly different between parents
rearing either ‘enlarged’ or ‘reduced’ broods in
either sex (enlarged: –0.8 ±1.4 g vs reduced:
–0.4 ±1.4 g; t1,145.4 = –0.3 P = 0.8). Testing only
those individuals that were caught at both day
5 and day 20 showed that, on average, parents
lost 3.7±0.7g of body mass (t1,145 = –4.9 P <
0.001) over this period, and that females lost
more mass than males (Figure 5.2A; 5.5 ±1.0g
vs. 1.7 ±1.0 g; t1,145.7 = –2.7 P < 0.01). Parents
rearing ‘enlarged’ broods lost slightly more
mass compared to parents rearing ‘reduced’
broods (–6.1 ±1.4 g vs. –4.6 ±1.4 g), but this difference was not statistically significant (t1,114.7 =
–1.0 P = 0.3). There was also no effect of the
manipulation on body mass change when the
sexes were tested separately, although males
seemed a bit more affected compared to
females (difference between ‘enlarged’ and
‘reduced’ in males: –3.0 ±2.4 g and females:
0.3 ±2.3 g) this was far from significant (t1,114.1 =
0.8 P = 0.4).
Repeatability of measurements of haematocrit and buffy coat within the same individual
were 43.3 ±0.07% (F97,169 = 3.1 P < 0.001) and
30.5 ±0.07% (F97,169 = 2.2 P < 0.001) respectively
(tested using measurements at all years and
stages of reproduction). During breeding,
haematocrit levels were higher in females than
in males (0.49 ±0.003 vs 0.48 ±0.003; t1,159.2 = –3.1
P < 0.01). This was mostly caused by the fact
that in females, haematocrit level was higher at
day 20 compared to day 5 (0.50 ±0.005 vs 0.48
±0.005; t1,70.7 = 6.6 P < 0.001), while in males
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Figure 5.2. Physiological differences between parents
rearing broods reduced (light grey bars) and enlarged
in size (dark grey bars).
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haematocrit levels did not change (0.48±0.003
vs. 0.48 ±0.003; t1,69.8 = –0.2 P = 0.9). Correcting
for sex there was a trend that haematocrit levels
at day 20 were higher in parents rearing
‘reduced’ broods (Figure 5.2B; sexes pooled;
0.50 ±0.004 vs 0.49 ±0.004; t1,129.1 = –1.9 P = 0.06).
There was no significant sex * manipulation
interaction. Adding haematocrit level at day 5
to the model (limiting the sample size to only
those individuals that were caught twice during the rearing period) did not change this
result quantitatively but the difference between
the treatment groups for the sexes combined
did become significant (sexes pooled; 0.51
±0.005 vs 0.48 ±0.005; t1,77.4 = –2.6 P = 0.01).
Buffy coat did not differ between day 5 or day
20 (0.007 ±0.0006 vs 0.007 ±0.0006; t1,142.7 = 0.3
P = 0.8), but was higher in females compared to
males (0.007 ±0.0005 vs 0.006 ±0.0006; t1,80.9 =
–2.9 P < 0.01). Testing only individuals for
which a sample was available at both days also
showed that buffy coat did not change between
day 5 and day 20 in both sexes (0.007 ±0.0006 vs
0.007 ±0.0006; t1,171.3 = –0.7 P = 0.5). And there
was also no effect of brood size manipulation
(Figure 5.2C; 0.007 ±0.0007 vs 0.008 ±0.0007;
t1,96.9 = 0.5 P = 0.6).
Oxidative stress
Levels of oxidative stress were estimated by
levels of TAC and oxidative damage of the
plasma. Within individuals, repeatability of
these measurements (tested using measurements at all years and stages of reproduction)
was moderate for TAC (20.0±0.07%; F93,158 = 1.7
P = 0.002) and somewhat lower for levels of
oxidative damage (6.4 ±0.07%; F93,158 = 1.2
P = 0.2) suggesting a more dynamic (shortterm) character of these parameters compared
to haematocrit and buffy coat. In females, the
level of TAC was marginally lower at day 5
compared to day 20 (119.3 ±3.1 vs 122.5 ±3.1;
t1,59.3 = 1.6 P = 0.1). In males these levels also
did not differ significantly (123.4 ±2.1 vs 122.3
±2.1; t1,46.8 = –0.5 P = 0.6). The level of TAC at
day 20 was independent of brood size manipu-
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lation (Figure 5.2D; t1,117.7 = 1.0 P = 0.3). The
level of oxidative damage at day 5 and 20 were
not correlated (Figure 5.3B; t1,103.6 = 0.8 P = 0.4),
but decreased significantly over the nestling
period (day 5: 77.5 ±1.1 day 20: 72.9 ±1.1; t1,129.7
= –3.7 P < 0.001). This decrease was independent of brood size manipulation (t1,101 = 0.6 P =
0.6). Interestingly, TAC at day 5 did have some
predictive value on the level of oxidative damage at day 20. Individuals with higher levels of
TAC at day 5 had lower levels of oxidative
damage 15 days later (Figure 5.3E; t1,100.2 = –2.5
P = 0.01). This fit was higher than the correlation between TAC and oxidative damage within
samples (Figure 5.3C,D; day 5: t1,142.2 = 1.2
P = 0.2; day 20: t1,169 = 1.8 P = 0.08).
There was a positive correlation between
haematocrit and the level TAC (Figure 5.4A;
t1,300.8 = 3.6 P < 0.001). This could not be
explained through an effect of body condition
as we found at the same time a trend towards a
negative correlation between residual body
mass and the level of TAC (t1,180 = –1.8 P =
0.08). We found no correlation between haematocrit and the level of oxidative damage (Figure
4B; t1,265.8 = –1.3 P = 0.2). However, our data did
show a negative correlation between haematocrit measured at day 5 and the level of oxidative damage 15 days later at day 20 (t1,88.6 = –2.6
P = 0.01). Although the relation between
haematocrit level at day 20 and oxidative damage at the same day was still negative, the slope
was much less steep and far from significant
(t1,135.5 = –0.4 P = 0.7). This may suggest that
there was a delay in the increase of levels of
reactive oxygen metabolites in the plasma.
When levels of TAC and oxidative damage
were expressed as concentration per volume of
blood instead of per volume of plasma, the correlation between these two parameters was
much higher than for the uncontrolled values
(day 5: r = 0.14; t1,137.5 = 2.3 P = 0.03; day 20: r =
0.24; t1,165.8 = 3.5 P < 0.001), as can be expected
since they were multiplied with the same factor. More importantly, the concentration of TAC
in the blood was significantly higher in females
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Figure 5.3. Correlations between levels of total anti-oxidant capacity and oxidative damage early and late in the
rearing period for female (open symbols) and male (closed symbols) parents.
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rearing enlarged broods (Figure 5.5A; 63.0 ±1.8
vs 59.7±1.8; t1,60.1 = 5.0 P = 0.03). Correcting the
level of oxidative damage for haematocrit
showed that these levels tended to be higher in
females rearing enlarged broods (Figure 5.5B;
37.0 ±0.9 vs 34.9 ±0.9; t1,54.3 = 1.6 P = 0.1). There
was no significant difference between males
rearing either ‘enlarged’ or ‘reduced’ broods in
both TAC and oxidative damage expressed as
concentration per volume of blood.
Social dominance
Males with a high position in the social hierarchy (BC data only) had higher body mass
(independent of tarsus) during the rearing
period (data pooled for day 5 and day 20) than
subordinates (Figure 5.6B; t1,68.5 = –2.1 P = 0.04).
This suggested that these males were in better
condition. However, haematocrit levels seemed
to contradict this, as these were significantly
lower in high ranked males (Figure 5.6D; t1,43.8
= 2.6 P = 0.01). Buffy coat was not related to
social rank in males, but in females buffy coat
(log transformed) at day 5 was higher in more
dominant individuals (Figure 5.6E; t1,17.4 = –3.4
P < 0.01). This suggested that these females
were in lower condition; however body mass
during the nestling period was not correlated
with social rank in females (Figure 6A). There
was a significant quadratic relation between
social dominance and haematocrit in females
early in the rearing period, with females of
intermediate rank having the highest haematocrit (Figure 5.6C; t1,28.5 = –2.1 P = 0.04). However, this relation was caused by very low
haematocrit values for the least dominant
females, while there was little difference
between high and intermediate ranked females.
At day 20 the difference in buffy coat between
females of different rank had disappeared
(Figure 5.6F).
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sexes
pooled

females
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Figure 5.5. Concentration of total anti-oxidant capacity (A) and oxidative damage (B) per volume of blood
for parents rearing broods reduced (light grey bars)
or enlarged in size (dark grey bars).
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Figure 5.6. Correlation between social dominance and residual body mass, haematocrit and buffy coat of female
(left) and male (right) parents early (closed symbols) and late (open symbols) in the rearing period.

Although buffy coat seemed to indicate that
females mated to dominant males were in
poorer condition early in the rearing period,
levels of oxidative damage seemed to contradict this as these were instead higher in females
mated to subdominant males (Figure 5.7C;
t1,29.3 = 2.4 P = 0.02). Similar to buffy coat this

difference had disappeared by day 20 (Figure
5.7D). Although some of the other graphs
shown in Figure 5.7 seem rather suggestive, the
level of oxidative damage was not related to
social dominance in males, and also TAC was
not significantly related to social dominance in
both sexes.
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Figure 5.7. Correlation between social dominance and levels of total anti-oxidant capacity and oxidative damage of female (top) and male (bottom) parents early (left) and late (right) in the rearing period.
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Discussion
In this study we tested the effect of increased
parental effort on oxidative stress levels and
parental body condition by experimentally
manipulating brood size. Enlarging brood size
substantially increased the number of nestlings
reared by the breeding pair compared to pairs
rearing nests reduced in size (Figure 5.1A).
Because jackdaws are crop-feeders, it was not
possible to determine the amount and composition of the food brought to the nest box by the
parents preventing direct estimation of parental
effort. However, total brood mass production
for ‘enlarged’ broods (between day 5 and the
moment we captured the parents and took our
‘condition measurements’ at day 20) was twice
that recorded for ‘reduced’ broods (Figure 5.1B).
We can conclude from this that although average quality of nestlings from ‘enlarged’ broods
was lower, parental effort of birds rearing
‘enlarged’ broods was probably substantially
higher. In drawing this conclusion we make the
assumption that brood mass produced reflects
the amount of food provided by the parents.
Although recent evidence from an experimental
mouse study supported such an assumption
(Schubert et al. 2009), there are at the same time
several reasons why brood mass would not, or
at least not proportionally, be related to food
consumption. For instance, begging rate will
presumably be higher in enlarged broods as a
result of increased sibling competition over the
available resources and several studies have
shown that this can interfere with growth rate
(Kilner 2001; Neuenschwander et al. 2003),
even when the total amount of food received
was similar (Rodriguez-Girones et al. 2001).
Furthermore, as nestling growth competes with
other physiological traits like immunity (Saino
et al. 1998; Soler et al. 2003) or somatic maintenance (Salomons et al. 2009c), nestlings could
save energy by investing less in such physiological traits when resources are limited (Moe
et al. 2005). Thus, there can be differences in
the efficiency of growth depending on resource

availability. Nevertheless, we believe that
parental effort was higher for enlarged broods,
given the substantial difference in brood mass
production compared to reduced broods.
There was a decrease in residual body mass
between day 5 and day 20. Although this
decrease was found in both sexes, in females
the effect was stronger. There was however no
difference in body mass loss between parents
rearing ‘enlarged’ or ‘reduced’ broods. Haematocrit levels also changed during the rearing
period, but only in females. Haematocrit levels
were higher at day 20 compared to day 5.
Interestingly, haematocrit levels were slightly
higher in parents rearing broods that were
reduced in size, in agreement with our expectations that parental body condition should be
higher after brood reduction. This finding was
similar to results from two studies on great
skuas (Kalmbach et al. 2004) and zebra finches
(Birkhead et al. 1998) where respectively experimentally increased egg production and increased exercise (in combination with reduced
food intake) also resulted in lower haematocrit.
Alternatively, the increase in haematocrit could
be induced by an increase in activity resulting
in an increased demand for oxygen carrying
capacity (Hõrak et al. 1998). However, this
should lead to results opposite to what we
found, as activity is expected to be higher for
parents rearing ‘enlarged’ broods indicated by
a higher cumulative brood mass production.
Higher buffy coat indicates acute or chronic
infections (Harrison & Harrison 1986; Gustafsson et al. 1994) and thus indicates lower body
condition. Although in an earlier study in collared flycatchers Ficedula albicollis it was found
that parents rearing experimentally enlarged
broods had an elevated buffy coat (Gustafsson
et al. 1994), we did not find a similar effect in
our study. Also, there was on average no difference between samples taken either early or late
in the rearing period.
Hypothetically, the increase in parental
effort following brood size enlargement should
lead both to an increase in energy expenditure
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and metabolism (Deerenberg et al. 1995; but see
Verhulst & Tinbergen 1997), presumably leading to an increased production of free radicals,
as well as to a decrease in the allocation of
resources towards somatic maintenance. We
measured levels of total anti-oxidant capacity
and oxidative damage in the plasma to obtain
an estimate of somatic maintenance (i.e. defense
against oxidative damage) and the susceptibility to oxidative damage. Although the level of
TAC did not change over the rearing period, the
level of oxidative damage decreased between
day 5 and day 20. The repeatability within the
reproductive bout of both TAC and oxidative
damage were lower compared to our other estimates of body condition. This suggests a more
short-term character of these parameters compared to these other estimates. Interestingly, the
level of oxidative damage at day 20 was correlated to both TAC and haematocrit 15 days
before. With regards to our brood size manipulation however, both the level of TAC and
oxidative damage were unrelated to treatment.
TAC as well as oxidative damage was
expressed as concentration per volume of
plasma. Theoretically, it is possible that the
total amount of anti-oxidants and reactive oxygen metabolites per volume of blood is more
important than the concentration per volume of
plasma. When expressed per volume of blood,
levels of TAC in females were significantly
higher when brood size was enlarged. Thus, it
seems that females rearing ‘enlarged’ broods
allocated more resources to somatic maintenance in the form of protection against oxidative damage. This result was in contrast to a
study by Wiersma et al (2004) showing that an
increase in reproductive effort in zebra finches
was associated with a decrease in the concentration of specific antioxidants. However, considering our finding that parents rearing enlarged
broods did less well in terms of fledgling quality (Salomons et al. 2009a; Salomons et al.
2009c), we feel that the increase in TAC in
females rearing an enlarged brood also had a
negative rather than a positive explanation.
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Levels of TAC were likely to be up regulated as
a consequence of increased levels of pro-oxidative status (Barja 2002; Costantini 2008;
Monaghan et al. 2009). Although the effect was
not significant, our data indeed suggested that
the concentration of oxidative damage per volume of blood was also somewhat higher in
females rearing enlarged broods, but more data
are required before a conclusion can be reached.
Earlier studies had shown that social dominance had a large effect on reproductive success in jackdaws breeding at the BC colony
(Verhulst & Salomons 2004). Not only was
fledging production much lower for individuals with a high social rank, but also the quality
of the fledglings produced by these individuals
was much lower. This rather counterintuitive
result seemed primarily to be caused by a
reduced female body condition early in the
breeding season. Surprisingly, in this study we
did not find the same pattern of lower body
mass of females paired to high ranked males.
However, we still found evidence that the
physiology of these females was affected by
their position in the hierarchy. Early in the rearing period, levels of oxidative damage were
lower. This would indicate that these females
were subject to lower levels of oxidative stress,
perhaps because she is provisioned less by her
partner and hence has reduced energy expenditure. At the same time however, the buffy coat
of these females was larger compared to lower
ranked females, indicating that these females
suffered from acute or chronic infections
(Harrison & Harrison 1986; Gustafsson et al.
1994). These differences had disappeared by
day 20, suggesting that the detrimental effect of
social dominance may be especially pronounced early in the breeding season during
which the female is largely dependent on her
partner for food provisioning.
So far, it is unclear why the effect of social
dominance on female body condition was
somewhat more subtle in the data from the latter years as compared to our earlier findings
(Verhulst & Salomons 2004). There is however
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some circumstantial evidence that the observed
effects of social dominance in the BC colony
may be affected by colony density (e.g. number
of breeding pairs), in the sense that they may
be more pronounced in years with higher density. Although our analyses failed to show a significant interaction effect between breeding
density and social dominance on maternal
body condition, the number of breeding pairs
did decrease by 35% in recent years compared
to the years of our first study (1998 and 2000).
Therefore, we can not rule out this possibility.
The observed sex differences in the effect of
brood size manipulation on parental body condition (in particular residual body mass and
haematocrit) may be partly explained by the
different tasks performed by the adults, especially early in the rearing period. In jackdaws,
all egg incubation is performed by the mother,
who during that period (~18 days, see Salomons et al. 2006) mostly relies on food provisioning by her partner. The mother will continue to spend most of their time in the nest
box for the first 5–10 days after hatching (pers.
obs.). After this period she will increasingly
leave the nest to assist the father in food provisioning of the offspring. Thus, there is a sex difference in labor intensity at least until our first
measurements five days after hatching. It is not
at all unlikely that the increase in maternal food
provisioning during the rearing period is
dependent on brood size and or nestling condition and therefore may also be affected by our
brood size manipulations.
Assuming that parental effort was indeed
increased, surprisingly we found either no or
only small effects of our brood size manipulations on the parents. A possible explanation
could be that the increase in reproductive effort
incurred by our brood size enlargement was
not large enough, allowing parents to fully
cope with the increased workload. Thus, it
would seem that parents under ‘normal’ circumstances do not produce the optimal number of offspring. However, we have shown in
an earlier study that enlarging brood size

reduced growth and physiological condition of
nestlings (Salomons et al. 2009a; Salomons et al.
2009c) indicating that the parents rearing
enlarged broods did not provide optimal
growth conditions for the offspring. Considering that we nonetheless did not find large
effects of increased parental effort raises the
question why these parents did not work
harder for their offspring.
It is predicted that the extent to which the
trade-off between current reproductive effort
and future reproduction is biased toward
parental survival depends on the longevity of
the species of interest (Williams 1966).
Maximum lifespan in our colony exceeded 15
years (unpublished data). And, estimates of
survival of jackdaws were around 80%, indicating a breeding lifespan of around five years
(Verhulst & Salomons 2004). Therefore, the
jackdaw can be characterized as a species with
a medium lifespan and, as such, allocation of
available resources may be more biased
towards the parents compared to shorter lived
species. Unfortunately, data directly linking
brood size manipulation to actual fitness costs
of both parents and offspring are required to
draw conclusions on this issue. A second reason why parents rearing enlarged broods may
not have been providing optimal care for their
offspring is that parents were not able to provide more food due to a time limitation. Such
an effect was earlier found after brood size
manipulations in great tits (Tinbergen &
Verhulst 2000). Further study is needed to find
out how our brood size manipulations affected
parental behavior. These data are also required
to establish how much more food the parents
gathered when rearing an enlarged brood in
jackdaws, but especially whether, and at what
time scale, the increase in effort affected
parental condition.
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Why fight?
Socially dominant jackdaws
Corvus monedula, have low fitness
Simon Verhulst
H. Martijn Salomons

Summary
Social dominance is intuitively assumed to be associated with higher fitness, because social
dominance implies better access to resources. We found that, in a colony of jackdaws, the
dominant males consistently produced fewer fledglings, which had lower chances of survival
to 1 year of age. Laying date and clutch size were independent of dominance, but females that
mated with dominant males were in poorer condition and laid smaller eggs. Parental survival
was independent of social dominance, and the frequency of extra-pair fertilizations in jackdaws is negligible. Dominance was a stable trait of individuals, and not a state that all individuals eventually attained. We conclude that, in this colony, dominant jackdaws had lower
fitness. To our knowledge, this is the first example of such a pattern in a free-living species.
We hypothesize that the high density of our colony resulted in high testosterone titres, which
suppressed paternal care of mate and offspring to the extent that it outweighed the benefits of
higher resource access.

Anim Behav 68, 777-783
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Introduction
Social groups are usually structured in the
sense that some individuals are consistently
more successful at obtaining resources when
there is a conflict (Allee 1952; Drews 1993).
Because socially dominant individuals, by definition, have priority of access to resources, it is
generally assumed that these individuals also
attain the highest reproductive success. The fitness advantage to socially dominant individuals is crucial in understanding the existence of
dominance hierarchies; if dominants did not
benefit investment in acquiring and maintaining social dominance would be wasted (Pusey
& Packer 1997). Such investments are, for
example, costly signals used in agonistic interactions (Zahavi & Zahavi 1997) and harmful
side-effects of high androgen levels (Folstad &
Karter 1992; Frank et al. 1995; Packer et al. 1995;
Buchanan et al. 2001), and that agonistic interactions consume time and energy and increase
the risk of an injury. Such costs could potentially outweigh the benefits of having priority
of access to resources, resulting in neutral or
even negative effects of social dominance on fitness (Rohwer & Ewald 1981; Ellis 1995). Many
studies of primates have reported positive or
neutral effects of dominance on reproductive
success (reviewed in Ellis 1995), but this relation has been little studied in other taxa
reviews in (reviews in Ellis 1995; Piper 1997;
Koivula 1999). Negative effects of dominance
on indicators of reproductive success have also
been found, but only in captive animals (Ellis
1995). However, the greater access to resources
ensured by being dominant is unlikely to yield
a fitness advantage when resources are abundant, as is usually the case in captivity. For this
reason, and because free-living individuals face
a multitude of trade-offs and behavioural
options that are absent in captivity, the fitness
consequences of dominance can be assessed
only in free-living animals.
We studied the life history consequences of
social dominance in a colony of free-living jack-

daws. Jackdaws spend much of their time in
groups that have a strong linear dominance
hierarchy, in the sense that jackdaws rarely lose
a conflict with an individual with lower social
status (Tamm 1977; Röell 1978; Wechsler 1988).
They are facultative colonial during breeding,
and colonies can be found in buildings as well
as under more natural conditions, for example,
in rabbit warrens (Röell 1978; Vogel 2002). We
determined social dominance by observing
interactions over an artificial food source. The
outcome of a conflict can be state dependent;
hungrier birds may, for example, win more
conflicts over food (Andersson & Ahlund 1991;
Cristol 1992). However, jackdaws that were
successful in interactions over food also had
primary access to available nest boxes and succeeded in defending more nest boxes during
winter (Röell 1978). This information, together
with the observation that the hierarchy is
highly stable over successive years, indicates
that dominance in competition over food
reflects resource- holding potential (Parker
1974), rather than some transient effect of state.
There are two previous studies of the relation
between social dominance and reproductive
success in jackdaw colonies. Henderson & Hart
(1995) showed that dominant pairs produced
more fledglings. In contrast, Röell (1978)
reported evidence suggesting that dominant
pairs had fewer fledglings; neither study compared parental survival. However, Röell
assessed dominance in June, during or after
chick production, and he suggested that high
dominance was the consequence of being without chicks (Röell observed temporary rank
shifts in the breeding season that were subsequently reversed in autumn). Furthermore,
Röell presented only the cumulative fledgling
production of eight males over 5 years. These
males were selected from a much larger sample, because they were present in all 5 years of
the study, and these males may therefore constitute a biased sample of the population. Data
on fledgling quality were not available, and
low fledgling production might have been

LOW

compensated by producing high-quality fledglings. However, finding a species where the fitness consequences of social dominance depend
on the ecological or social setting to the extent
that dominance even results in low fitness
would offer a valuable tool to study the costs
and benefits of dominance and increase our
understanding of the evolution of dominance
and social structures. We therefore studied the
association between dominance and reproductive success in the same colony as did Röell, but
we determined social dominance before the
breeding season, and we also measured
parental survival and offspring quality in relation to social dominance.

Methods
Study Population
We studied free-living jackdaws in the colony
at the Zoological Laboratory in Haren, The
Netherlands, a semi-urban environment. The
colony was established in 1965 and enlarged to
36 nest boxes in 1996 when the study was
resumed. Data on dominance and reproduction
reported in this study were collected in 1998
and 2000, and survival was measured up to
2003. The study was carried out under license
from the Ethical Committee for animal experiments of the University of Groningen.
Nest boxes were checked daily, starting in
the first week of April, until the clutch was
complete. To determine from which egg a chick
had hatched (for another study), we moved
clutches to an incubator 1–2 days before the
estimated hatching date (temperature 37.7°C,
RH 75%). Clutches were exchanged for hardboiled quail eggs, which birds readily accepted.
Length and width of the eggs were measured
(±0.1 mm), and egg volume (V, in cm3) was estimated using the formula: V = (π * A2 * L * K) /
6, where A is width, L is length and, for jackdaws, the constant, K, is 0.00096 (Soler 1988).
Eggs in the incubator were checked at least
every 2 h during the daylight period. Eggs that

FITNESS IN DOMINANT BIRDS

83

did not hatch were dissected to check for presence of an embryo. Hatching success of eggs
with an embryo was 95.7% (N = 211, years combined). Hatchlings were weighed, individually
marked by clipping the tip of one or two nails
and returned to their nests. An equal number of
quail eggs was subsequently removed from the
nest.
We checked the survival of the chicks in the
nest every 5 days (day 1 = hatch date of the first
egg). At days 10, 20 and 30, we also weighed
the chicks and measured tarsus and wing
length (days 20 and 30). At day 30, shortly
before fledging, the chicks were ringed.
Breeding birds were individually marked
with colour rings and a metal numbered ring.
Birds were caught in a large baited cage or in
their nest box using trap doors. Early in the
nestling period (day 5), a sample of adults was
captured in 1998, and most breeding birds were
captured in 2000. Biometric characteristics (tarsus and wing length, mass) were measured, a
small blood sample (~60 ml) was taken for
DNA from the brachial vein, and most birds
were released within 20 min.
To estimate survival and identify nest box
owners, we regularly observed colour-ringed
birds from mid-February. Whenever possible,
other colour-ringed jackdaws visiting the
colony and the surrounding areas were also
identified. Resighting probability is the product
of the probability that a bird is still alive and
the probability that a living individual is seen,
and survival analysis usually requires estimating both these parameters using capture–recapture analysis. However, the probability of
observing individuals known to be alive was
high (91–100% over the study years 1998–2003
for both sexes, except for 1999, when fieldwork
intensity was low). We therefore used the
Kaplan–Meijer test to compare survival
between dominant and subdominant birds.
Resighting probability of an individual was
independent of the fate of its partner in all
years (0.34 < P < 0.99).
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Statistical Analysis
A number of individuals bred in the colony in
both 1998 and 2000, and different breeding
attempts from the same individuals cannot be
considered independent samples. Data were

therefore analyzed with a repeated measures
hierarchical linear model to avoid pseudo-replication, using the program MLwiN (version
1.10, Rabash et al. 2000). Statistical significance
of variables was assessed from the increase in
deviance (∆Dev) when the variable was
removed from the model. The change in
deviance is asymptotically distributed as χ2
with corresponding change in degrees of freedom (Snijders & Bosker 1999). Unless stated
otherwise, data from both years (1998 and 2000)
were combined in the analysis. Separate regressions (calculated using SPSS 9.0) are also shown
in Table 6.1 for comparison between years.

Results
The hierarchy
Birds present in both 1998 and 2000 had very
similar ranks in the 2 years (F1,7 = 12.5, P = 0.01;
Figure 6.1). Despite becoming 2 years older,
males did not acquire higher dominance
between 1998 and 2000 (mean difference = –0.03,
paired t-test: t8 = –0.41, P = 0.7). The rank of
birds determined at both feeding pits separately
was highly correlated (Pearson: r12 = 0.90, P <
0.001; data from 2000), indicating that rank was
not site dependent on the scale of the colony.

x

1.0
y=

Dominance
Agonistic interactions were recorded during
March and the first half of April of 1998 and
2000, until the first egg in the colony was laid.
Conflicts are resolved in different ways, either
through displacement, threat or fights, and
these were all scored to obtain a rank order
(Röell 1978). To stage conflicts, we offered food
in small pits (diameter 10 cm, one in 1998, two
in 2000) approximately 10 m from the nearest
nest box. The pits were 30 m apart. At these
pits, only one jackdaw or a jackdaw pair could
eat at a time. The feeding pits were filled only
preceding an observation period. We used only
interactions at the feeding pit in which both
participants were ringed to calculate social
rank (-X ± SD = 80.0 ± 58.2 interactions / male,
N = 42 males).
The success in agonistic interactions (R) of
bird J was calculated following Henderson &
Hart (1995): R = (no. of interactions won by J /
no. of interactions lost by J) * (no. of individuals
supplanted by J / no. of individuals that supplanted J). This equation takes both the proportion of interactions won and the proportion of
individual birds supplanted into account; other
methods to assign rank yielded almost identical results. Based on the success score (R), a
rank number was assigned to each bird. We
then scaled rank between 0 and 1 (most and
least dominant male, respectively), because the
number of birds in the hierarchy differed
slightly between years.
Male jackdaws are dominant over females,
and the females’ success in conflicts is highly
dependent on the rank and proximity of her
partner (Lorenz 1931; Röell 1978; Wechsler 1988).
Consequently, we cannot determine female
rank independently and instead used the rank
of the male to characterize the rank of the pair.

dominance rank 2000
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Figure 6.1. Dominance rank of jackdaws in 1998 and 2
years later. Low rank indicates high dominance. Line
indicates equal values (y = x ).
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Reproduction
Rank was not correlated with laying date of the
first egg or clutch size (Table 6.1). However,
more dominant pairs produced smaller eggs
(Figure 6.2) and smaller hatchlings (Table 6.1).
Nestling mortality was higher in nests of dominant pairs, especially in 1998. This resulted in
fewer fledglings produced by dominant birds
(Figure 6.3A). Furthermore, chicks of dominant
pairs fledged with lower mass (Figure 6.3B)
and smaller size (Table 6.1). Too few fledglings
were observed in later years to test directly
whether dominant birds produced fewer surviving offspring, and we therefore verified
whether fledging mass predicted survival
prospects. For fledglings in 1996–2002, we compared fledging mass between fledglings found
dead within a few weeks of fledging (X ±SD
mass at fledging = 155.0 ±36.3 g, N = 35), fledglings whose fate was unknown (194.8 ±31.3 g,
N = 107) and fledglings seen alive the next year
or later (212.2 ±20.3 g, N = 24). Using hierarchical linear models (with year and parents as
hierarchical levels), we found that fledglings

1998
2000

2

egg volume (cm3)

Observations at the two feeding pits were therefore combined. The constancy of dominance
rank in space and time shows that our method
yields highly repeatable estimates of rank.
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Figure 6.2. Egg volume in relation to parental dominance rank. Thin and dashed lines are regression lines
for data from 1998 and 2000, respectively; bold line
shows linear regression for data from both years combined. Data shown are differences between observed
values and annual means. Low rank indicates high
dominance.

that survived their first year weighed more
than fledglings whose fate was unknown
(∆Dev1 = 8.08, P < 0.005), which in turn weighed
more than fledglings found dead within a few
weeks of fledging (∆Dev1 = 27.95, P < 0.001).
When this analysis was repeated using mean
fledgling mass per brood as the independent
variable, and either the proportion of fledglings

Table 4.1. Dominance rank and reproduction.

Dependent variables
Laying date
Clutch size
Egg volume
Hatchling mass
Fledgling mass
Fledgling tarsus length
Fledgling wing length
Number of ﬂedglings

r

1998
N

P

r

2000
N

P

-0.26
0.21
0.49
0.55
0.72
0.42
0.75
0.54

16
16
16
14
9
9
9
16

0.33
0.44
0.056
0.04
0.03
0.27
0.02
0.03

-0.17
0.22
0.46
0.36
0.63
0.39
0.39
0.15

22
22
22
22
18
18
18
22

0.45
0.33
0.03
0.10
0.005
0.11
0.11
0.50

Years combined
∆Dev
N
P
1.81
1.70
9.24
7.12
14.02
3.71
7.60
4.56

38
38
38
36
27
27
27
38

0.18
0.19
0.002
0.008
<0.001
0.054
0.006
0.03

Results are calculated for each year separately, and years were combined using hierarchical linear models. All tests for years
combined are with 1 df. Sample sizes for fledgling mass and size are lower because not all nests resulted in fledged young.
Significant correlations are in bold.
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Figure 6.3. Dominance and reproductive success. (A)
Fledgling mass (relative to annual mean). (B) Number
of fledglings. Thin and dashed lines are regression
lines for data from 1998 and 2000, respectively; bold
line shows linear regression for data from both years
combined. Low rank indicates high dominance.

surviving or the proportion of fledglings found
dead as the dependent variable, then the same
result emerged (both ∆Dev1 > 7.4, P < 0.01).
Parental condition
Social dominance was independent of body
size (length of tarsus and wing, males:
F1,18 < 1.1, P > 0.3; females: F1,22–21 < 0.2, P > 0.6).
Enlarging the sample size by including birds
captured outside the 1998 or 2000 breeding seasons did not change this result. Condition
(residuals from regression of mass on tarsus)
was lower in females that mated with dominant
males (F1,20 = 6.28, P = 0.02; Figure 6.4A), but
male condition was independent of rank (F1,15
= 0.85, P = 0.4; Figure 6.4B). The relation
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0.4

0.6

0.8

1.0
subdominant

dominance rank

Figure 6.4. Social dominance and condition (residuals
from regression of mass on tarsus) of (A) females and
(B) males. Low rank indicates high dominance.
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Figure 6.5. Egg volume in relation to female condition. Egg volume is deviation from annual mean egg
volume, and female condition is the residual from a
regression of mass on tarsus.
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Parental survival
Dominant jackdaws could compensate for
lower annual reproductive output with a
longer reproductive life span. We analyzed survival of jackdaws up to the breeding season of

A

female survival

1.0
0.8
0.6
0.4
0.2
0.1

dominants
subdominants

0.05

B

1.0
0.8
0.6

male survival

between dominance rank and condition differed significantly between the sexes (rank by
sex interaction: F1,36 = 4.20, P = 0.048).
To check whether effects of female condition
could explain lower reproductive success of
dominant jackdaws, we included female condition in the model for egg volume and fledgling
quality. Fledgling production was not correlated with female condition (data not shown),
perhaps because most condition data were
from 2000, and the effect of dominance on
fledgling production was weak in that year
(Table 6.1). The effect of social dominance on
egg volume was mediated through condition of
the female (∆Dev1 = 7.52, N = 23, P < 0.01;
Figure 6.5), because social dominance did not
explain additional variation when female condition was taken into account (∆Dev1 = –1.8,
P = 0.2). Fledgling mass was correlated with
egg volume, but there was also a significant
effect of social dominance (Table 6.2). Thus,
female condition and egg volume explained
only part of the correlation between social
dominance and fledgling quality.
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Figure 6.6. Parental survival in relation to social dominance in (A) females and (B) males. All birds were
assigned to two groups of equal size on the basis of
their rank. Y axis (log scale) shows proportion of
birds still alive. Year = 0 denotes first year that rank
was known (1998 or 2000). Broken line between years
3 and 4 is because the sample size is lower for years 4
and 5, with only birds that bred in 1998.

Table 4.2. Effects of dominance, egg volume and female condition on fledgling mass.
∆Dev
Null model
Final model
Constant
Dominance rank
Egg volume
Rejected term
Female condition

Coefficient (SE)

∆df

P

-39.55 (10.93)
70.88 (18.87)
16.57 (6.02)

15
+1
+1
+1

0.001
0.001
0.012

–1

0.44

179.51
158.46
+10.42
+6.32
-0.59

Data (mean g per brood) were analysed using hierarchical linear models. Null model includes the constant only. Final model
includes all significant parameters. Changes in deviance (∆Dev) and in degrees of freedom (∆df) indicate the changes when
parameters are dropped from the final model one at a time (or added to the final model for rejected terms). Female condition
is the residual from a regression of mass on tarsus. N = 18 broods.
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2003. Birds were assigned to two groups of
equal size, which comprised the top and bottom 50% of the hierarchy. Data for both years
were combined (first breeding season, either
1998 or 2000, was assigned 0, and each bird was
used only once in the analysis). Survival was
independent of rank in both sexes (females: log
rank = 1.39, N = 30, P = 0.24; males: 0.38, N =
30, P = 0.54; Figure 6.6). Average survival rate
was 72.7% for females (N = 30) and 70.8% for
males (N = 30), in agreement with estimates on
the basis of ring recoveries (69%; Dobson 1990).

Discussion
Social dominance was associated with low
fledgling production and low fledgling quality
(Figure 6.3). For example, the five least dominant males annually fledged 1.2 young of
viable quality (fledging mass > 170 g), but the
five most dominant males fledged only 0.5
viable young. This decrease was not compensated with greater longevity, because survival
was independent of social dominance (Figure
6.6). In theory, males could also compensate for
low success with their own partner by having
extra-pair fertilizations, but jackdaws have an
exceptionally strong pair bond (Lorenz 1931),
and the frequency of extra-pair fertilizations is
practically zero (Liebers & Peter 1999;
Henderson et al. 2000). Dominance was a permanent trait of individuals, and not a state that
all surviving individuals eventually attained.
These findings led us to conclude that dominant jackdaws in our colony had lower fitness
than did subdominants. To our knowledge, this
is the first example of such a pattern in any
free-living species.
Hypotheses that explain low fitness of dominant birds are based on one of two assumptions. Either it is assumed that there is a causal
relation between dominance and reproductive
success, or it is assumed that a third factor
causes both high dominance and low reproductive success. One possible third variable is

senescence, when aging is associated with a
decline in reproductive success and an increase
in dominance. Although Henderson & Hart
(1995) reported a correlation between age and
dominance, we consider this explanation unlikely because dominance was independent of
age in our colony, both in recent years (Figure
1; S. Verhulst & H. M. Salomons, unpublished
data) and in the 1970s (Röell 1978), which may
result from the near absence of breeding yearlings in our colony. We next consider hypotheses that assume a causal relation between dominance and reproductive success; although we
acknowledge that we cannot rule out an
unknown third factor.
In his extensive review, Ellis (1995) emphasized the variation in the fitness consequences
of dominance, and proposed that dominance
enhances reproductive success in particular
when food availability is low. In agreement
with this proposition, Henderson & Hart (1995)
found in jackdaws that dominance had a
stronger effect on fledgling production in years
when overall success was low. Using simple
optimality reasoning, this proposition can logically be extended to explain a negative association between dominance and reproductive success: when costs are associated with acquiring
and maintaining dominance, and these costs
are not compensated with increased resource
access (because resources are abundant regardless of status), the net effect of dominance on
reproductive success will be negative. However, there is no evidence that resources were
abundant in our colony. One or more nestlings
starved in almost every nest, and fledgling production was approximately equal in our colony
and the colony studied by Henderson & Hart,
where dominance enhanced reproductive success. Thus, high resource abundance (Ellis
1995) is unlikely to explain the negative association that we found between dominance and
reproductive success.
Females paired with dominant males had
poorer condition and produced smaller eggs,
and this explained at least part of the effect of
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dominance on reproductive success (Table 2).
Dominant males could have partners in poor
condition because high-quality females prefer
subdominant males as partners, and low-quality females are ‘making the best of a bad job’ by
pairing with a dominant male (Qvarnström &
Forsgren 1998). Another possibility is that
females suffer from having a dominant male as
partner. These hypotheses are complementary,
because if females suffer from having a dominant partner, this would explain why such
males are less attractive. Dominant jackdaws
do show more aggression towards their partner
than do subdominant males (Röell 1978), and
female preference of subdominant males to
avoid intra-pair aggression has also been
demonstrated experimentally in Japanese quail,
Coturnix coturnix japonica (Ophir & Galef
2003). This evidence lends credibility to these
hypotheses, but for a rigid test, mate choice
experiments with jackdaws are required.
Henderson & Hart (1995) reported a positive effect of dominance on reproductive success, and a comparison of our colonies may
provide further indications why dominance
had a negative effect on reproductive success in
our colony. Both colonies had approximately
the same number of breeding pairs and comparable reproductive success, but nest boxes were
approximately 8 m apart in their colony in the
U.K. and only 1.5–3 m apart in our colony. This
detail may have far-reaching consequences if
closer proximity induces more interactions. It is
well established that having close neighbours
and more agonistic interactions results in
higher testosterone titres in birds (Ball &
Wingfield 1987; Wingfield et al. 1990; Beletsky
et al. 1992). Testosterone suppresses paternal
care (Hegner & Wingfield 1987; Ketterson &
Nolan 1992) and could also explain higher
intra-pair aggression. Data to compare aggression levels or testosterone between colonies are
not available, but dominant jackdaws do participate more in agonistic interactions (Tamm
1977), including in our colony (effect of rank on
number of interactions: F1,36 = 17.65, P < 0.001).
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We consider a testosterone-based mechanism
the most parsimonious explanation of our
results, but further experiments, such as manipulation of colony density and measuring testosterone, are required to test this hypothesis. Such
experiments may increase our understanding of
the evolution of dominance and social structures. The question remains why males invest in
acquiring dominance when they do not benefit.
Apparently, the increase in resource access associated with being dominant is outweighed by
other factors associated with dominance. This
hypothesis suggests that the decision rule that
jackdaws use in conflicts is maladaptive when it
is assumed that birds could also ‘choose’ not to
fight, at least in the specific circumstances (e.g.
high density) of our colony. However, on a
global scale, the decision rule may, on average,
still be optimal, as illustrated by the positive
association found between dominance and
reproductive success in the colony studied by
Henderson & Hart (Henderson & Hart 1995).
Alternatively, the decision rule that jackdaws
use in conflicts could be part of a genetically
determined behavioural syndrome (as in great
tits, Parus major: Verbeek et al. 1996; Drent et
al. 2003) in the sense that variation in dominance reflects different behavioural syndromes.
Variation between colonies in the fitness consequences of dominance could then contribute to
the maintenance of genetic variation in behavioural syndromes.
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Strong but variable associations
between social dominance and clutch sex
ratio in a semi-colonial corvid
H. Martijn Salomons
Cor Dijkstra
Simon Verhulst

Summary
We studied primary sex ratio of clutches in relation to social dominance for six years in a
colony of free-living jackdaws, a small corvid. Social dominance was strongly associated with
clutch sex ratio, with the difference in clutch sex ratio between the most and least dominant
pairs being 30-40%. To our knowledge, this is the first demonstration of an association
between social dominance and sex allocation in birds. However, the direction of this effect
varied between years. Dominant jackdaws produced more sons during the first years of the
study, but fewer sons during the last years. Offspring sex was not related to laying order
within a clutch, and the effect of social dominance on sex ratio was similar on eggs laid first,
middle or last. We investigated the effect of two factors (laying date and parental condition)
that could have mediated the shift in the effect of social dominance on sex allocation in the
course of the study. Laying date was positively associated with the proportion of males, but
this effect was independent of social dominance. Maternal condition (residual mass over tarsus, egg volume) was related to social dominance, but not to clutch sex ratio. Paternal condition (residual mass over tarsus) was not related to clutch sex ratio. We discuss how spatial or
temporal variation in effects of variables such as social dominance on sex allocation can contribute to our understanding of the evolution of sex allocation in species with complex life
histories.
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Introduction
Sex allocation theory predicts that parents
should bias resource allocation towards the sex
that yields the highest net fitness benefits
(Trivers & Willard 1973; Charnov 1982; Frank
1990). Parents can allocate resources differentially between sons and daughters in various
ways. In birds, females may for instance vary
the volume of their eggs, and thereby the available resources, depending on the sex of the
embryo (Anderson et al. 1997; Magrath et al.
2003; Müller et al. 2005). Parents can also differentiate the amount (Nishiumi et al. 1996) or
quality (Magrath et al. 2004) of food delivered
to sons and daughters (Lessells et al. 1998).
However, the most direct strategy to modify
sex allocation is through adjustment of the primary sex ratio of offspring (Fisher 1930;
Charnov 1982; Pike & Petrie 2003; AlonsoAlvarez 2006), and here we focus on the latter
variant of sex allocation in free-living jackdaws
Corvus monedula.
Evidence for biased sex allocation in birds
has accumulated in recent years (see Pike &
Petrie 2003; Alonso-Alvarez 2006 for reviews).
Most of these studies focus on specific life history traits to explain observed differences in sex
biased resource allocation. For instance in
kestrels offspring sex ratio (% males) was negatively related to laying date of the clutch
(Dijkstra et al. 1990b). Other studies showed
biased sex allocation in relation to maternal
condition (Nager et al. 1999; Pike 2005), paternal quality or attractiveness (Burley 1981;
Svensson & Nilsson 1996; Pike & Petrie 2005b;
Fawcett et al. 2007). In many species the fitness
prospects of offspring decline with laying
order, thus adjusting offspring sex would be
particularly beneficial in the first eggs of a
clutch. Indeed such laying order dependent
biases in the level of sex ratio manipulation
have been reported for many bird species
(Weatherhead 1985; Dijkstra et al. 1990b;
Albrecht 2000). Food availability has also been
shown to affect sex allocation decisions in for

example the kakapo Strigops habroptilus (Clout
et al. 2002) and the seychelles warbler Acrocephalus sechellensis (Komdeur 1996).
In social animals, groups are usually structured in the sense that when there is a conflict
some individuals are consistently more successful at obtaining resources than others (Allee
1952; Drews 1993). Thus, if resource access or
condition is important in determining optimal
sex allocation, it is to be expected that social
dominance is often associated with sex allocation. This hypothesis has been extensively studied in mammals (Clutton-Brock & Iason 1986;
Brown & Silk 2002; Sheldon & West 2004), but
has been little studied in birds. Moreover, to
our best knowledge the avian studies that
investigated this hypothesis found no support
for dominance dependent sex allocation:
domestic fowl, Gallus gallus (Leonard &
Weatherhead 1996; Müller et al. 2002), peafowl,
Pavo cristatus (Pike & Petrie 2005a) and blackcapped chickadees, Poecile atricapilla (Ramsay &
Ratcliffe 2003). However, in collared flycatchers
Ficedula albicollis there is indirect evidence for an
effect of social dominance on sex allocation,
because males with a large forehead patch are
more successful in competition over nest boxes
(Qvarnström 1997), and females mated to such
males produce more sons (Ellegren et al. 1996).
Similarly, in great tits Parus major the size of the
breast stripe is correlated with social dominance
(Lemel & Wallin 1993), and there was a positive
trend in the relation between breast stripe size
and clutch sex ratio (Kolliker et al. 1999).
Furthermore, paternal tarsus length, another
correlate of resource holding potential in this
species (Garnett 1981), was also related to brood
sex ratio variation in the same species (Kolliker
et al. 1999; Yamaguchi et al. 2004). However, in
house sparrows Passer domesticus there is an
effect of badge size on social dominance (Møller
1987), but no relation was found between male
badge size and the number of sons and daughters produced (Husby et al. 2006).
Social dominance plays a major role in the
life of jackdaws (Lorenz 1931). Being dominant
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provides primary access to nesting opportunities and food (Röell 1978) and also affects breeding success (Henderson & Hart 1995; Verhulst &
Salomons 2004). Jackdaws are moderately sexually size dimorphic at fledging, with males
being 5–10% larger than females (Salomons et
al, unpublished results), indicating that higher
costs are involved in producing male offspring.
When one sex is more costly to produce than
the other this indicates that the relationship
between parental investment and fitness benefits differs between sons and daughters. The
details of these relationships have to be known
to predict the optimal sex allocation in response
to variation in resource access (Leimar 1996;
Komdeur & Pen 2002), but the moderate sexual
size dimorphism in itself increases the likelihood that the optimal sex allocation depends
on parental resource access. We therefore investigated clutch sex ratio in relation to social
dominance for six years in colonial jackdaws.

Methods
Study population
We studied free-living jackdaws in the colony
at the Zoological Laboratory in Haren (The
Netherlands), a semi-urban environment. The
data reported in this paper were collected in six
years in the period from 1997 to 2005. Data on
hatchling sex were not available for 1999, 2002
and 2003.
Nest boxes were checked daily, starting in
the first week of April, until the clutch was
complete, and eggs were numbered with a felt
tip pen. To determine from which egg a chick
had hatched, clutches were moved to an incubator 1–2 days before the estimated hatching
date (temperature 37.7ºC, humidity 75%).
Clutches were exchanged for hard-boiled quail
eggs, which were readily accepted and incubated by the jackdaws. Length and width of the
eggs were measured to the nearest 0.1 mm, and
egg volume (V, in cm3) was estimated using the
formula: V = (π * A2 * L * K) / 6, where A is
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width, L is length and for jackdaws K = 0.00096
(Soler 1988). Eggs in the incubator were
checked at least every 2 h during daytime
(from dawn until dusk) and hatchlings were
immediately placed in the nest and quail eggs
were simultaneously removed. It is unlikely
that using an incubator affected hatching success, as the eggs were only in the incubator for
the last 1–2 days of the total incubation period
(± 18 days) (Salomons et al. 2006). Before being
placed in a nest, the hatchlings were weighed
and a blood sample (10–20 microlitre) was
taken by clipping the tip of a toenail for sexing
and future DNA-analysis. The clipping of a nail
does not interfere with nestling growth. The
clipped nail is identifiable by a blunt tip up to
fledging, and we used this to identify the
chicks within broods.
The survival of the chicks in the nest was
checked every 5 days (hatch date of the first
egg = day 1). At day 10, 20 and 30 the chicks
were also weighed and tarsus- and wing length
(day 20 and day 30) were measured. At day 30,
shortly before fledging, the chicks were ringed.
Breeding birds were individually marked with
colour rings and a metal numbered ring. Birds
were caught before the breeding season in a
large baited cage or in their nest box using trap
doors before or during breeding. Early in the
nestling period (day 5) a sample of adults was
captured in 1998 and most breeding birds were
captured at that stage in 2000, 2001, 2004 and
2005. Biometric characteristics (tarsus and wing
length, mass) were measured, a small blood
sample was taken for DNA using puncture of
the brachial vein, and as a rule birds were
released within 20 min after capture.
Sex determination
Sex was determined by PCR analysis of blood
samples (Griffiths et al. 1998). The reliability of
this method was confirmed using adult birds of
known sex (N > 50). All unhatched eggs were
checked for embryos (except for 1997). In total
35 embryos were recovered, of which we were
able to sex 32 (91%). Sex ratio among
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unhatched embryos was female biased (21
females, 11 males), however this bias was not
significant (binomial test: P = 0.1). In all sex
ratio analyses the hatchlings and unhatched
embryos were pooled.
Dominance
Agonistic interactions were recorded during
March and the first half of April in 1998, 2000,
2004 and 2005, until the first egg in the colony
was laid. To stage conflicts, food was offered in
small pits (Ø10 cm) approximately 10 m from
the nearest nest box. For further details see
Verhulst and Salomons (2004).
The success in agonistic interactions of an
individual bird was calculated using “David’s
score” (David 1987; Gammell et al. 2003). This
equation takes both the proportion of interactions won and the proportion of individual
birds supplanted into account (other methods
to calculate rank from these data yielded
almost identical results). Based on the success
score, a rank number was assigned to each bird.
For each year we then scaled rank between 0
and 1 (most and least dominant male respectively) because the number of birds in the hierarchy differed slightly between years.
Male jackdaws are dominant over females,
and the females’ success in conflicts is highly
dependent on the rank and proximity of her
partner (Lorenz 1931; Röell 1978; Wechsler
1988). Consequently we cannot determine
female rank independently, and used the rank
of the male to characterise the pair.
In 1997 and 2001 insufficient data on
social status were collected to assign dominance ranks. Since the hierarchy within the
colony was highly stable over several years
(Röell 1978; Verhulst & Salomons 2004
Salomons et al, unpublished results), we used
the dominance rank recorded in 1998 for 1997,
and the dominance rank observed in 2000 for
2001. Note that insofar we erred in assigning
dominance rank in this way this makes statistical tests of the effect of dominance on sex ratio
and other traits more conservative.

Statistical analysis
A number of individuals were sampled in multiple years, and different breeding attempts
from the same individuals cannot be considered independent samples. To avoid pseudoreplication we analyzed the data with a
repeated measures hierarchical linear model,
using the program MlwiN (version 2.02)
(Rasbash et al. 2000). We used identity of the
mother and breeding attempt (nested within
mother) as random effects. Binary data (offspring sex) were transformed by the logit link
function and analyzed assuming a binomial
error distribution on the individual level.
Statistical significance of variables was assessed
from the increase in deviance (∆Dev) when the
variable was removed from the model. The
change in deviance is asymptotically distributed as χ2 with corresponding change in
degrees of freedom (Snijders & Bosker 1999).

Results
Overall sex ratio for the six years combined did
not deviate significantly from 50% (51.3%
males, N = 489, binomial test P > 0.05), and the
clutch sex ratio distribution did not differ significantly from a random binomial distribution
with pmale = 0.5 (χ2 = 32.4, df = 26, P = 0.18).
clutch sex ratio (proportion males)
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Figure 7.1. Annual sex ratio in the population (closed
dots), and for the subset of birds with known dominance rank (open dots).
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Figure 7.2. Social dominance and clutch sex ratio in six seasons from 1997 to 2005. For statistics see table 1. Each
dot represents one clutch.

However, the overall sex ratio differed significantly between years (Fig. 7.1; ∆Dev =16.35, df
= 5, P = 0.005). The subset of birds of which the
dominance rank was known (68%) showed the
same pattern, although due to the reduction in
sample size the difference between years did
not quite reach significance (Figure 7.1; ∆Dev =
8.55, df = 5, P = 0.1).
Social dominance was related to sex ratio
(Figure 7.2), but the direction of this correlation
varied significantly between years (Table 7.1).
To explore the cause of the variation between

years it is useful to first identify in more detail
which (groups of) years were similar to each
other, and which (groups of) years differed
from each other. Based on the slope of the relation between dominance rank and sex ratio in
the different years (Table 7.1), we created a
model with either two year-groups (group 1:
1997, 1998, 2000 & 2001; group 2: 2004 & 2005)
or three year-groups (group 1: 1997 & 1998;
group 2: 2000 & 2001 group 3: 2004 & 2005). We
tested these models against the original model
(all years separate) using the Akaike Infor-
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mation Criterion (AIC). The model with two
year-groups emerged as the best fitting model
(Figure 7.3; Table 7.1); more complicated models
did not yield a significant increase in the
explained variation. This was further confirmed
by the finding that within the two year-groups
the slopes did not differ significantly between
years. In both year-groups the slope of the relation between social dominance and brood sex
ratio was significantly different from zero.

(group 1: ∆Dev = 4.508, df = 1, P = 0.03; group 2:
∆Dev = 4.830, df = 1, P = 0.03). These results did
not change, for example the slopes are almost
identical (Table 7.1D), when data from 1997 and
2001 (in which dominance was not measured
directly) were removed from the analysis.
In many avian species chick survival probability decreases with laying order (Dijkstra et
al. 1990a; e.g. Badyaev et al. 2002), and this pattern is also evident in jackdaws (Gibbons 1987).

Table 7.1. Statistical analysis of the relation between social dominance and clutch sex ratio.
Model

Variables

A

Year
N
Constant
Rank

B

Year-group
N
Constant
Rank

C

Year-group
N
Constant
Rank

D

Year-group
N
Constant
Rank

Estimates
(SE)
1997
13 / 50
0.39
(0.56)
-1.88
(1.26)

Rank*Year or
Year-group

AIC

∆Dev = 11.54
df = 5
P = 0.042

478.95

2004 & 2005
19 / 25 / 85
-0.38
(0.44)
1.80
(0.83)

∆Dev = 10.99
df = 2
P = 0.004

473.93

1997 – 2001
29 / 61 / 247
0.41
(0.26)
-1.17
(0.48)

2004 & 2005
19 / 25 / 85
-0.37
(0.44)
1.78
(0.48)

∆Dev = 9.34
df = 1
P = 0.002

471.97

1998 & 2000
26 / 33 / 135
0.62
(0.34)
-1.24
(0.60)

2004 & 2005
19 / 25 / 85
-0.40
(0.44)
1.90
(0.86)

∆Dev = 8.89
df = 1
P = 0.003

1998
14 / 60
0.88
(0.55)
-2.04
(0.96)

1997 & 1998
17 / 27 / 110
0.59
(0.38)
-1.81
(0.73)

2000
19 / 75
0.48
(0.46)
-0.61
(0.82)

2001
15 / 62
0.17
(0.53)
-0.99
(1.06)

2000 & 2001
19 / 34 / 137
0.27
(0.34)
-0.69
(0.63)

2004
16 / 53
-0.54
(0.57)
1.71
(1.05)

2005
9 / 32
-0.14
(0.75)
2.07
(1.48)

Results were analysed without pooling years into groups (A), pooled into three year groups (B) or into two year groups (C).
Sample sizes are shown for the different levels of the analysis, number of females, number of nests and number of chicks respectively (jackdaws produce one clutch per year, therefore number of nests is not shown for A). Different models were compared using
the Akaike Information Criterion (AIC). Years were pooled based on the slope of the relation between social dominance and sex
ratio (model A). Of the three models, model C has the lowest AIC value and is therefore considered the best model. Results did
not change after removal of data from 1997 and 2001 (D).
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Figure 7.3. Social dominance and sex ratio in two
year-groups. Data were pooled for 1997, 1998, 2000
and 2001 (solid dots, each dot represents 9 or 10
clutches, N = 58) and 2004 and 2005 (open dots, each
dot represents 5 or 6 clutches, N = 23) respectively.
For statistics see table 7.1.

When sex ratio adjustment is costly it is to be
expected that such adjustment is most pronounced in eggs early in the laying order, since
the potential benefits will be highest for eggs
laid early in the clutch. Analyses of effects of
laying order are complicated by variation in
clutch size (should the third egg of a three egg
clutch be compared to the third or the fifth egg
of a five egg clutch?). We chose to assign eggs to
one of three categories: first egg, last egg, and
all ‘middle’ eggs. The sex of a chick was independent of laying order (N = 489, ∆Dev = 1.67,
df = 2, P = 0.43). More importantly, we found no
interaction between social dominance and laying order in relation to offspring sex in either of
the year-groups (1997–2001, N = 247, ∆Dev =
1.90, df = 2, P = 0.39, 2004–2005, N = 85, ∆Dev =
0.13, df = 2, P = 0.94, Figure 7.4). Thus we conclude the effect of social dominance on sex ratio
was equally strong in all eggs of a clutch.
To investigate the cause of the change in
slope from the first to the second year group
we first tested whether the change was present
within individuals or, alternatively, could be
explained by a change in colony composition
over time. There are nine individual females for
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which information on sex ratio and pair dominance rank was available for both year groups.
Unfortunately, this sub-sample was too small to
allow for a reliable analysis using (binomial)
hierarchical linear models. Therefore, we calculated the expected change in clutch sex ratio,
based on our regression model (Table 7.1C), for
these individuals from the first year group to
the second year group, taking into account the
(generally small) changes in dominance rank,
and plotted the expected change against the
observed change in clutch sex ratio. If the
change in slope between year groups (Figure
7.3) was due to changes in population composition we would expect no correlation between
predicted and observed change in sex ratio. In
contrast, if the change in slope between year
groups was due to some environmental effect
on the whole colony we would expect a correlation between observed and expected change in
sex ratio with a slope of 1. The slope of the
regression line was indeed very close to 1
(slope = 0.84; Figure 7.5), suggesting that the
observed change in the relation between social
dominance and clutch sex ratio over time also
occurred within individuals, although it should
1997 – 2001
slope of the relation between
dominance rank and offspring sex

clutch sex ratio (proportion males)
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N = 86

205

83

2004 – 2005
25

68

24

4
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–1
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first middle last

first middle last

laying order

Figure 7.4. The slope (±s.e.) of the relation between
dominance rank and offspring sex in relation to laying order in the two year-groups (1997–2001 and
2004–2005). Numbers above the bars indicate sample
sizes (number of sexed offspring).

x

0.6

y=

be noted that, perhaps due to the small sample
size, the relationship did not reach significance
(r9 = 0.53, P = 0.1). Nevertheless, because the
slope of the relationship between observed and
expected change was approximately 1, we consider a temporal change in the environment as
opposed to a change in the population composition the most parsimonious explanation for
the change in slope between year groups.
Given that this change in the relationship
between social dominance and sex ratio indeed
occurred within individuals, this implies that
there was another mediating factor affecting sex
ratio which interacted with social dominance
and has changed over time. Based on the literature we selected two factors that were repeatedly shown to be associated with clutch sex
ratio, namely parental condition (Nager et al.
1999; Pike 2005) and laying date (Dijkstra et al.
1990b; Arnold & Griffiths 2003). We used body
mass (residual of regression of mass on tarsus
(∆Dev = 62.1, P < 0.001)) as an index of parental
condition, and retained tarsus in the model as
index of body size. Neither male residual mass,
nor female residual mass measured during the
breeding season (when nestlings were 5 days
old) was correlated with clutch sex ratio (Table
7.2). The same (lack of) result emerged when we
tested the effects of residual mass measured
before the breeding season (data available for
2004 and 2005 only; Table 7.2). For neither measurement was there a significant interaction
with year or year group. As a second estimate
of parental (maternal) condition we used egg
volume, which was previously shown to be correlated with female condition and subsequent
reproductive success (Verhulst & Salomons
2004). There was no difference in the size of an
egg containing a male or a female embryo
(males: 10.52 ±0.08 cm3, females: 10.65 ±0.08
cm3; for statistics see table 7.2), and clutch sex
ratio was not correlated with mean clutch egg
volume. Females high in social rank laid
smaller eggs in all years of this study, and there
was no significant interaction between social
dominance and year group (Table 7.2).

observed change in clutch sex ratio
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expected change in clutch sex ratio

Figure 7.5. Observed change in clutch sex ratio within
nine individual females between the two year-groups
(1997–2001 and 2004–2005) plotted against the expected change based on the model in Table 7.1C. The
solid line shows the linear regression through these
points while the dotted line indicates equal values.

Sex ratio increased significantly with laying
date (N = 489 chicks, ∆Dev = 4.0, df = 1, P <
0.05). However, visual inspection of the regression results (Figure 7.6) showed that this effect
was present in one year only (2000) whereas sex
ratio was largely independent of laying date in
the other years. This difference in the effect of

clutch sex ratio (proportion males)
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Figure 7.6. Clutch sex ratio as a function of laying
date (number of days from the 1st of April) of the first
egg of a clutch for the six years of this study. Shown
are fitted lines for each of the years plotted over the
date range that clutches were produced in these
years.
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Table 7.2. Statistical analysis of the effect of various factors on clutch sex ratio.
Independent

Year-group

Variables

Estimates (SE)

Constant
Residual mass
Tarsus
Constant
Residual mass
Constant
Residual mass
Tarsus

-2.780
-0.006
0.073
-3.178
-0.007
-2.708
-0.014
0.077

(7.424)
(0.018)
(0.170)
(7.793)
(0.028)
(7.792)
(0.027)
(0.178)

Constant
Residual mass
Tarsus
Constant
Residual mass
Constant
Residual mass
Tarsus

9.147
-0.016
-0.184
14.043
-0.049
13.166
0.013
-0.283

(6.756)
(0.020)
(0.148)
(7.268)
(0.034)
(7.078)
(0.027)
(0.157)

Constant
Residual mass
Tarsus
Constant
Residual mass
Constant
Residual mass
Tarsus

1.104
0.003
-0.022
1.614
0.001
2.443
0.008
-0.040

(4.383)
(0.016)
(0.100)
(4.269)
(0.021)
(4.293)
(0.023)
(0.098)

Constant
Residual mass
Tarsus
Constant
Residual mass
Constant
Residual mass
Tarsus

11.695
-0.013
-0.253
9.510
-0.017
10.312
0.002
-0.211

(5.206)
(0.018)
(0.114)
(5.164)
(0.020)
(5.134)
(0.034)
(0.113)

All years
N = 56 / 126 / 478
1997 – 2001
N = 46 / 94 / 364
2004 – 2005
N = 25 / 33 / 117

Constant
Egg volume
Constant
Egg volume
Constant
Egg volume

-0.232
0.029
0.250
-0.031
-0.414
0.091

(1.065)
(0.099)
(1.232)
(0.115)
(2.056)
(0.189)

All years
N = 57 / 127 / 489
1997 – 2001
N = 46 / 94 / 372
2004 – 2005
N = 25 / 33 / 117

Constant
Clutch size
Constant
Clutch size
Constant
Clutch size

0.132
-0.013
0.130
-0.047
-0.383
0.211

(0.680)
(0.146)
(0.733)
(0.157)
(1.615)
(0.351)

Effect of maternal
condition and size
before the breeding
season

All years
N = 29 / 39 / 147

Effect of paternal
condition and size
before the breeding
season

All years
N = 31 / 38 / 141

Effect of maternal
condition and size
season

All years
N = 42 / 85 / 327

1997 – 2001
N = 14 / 17 / 73
2004 – 2005
N = 20 / 22 / 74

1997 – 2001
N = 15 / 16 / 63
2004 – 2005
N = 20 / 22 / 78

1997 – 2001
N = 34 / 57 / 226
2004 – 2005
N = 21 / 28 / 101
Effect of paternal
condition and size
during the breeding
season

Effect of egg volume

Effect of clutch size

All years
N = 37 / 72 / 279
1997 – 2001
N = 24 / 44 / 178
2004 – 2005
N = 21 / 28 / 101

Statistics (df = 1)
∆Dev = 0.125 P = 0.72
∆Dev = 0.185 P = 0.67
Interaction with year-group
∆Dev = 0.036 P = 0.85

∆Dev = 0.631 P = 0.43
∆Dev = 1.540 P = 0.21
Interaction with year-group
∆Dev = 1.980 P = 0.16

∆Dev = 0.031 P = 0.86
∆Dev = 0.049 P = 0.82
Interaction with year-group
∆Dev = 0.062 P = 0.80

∆Dev = 4.918 P = 0.03
∆Dev = 0.517 P = 0.47
Interaction with year-group
∆Dev = 0.247 P = 0.62

∆Dev = 0.086 P = 0.77
Interaction with year-group
∆Dev = 0.303 P = 0.58

∆Dev = 0.008 P = 0.93
Interaction with year-group
∆Dev = 0.457 P = 0.50

Estimates are shown for all years combined and for the two year-groups. Only one estimate for the effect of tarsus is shown as
there was no significant interaction between tarsus and year-group. Sample sizes are shown for the different levels of the analysis,
number of females, number of nests and number of chicks respectively. Sample sizes differ between analyses due to missing
values. P-values are given for the variables in the complete set as well as for the interaction of year-group with the variable of interest in the pooled dataset.
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laying date on sex ratio in 2000 compared to the
other years combined was significant (N = 489
chicks, ∆Dev = 7.0, df = 1, P < 0.01). There was
no correlation between social dominance and
laying date, and no significant interaction
between social dominance and year group.

Discussion
Effects of social dominance on sex allocation
have repeatedly been demonstrated in mammals, and we provide what is to our knowledge the first direct evidence for dominance
dependent sex allocation in birds. Social dominance (Henderson & Hart 1995; Verhulst &
Salomons 2004) and sex allocation (Arnold &
Griffiths 2003) are both important components
in the life-history of jackdaws, and therefore it
was not unexpected that these were related.
However, the effect was very strong when compared to most avian sex ratio studies (West &
Sheldon 2002), with a sex ratio difference of 3040% between the most and least dominant
pairs (Figure 7.3). What was further surprising
was that there was a dramatic shift in the effect
of social dominance on sex allocation in the
course of the study (Figure 7.3). In the first four
years social dominance was positively related
to the proportion of sons, in agreement with the
pattern generally found in mammals. However,
in the last two years the relationship was
reversed, with high ranked jackdaws producing more daughters and low ranking birds producing more sons. Thus we conclude that social
dominance has a strong effect on sex allocation
in jackdaws, but that the direction of this effect
is variable.
Spatial or temporal variation in sex allocation in relation to a trait such as social dominance is difficult to detect. Nevertheless, there
are other examples of studies showing spatial
or temporal variation in sex allocation patterns.
For example, significant interactions between
year and ultraviolet coloration in relation to sex
ratio variation have been reported for blue tits

(Badyaev et al. 2002; Griffith et al. 2003; Korsten
et al. 2006), and variation in sex allocation patterns between different populations have been
reported for house finches (Badyaev et al. 2002)
and red deer (Kruuk et al. 1999). Although
explanations for these kinds of variation are
mostly absent, and some authors themselves
even suggest methodical instead of biological
causes, such studies nevertheless illustrate that
sex allocation can be a subtle process, and also
that data sets will need to cover a substantial
amount of temporal and/or spatial variation to
fully capture the sex allocation strategies
employed.
To study the shift in the relation between
social dominance and brood sex ratio between
years more closely, we checked whether this
effect was also found within individuals. Data
from a subset of individuals that produced offspring in both year groups provided suggestive
evidence that the relation between social dominance and sex ratio changed within individuals
(Figure 7.5). Consequently, it is unlikely that
our results were caused by a change in colony
composition. This implies that there is at least
one other factor that affects sex allocation and
its relation to social dominance.
The main criterion that this unknown factor
should fulfill is that it should be related to sex
ratio and social dominance, and that the relation with social dominance differed between
the two year groups. We tested two candidates:
laying date and parental condition. Laying date
was recently shown to correlate with clutch sex
ratio in jackdaws , with later clutches containing progressively fewer sons (Arnold &
Griffiths 2003). Surprisingly, the jackdaws in
our population showed the opposite pattern,
with broods produced late in the season containing on average more sons, although this
effect was largely due to one year (Figure 7.6).
More important in the present context is that
laying date was not related to social dominance
in either year group or overall, and there was
no interaction between social dominance and
year group with respect to laying date. Thus we
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conclude that the shift in effect of social dominance on clutch sex ratio was not mediated by
effects of timing of breeding.
The second candidate was parental condition. Previously it was shown in the same
colony that social dominance negatively affected female condition during the breeding season
of 1998 and 2000 (Verhulst & Salomons 2004).
This was reflected in both a lower body condition (residual mass over tarsus) at day 5 of the
chick stage, and in the smaller size of the eggs
laid by females that were paired to dominant
males. Analyses of the larger data set now
available confirmed these earlier findings, but
found no evidence for a significant interaction
between social dominance and year group on
maternal condition. Furthermore, when using
residual body mass and egg volume as indices
of female and male condition we found no evidence for condition dependent sex ratio in our
study. We conclude therefore that the shift in
effect of social dominance on clutch sex ratio
was not mediated by (our measures of) parental condition.
An alternative explanation is that the relation between brood sex ratio and social dominance, and the observed shift in this relationship, is mediated by maternal hormones which
are in turn affected by environmental changes.
Both testosterone and corticosterone make
good candidates for such mediating effects. The
relation between social dominance and testosterone has been shown to interact with the
environment (i.e. population density and stability of the social hierarchy (Schwabl 1997;
Rogovin et al. 2003), while corticosterone level
is known to depend on stress and body condition (Kitaysky et al. 1999; Cyr & Romero 2007).
Furthermore, broods produced by females with
high levels of testosterone were found to be
male biased in Japanese quail (Pike & Petrie
2005a) and experimentally increased maternal
levels of testosterone resulted in an increase in
brood sex ratio in the zebra finch and the spotless starling (Veiga et al. 2004; Rutkowska &
Cichon 2006), but not in japanese quail (Pike &
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Petrie 2006). Similarly, corticosterone has been
shown to reduce brood sex ratio in peafowl and
japanese quail (Pike & Petrie 2005a; Pike &
Petrie 2006). Unfortunately, we have not yet
measured hormone levels in this study. The
number of breeding pairs however has slightly
decreased in recent years, suggesting that relevant environmental circumstances (e.g. breeding density) have changed. Indeed there was a
trend that the number of breeding pairs is correlated with the slope of the relation between
social dominance and brood sex ratio (rs = 0.64,
N = 6, P = 0.054). We will gather more data on
this since the sample size is at present too low
to allow firm conclusions.
We attempted to understand the shift in
effect of social dominance on clutch sex ratio
from a mechanistic perspective (Hogan 2005)
by investigating correlations of clutch sex ratio
with factors known to affect sex allocation in
other species. Alternatively, one could analyze
how the fitness prospects depend on clutch sex
ratio for birds with different social dominance,
which could yield an understanding of the
observed shift from a functional perspective
(Cuthill 2005). However, life histories of birds
and mammals are often very complex, making
it difficult to derive predictions regarding the
optimal sex ratio with confidence (Komdeur &
Pen 2002; West et al. 2002). In this context, spatial or temporal variation in the effect of a trait
on clutch sex ratio as found in this study may
be an asset, because it creates the opportunity
to make multiple comparisons between predictions and observations within one study system. Furthermore, predictions regarding temporal or spatial differences in sex allocation
within study systems are likely to be more
accurate than predictions for single values,
since one can reasonably hope that inaccuracies
in parameter values will affect all estimates in
the same way (provided there are no strong
interactions with these parameters). Nonetheless, the cause of the shift in the effect of
social dominance on sex ratio in this study
remains an open question at present, and the
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number of study years will probably have to
increase before this can be resolved.
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No sexual differences in embryonic
period in jackdaws Corvus monedula
and black-headed gulls Larus ridibundus
H. Martijn Salomons
Wendt Müller
Cor Dijkstra
Corine M. Eising
Simon Verhulst

Summary
Offspring survival probability usually decreases with hatching order, especially in species
with brood reduction. Brood reduction in combination with a sex difference in embryonic
period (the time between laying and hatching of an egg) can potentially have a profound
effect on sex allocation, with higher investment in chicks of the early hatching sex because
they are more likely to survive to fledge. Two recent studies reported sex differences in the
embryonic period, but compared embryonic period between, rather than within, clutches,
which does not control for possible environmental effects on both clutch sex ratio and embryonic period. We compared the embryonic period of sons and daughters within clutches in
jackdaws Corvus monedula and black-headed gulls Larus ridibundus, two species with frequent
brood reduction, and found no sexual difference in embryonic period. This suggests that sex
allocation is not affected by sex differences in embryonic period in these species, but more
studies are required to verify whether this is a general pattern.

J Avian Biol 37, 19-22
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Introduction
Sex allocation, the division of parental investment between sons and daughters (Fisher 1930;
Frank 1990), is an important aspect of life history theory that is receiving increasing attention since the introduction of molecular techniques to sex birds (Griffiths & Tiwari 1993;
Fridolfsson & Ellegren 1999). Since offspring
survival probability usually decreases with
hatching order in species with brood-reduction
(O'Connor 1978; Mock & Parker 1997), variation in embryonic period within clutches can
have a large effect on the division of parental
investment between chicks (Gibbons 1987).
Consequently, a sexual difference in embryonic
period can potentially have a strong effect on
sex allocation. A sexual difference in embryonic
period could arise either through an inherent
difference between the sexes in the rate of
development (Kraak & de Looze 1993), or
when females modify egg characteristics that
affect embryonic period depending on the sex
of the embryo (e.g. androgen concentration;
Eising et al. 2001). Adjustment of sex allocation
via the embryonic period could act in concert
with previously described mechanisms, such as
biases in the primary sex ratio (Sheldon 1998;
Pike 2005) or systematic biases of the sex ratio
with respect to the laying order (Dijkstra et al.
1990), which affects hatching order and thereby
competitive ability and post hatching survival
of the sexes.
Despite the potential effects on sex allocation, sex differences in embryonic period have
to our knowledge been little studied. However,
two recent papers reported that in the eurasian
kestrel Falco tinnunculus (Blanco et al. 2003) and
the black guillemot Cepphus grylle (Cook &
Monaghan 2004), the embryonic period differed between sons and daughters. The
observed differences were 2.0 hours (females
faster; See Table 1 in Blanco et al. 2003) and
approximately 1 day (males faster), respectively. In addition, two studies of domestic fowl
Gallus gallus domesticus compared embryonic

period between the sexes, with one study
reporting a 3 h sex difference in embryonic
period (females faster; Burke 1992), while
another study found a non-significant trend in
the opposite direction (Dunnington et al. 1993).
However, comparisons between the sexes in
these studies were a mixture of between and
within clutch/female comparisons, leaving
open the possibility that the sex differences
observed were in fact due to environmental or
genetic factors which simultaneously affected
embryonic period and clutch sex ratio. For this
reason, and because of our interest in sex allocation, we compared embryonic period
between sons and daughters in jackdaws
Corvus monedula and black-headed gulls Larus
ridibundus. These species are of interest in this
context, because they have frequent brood
reduction (as do kestrels and guillemots) and
sex dependent mortality has previously been
suggested as an important mechanism determining sex allocation (Dijkstra et al. 1998;
Arnold & Griffiths 2003). We made within
clutch comparisons, to control for confounding
factors that vary on the clutch level. Since sex
ratio has been reported to vary systematically
with laying order in some species (e.g. Arnold
& Griffiths 2003), and as incubation intensity
often gradually increases in the course of laying
(e.g. Haftorn 1981), we also controlled for laying order in our analyses.

Methods
Jackdaws
We studied free-living jackdaws breeding in
1998 and 2000 in a colony at the Zoological
Laboratory in Haren (The Netherlands). See
Verhulst and Salomons (2004) for details. Nest
boxes (N = 36) were checked daily, starting the
first week of April, and eggs were individually
marked as they were laid. Clutches contained 3
to 6 eggs. Eggs are laid between 6:00 and 9:00
AM (CET), and females started incubating the
eggs after laying the third egg. To determine
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from which egg a chick had hatched we moved
clutches to an incubator 1 2 days before the estimated hatching date (temperature 37.7ºC,
humidity 75%). While in the incubator, clutches
were replaced with hard-boiled quail eggs,
which were readily accepted by the parents.
Length and width of the eggs were measured
to the nearest 0.1 mm, and egg volume (V, in
cm3) was estimated using the formula: V = (π *
A2 * L * K) / 6, where A is width, L is length
and for jackdaws K = 0.00096 (Soler 1988). Eggs
in the incubator were checked at least every 2 h
during the day light period. The embryonic
period of each egg was defined as the time
between the start of incubation (defined as
24:00 h of the day the third egg was laid) and
the moment the egg hatched (i.e. head was out
of the egg). Following Blanco et al. (2003), we
used the day before the laying of the penultimate egg as start of incubation to calculate the
embryonic period. Since we are primarily interested in within clutch variation, the day on
which assume incubation starts has no effect on
the results. However, when we calculate
embryonic period for each egg as the time
elapsed between laying and hatching using the
laying date of each individual egg the same
results emerge. Hatchlings were weighed and a
blood sample (20 µl) for sexing was taken by
clipping a toenail before they were returned to
the nest.
Black-headed gulls
Black-headed gulls are monogamous colonial
breeders that typically lay clutches of three
eggs (Cramp & Simmons 1983). In 2000 and
2001 nests in a colony of approximately 2000
breeding pairs distributed over several subcolonies along the northeast coast of The
Netherlands were checked daily for egg laying
(see also Müller et al. 2005). Freshly laid eggs
were marked referring to the position within
the laying order and date of egg laying. Blackheaded gulls start to incubate the eggs immediately after the first egg is laid. Embryonic
period was studied using eggs hatching in their
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original nest (in 2000), and in incubators (in
2001). At the day of clutch completion eggs
were weighed to the nearest 0.1 g. In 2001 the
eggs were moved to an incubator (37.5°C, 60%
humidity) four days before the estimated
hatching date. Around hatching all clutches in
the field were checked daily, and in the incubator three to four times per day. In the field,
partly hatched chicks were marked on the bill.
Hatchlings were marked and bled (20 µl) for a
DNA-sample immediately when found.
Incubation period was defined as the time
between the laying of the first egg and the
moment a chick was found hatched. We used
only clutches with three eggs, where laying
position was known with certainty, and where
all chicks could be accurately assigned to their
eggs.
Molecular sex identification
Sexes were determined by PCR analysis (for
details see Griffiths et al. 1998). The reliability
of this method was tested with adult birds of
known sex, yielding a 100% correct match in
both species (see also Müller et al. 2005).
Statistical analysis
We analyzed our data using mixed models,
with normal error distribution, to avoid
pseudo-replication. For the analysis of the gull
data we included clutch as random effect. For
the jackdaw the situation is slightly more complex, since we collected data of some pairs in
both years, and these are not independent. We
therefore included both clutch and breeding
pair as random effects. Statistical significance of
variables was assessed from the increase in
deviance (∆Dev) when the variable was
removed from the model. This was done by
estimating maximum likelihood (ML) of the
model using MLwiN (version 2.00). The change
in deviance is asymptotically distributed as χ2
with corresponding change in degrees of freedom (Snijders & Bosker 1999). As we were
mainly interested in within clutch effects, mean
clutch values of the tested variables were
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Figure 8.1. No sexual difference in embryonic period was found in jackdaws black-headed gulls hatched in an
incubator or black-headed gulls hatched under natural circumstances. Boxes show the median and the 25th and
75th percentile. Whiskers above and below the box indicate the 90th and 10th percentiles and dots indicate outliers.

included in the model yielding separate estimates for within and between clutch effects
(Snijders & Bosker 1999). To increase statistical
power, we controlled for laying date (1st egg of
clutch), clutch size, laying order (as a categorical variable, because effects may not be linear),
egg size and year (for the jackdaws) in the
analyses, by adding each as a fixed variable to
the model.

Results
We found no sexual difference in embryonic
period in either jackdaws or gulls (Figure 8.1).
In both species the embryonic period decreased
with laying order and laying date (Table 8.1).
Although an effect of laying date of the first
egg was only found in the data set from gulls
hatched in the incubator, laying date was
retained in the model, because of its significant
interaction with laying order in all three data
sets. This interaction was caused by an increase
in hatching asynchrony later in the season.
Embryonic period decreased with increasing
clutch size in jackdaws (in gulls all clutches
consisted of three eggs). In the jackdaws,
embryonic period was slightly shorter in 2000

compared to 1998, and we controlled for this in
our analysis. Interactions between sex and laying order were non-significant in all cases.
There was no effect of egg size on embryonic
period in jackdaws, either within clutches or
between clutches. In the gulls there was no
effect of egg size on embryonic period among
eggs hatched in the incubator, but embryonic
period of clutches hatched in the field increased
with increasing egg size, while within clutches
relatively large eggs hatched earlier. There was
no significant interaction between sex and egg
size.

Discussion
We found no sexual difference in the duration
of the embryonic period in jackdaws and blackheaded gulls, which contrasts with the results
obtained in kestrels (Blanco et al. 2003) and in
black guillemots (Cook & Monaghan 2004),
while two separate studies on domestic chickens reported contradicting results (Burke 1992;
Dunnington et al. 1993). It is unlikely that lack
of statistical power explains the absence of an
effect, since our sample sizes were substantially
larger than in previous studies and measure-
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Table 8.1. Embryonic period in relation to sex, laying date (lay date), year, laying order (lay order) and egg size.
Species

Included terms

Jackdaw
(Incubator)
(N = 43 broods)

Lay order
Lay date (a)
Lay order x Lay date
Clutch size
Year (b)

Rejected terms

Sex
Clutch Sex ratio
Sex x Lay order
Egg volume
Mean egg volume
Black-headed gull
(Incubator)
(N = 46 broods)

Lay order
Lay date
Lay order x Lay date
Sex
Clutch Sex ratio
Sex x Lay order
Egg weight
Mean egg weight

Black-headed gull
(Field)
(N = 105 broods)

Lay order
Lay date
Lay order x Lay date
Egg weight
Mean egg weight
Sex
Clutch Sex ratio
Sex x Lay order

(a)
(b)

Estimate

SE

-0.046

0.117

-0.796
-0.400
0.132
0.037

0.125
0.102
0.104
0.310

0.111
-0.197

0.090
0.133

-0.300

0.095

-0.043
-0.086

0.089
0.296

0.012
0.020

0.037
0.028

-0.088

0.092

-0.081
0.128
0.087
0.129

0.033
0.042
0.095
0.243

∆Dev

df

P

236.621
0.153
10.448
40.555
15.365
1.605
0.014
4.391
1.521
2.194

4
1
4
1
1
1
1
4
1
1

<0.001
0.696
0.036
<0.001
0.004
0.205
0.906
0.356
0.217
0.139

132.914
9.486
9.109
0.236
0.084
1.940
0.112
0.509

2
1
2
1
1
2
1
1

<0.001
0.002
0.011
0.627
0.772
0.379
0.738
0.476

212.442
0.914
11.870
6.104
8.940
0.847
0.282
2.188

2
1
2
1
1
1
1
2

<0.001
0.339
0.003
0.013
0.003
0.357
0.595
0.335

Calculated for lay order 1
Calculated for 2000

Data were analyzed using mixed models. Final model includes all parameters in the column ‘included terms’ (and a constant).
Changes in deviance (∆Dev) and degrees of freedom (df) indicate the changes when parameters are dropped from the final model
one at the time (or added to the final model for rejected terms). Sex (0 for females and 1 for males) and egg volume were tested in
models containing clutch sex ratio and average egg volume per clutch respectively.

ment precision of embryonic period was at least
comparable. Part of the eggs used in this study
hatched in an incubator, but this is unlikely to
have affected the results. Eggs were in the incubator for only a small part of the embryonic
period, and for gulls there was no difference
between eggs hatching under natural circum-

stances or in an incubator. Hatching asynchrony
increased in later clutches, causing a significant
interaction between laying date and laying
order. This was most likely caused either by an
earlier start of incubation in the course of the
season, a decrease in incubation after the hatching of the first chick (in the field), or both.
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CHAPTER 8

In contrast to previous studies we compared embryonic period of the sexes within
clutches, which yields higher statistical power,
because it controls for potential environmental
and genetic effects on embryonic period. We
also believe that, at least in the context of sex
allocation, within-clutch comparisons are more
relevant than between-clutch comparisons,
because only within-clutch effects of sex on
embryonic period affect sex allocation. In conclusion, our results indicate that a sexual difference in embryonic period is not a general pattern in birds, and therefore more studies are
needed to establish how general sexual differences in embryonic period are.
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Samenvatting

De strijd on fitness

Telomeren, oxidatieve stress en levensloop afwegingen
in een kolonie kauwen
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Levensloop afwegingen
De evolutie theorie gaat ervan uit dat elk individu zijn gedrag afstemt op het maximaliseren
van zijn fitness. Hiermee wordt in andere
woorden bedoeld dat individueel gedrag erop
gericht is om relatief gezien zoveel mogelijk
genen door te geven aan de volgende generaties door het produceren van zoveel mogelijk
nakomelingen die zelf ook weer succesvol kunnen reproduceren. Gedurende het leven zal elk
individu hiervoor talloze beslissingen moeten
maken. Deze beslissingen kunnen zowel op de
korte als op de lange termijn effect hebben op
de fitness van het individu en betreffen met
name het verdelen van beschikbare hulpbronnen zoals tijd en voedsel in reproduktie en
overleving.
Omdat hulpbronnen gelimiteerd zijn, zal
elk individu een afweging (trade-off) moeten
maken met betrekking tot zijn gedrag. Een klassiek voorbeeld betreft de reproduktieve inspanning; de investering in een groter aantal nakomelingen kan nadelige gevolgen hebben voor
de eigen overleving, en kan ook leiden tot een
lagere kwaliteit van de afzonderlijke nakomelingen. Hierdoor zou het uiteindelijke fitnessvoordeel lager kunnen zijn wanneer er teveel
nakomelingen worden geproduceerd. Ondanks
dat er in de literatuur veel voorbeelden te vinden zijn van dit soort afwegingen, is er vrij weinig bekend over hun evolutionaire drijfveren.
In dit proefschrift wordt onderzocht wat de
drijvende krachten zijn achter deze afwegingen
en in welke mate dit soort afwegingen een rol
spelen in het leven van zowel opgroeiende als
ook volwassen kauwen. Hiertoe werd voor een
groot aantal vrij-levende individuen (in het
veld individueel te herkennen door middel van
kunststof code-ringen om de poten) nauwkeurig bijgehouden wat hun reproduktieve inspanning en succes was en of dit samenhing met
hun lichaamsconditie en overleving en werd
ook de groei van hun jongen tot aan het uitvliegen gevolgd. De kauw is een bijzonder
geschikte vogelsoort voor een dergelijke indivi-

duele benadering; kauwen zijn zeer trouw aan
de plaats waar zij broeden (in de meeste gevallen zal elk paar in dezelfde nestkast willen
broeden als het voorgaande jaar), wat het verzamelen van data over meerdere jaren
uiteraard vergemakkelijkt. Ook zijn kauwen
trouw aan elkaar. Waar andere soorten (inclusief de mens) zich nogal eens buitenechtelijke
escapades veroorloven, zijn de jongen in het
nest van een mannelijke kauw vrijwel altijd van
hemzelf en blijft een paartje (soms wel afhankelijk van het broedsucces) over meerdere jaren
trouw aan elkaar.
Om fitness afwegingen in het leven van
kauwen te onderzoeken hebben wij een broedselgrootte experiment uitgevoerd. Tijdens dit
experiment (hoofdstuk 3-5) werden jongen uitgewisseld tussen nesten waardoor het natuurlijke aantal jongen in het nest werd vergroot of
verkleind. Kauwen leggen gemiddeld zo’n 4-5
eieren welke bebroed worden door het vrouwtje. Tijdens de incubatieperiode van ongeveer
16 dagen wordt zij gevoerd door haar partner.
Vervolgens zorgen beide ouders voor de jongen
tot deze het nest verlaten rond de leeftijd van
30-35 dagen. Voor de manipulatie werden, 4-5
dagen na het uitkomen van de eieren, uit
bepaalde broedsels twee jongen weggehaald en
deze werden in andere broedsels geplaatst. Op
deze manier ontstonden er twee groepen van
ouders die gemiddeld twee of gemiddeld zes
jongen moesten grootbrengen. Hierdoor werd
de reproduktieve inspanning van de ouders
gemanipuleerd en tegelijkertijd de opgroeiomstandigheden van de jongen. Vervolgens hebben we bestudeerd of en hoe ouders en jongen
compenseren voor de veranderde behoefte aan
en/of beschikbaarheid van hulpbronnen.
Kauwen worden gemiddeld zo’n vijf jaar
oud. Er is echter een grote spreiding in leeftijd
waar te nemen. Zo werd bijvoorbeeld vlak voor
het afronden van dit proefschrift een pas overleden vrouwtje gevonden, die als volwassen
(ouder dan twee jaar) kauw geringd werd in
1996 (kleurcode: Alu-Geel-Geel-Rood). Zij was
op het moment van overlijden dus minimaal 15
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jaar oud en heeft in alle jaren van 1996 tot en
met 2008 gebroed op het BC waarvan de eerste
7 jaar met dezelfde partner! Deze variatie in
leeftijd maakte het mogelijk om de effecten van
veroudering te onderzoeken. Maar wij waren
vooral geïnteresseerd in de vraag of een verhoogde reproduktieve inspanning zou leiden
tot een snellere veroudering.
Om de effecten van de manipulatie op conditie en fitness te onderzoeken hebben we
gebruik gemaakt van een aantal parameters die
geacht worden in verband te staan met conditie
en fitness. Deze parameters zijn lichaamsgewicht, lichaamsgrootte, de hoeveelheid rode en
witte bloedcellen en indicatoren van reproduktieve inspanning of capaciteit zoals legselgrootte en de grootte van de eieren. Alhoewel
deze parameters vaak met elkaar correleren
zijn er ook tegenstrijdige resultaten met betrekking tot overleving en fitness. Daarom wordt er
voortdurend gezocht naar alternatieve parameters. Een belangrijke kandidaat die de laatste
jaren sterk in populariteit is toegenomen is oxidatieve stress in combinatie met de schade die
dit kan veroorzaken aan lichaamscellen en
DNA. Oxidatieve stress wordt veroorzaakt
door zuurstofradicalen die vrijkomen bij de
metabolische activiteit in het lichaam. Omdat
de metabolische activiteit toe zal nemen bij verhoogde inspanning zullen ook de gevolgen van
oxidatieve stress meer zichtbaar zijn bij individuen met verhoogde inspanning. In dit proefschrift wordt onderzocht of de verhoogde
reproduktieve inspanning en de verwachte
lagere fitness van individuen verklaard zouden
kunnen worden door een verhoogde mate van
oxidatieve stress en DNA-schade.

Sociale hierarchie
Een tweede component van het onderzoek in
dit proefschrift betreft de rol van dominantie in
een kauwenkolonie (Hoofdstuk 6-8). Observatie van een groep kauwen leert al snel dat er
veel gedreigd en gevochten wordt. De uitkom-

127

sten van deze gevechten zijn echter niet zo chaotisch en willekeurig als ze op het eerste
gezicht lijken. In elke kolonie blijkt er namelijk
een behoorlijk stabiele rechtlijnige rangorde te
zijn. Hierdoor zullen bepaalde individuen dus
beter in staat zijn om aan hulpbronnen te
komen dan anderen, wat weer effecten kan
hebben op de afwegingen die gemaakt zullen
worden. Om de positie van individuele kauwen in de hierarchie te weten te komen werd
elk jaar voor het broedseizoen voedsel aangeboden in kleine voerputjes. Deze putjes waren
10 cm in doorsnede, waardoor er maar één
kauw (eventueel met partner) per keer kon
eten. Door te observeren welke kauwen konden
eten en welke er juist door deze kauwen weggejaagd werden kon worden vastgesteld wie er
dominant was en wie juist niet. Deze informatie werd vervolgens gebruikt om te onderzoeken of er een verband was tussen de sociale status van een individu en diens fitness.

De belangrijkste resultaten
Om te beginnen hebben we gekeken in hoeverre DNA-schade mogelijk iets zou kunnen
vertellen over de levensgeschiedenis van individuele kauwen en/of over hun levensverwachting (Hoofdstuk 2). Hiertoe werd voor alle
kauwen op verschillende momenten de telomeerlengte gemeten. Telomeren zijn lange DNA
sequenties aan het einde van elk chromosoom.
Ze bestaan uit een reeks van herhaalde combinatie van baseparen (TTAGGGn) die genetisch
gezien geen functie lijkt te hebben. In het laboratorium werd reeds aangetoond dat met name
oxidatieve stress ervoor zorgt dat deze telomeren korter worden. Net zoals recent aangetoond in een aantal andere diersoorten (inclusief mensen), vonden wij ook in kauwen dat de
telomeerlengte korter is in oudere individuen.
Bovendien bleek dat de lengte van de telomeren, maar met name de snelheid waarin ze korter werden, een voorspelling gaf over de kans
dat dat individu het volgende jaar terugkeerde
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in de kolonie. Dit was de eerste keer dat zo’n
verband in vrijlevende dieren werd aangetoond.
Verder hebben wij gevonden dat kauwen
die meer jongen moesten verzorgen meer inspanning leverden maar toch minder succesvol
waren in vergelijking met kauwen met verkleinde broedsels. Jongen in vergrootte broedsels groeiden minder goed en waren ook lichter
dan hun broertjes en zusjes die opgroeiden in
verkleinde broedsels (Hoofdstuk 3). Bovendien
bleek dat de opgroeiende jongen verschilden in
de hoeveelheid witte en rode bloedcellen en
ook in de mate van oxidatieve stress (Hoofdstuk 3) en telomeerlengte (Hoofdstuk 4).
Opvallend hierbij was dat de effecten bleken te
verschillen tussen zonen en dochters. In dochters kwamen de gevolgen van het manipuleren
van de broedselgrootte met name tot uiting in
de groei, terwijl in zonen juist de fysiologie
meer werd beïnvloed.
In dit proefschrift hebben we bevestigd dat
het vergroten van broedsels de omstandigheden tijdens de groei negatief beïnvloedt,
waardoor de fitness lager was voor jongen uit
vergrootte broedsels. Het meest opvallend hierbij is het negatieve effect op het uitvlieggewicht
van de jongen, welke een voorspelling geeft
voor de overleving in het eerste levensjaar.
Gezien het negatieve effect op de groei van
dochters zou met name de fitness van dochters
beïnvloed moeten worden. Echter op basis van
de effecten op telomeerlengte is de voorspelling dat zonen misschien wel net zoveel last
van de manipulatie hebben als dochters, maar
dat dit effect zich anders manifesteert. Alhoewel deze resultaten dus een mogelijk verband
aantonen tussen opgroeiomstandigheden en
fitness, is het gegeven dat het meten van één
enkele parameter niet het hele verhaal hoeft te
vertellen misschien nog wel de belangrijkste
boodschap. Het is zeker om die reden dan ook
erg belangrijk om de daadwerkelijke fitness te
bepalen van de uitgevlogen nakomelingen, met
name om te onderzoeken of er een verschil is
tussen zonen en dochters in fitness. Deze data

ontbreken echter nog in dit proefschrift; de
kauw is, gezien de duur van een promotie
onderzoek, eigenlijk een net iets te lang levende
soort. Hierdoor weten we nog niet genoeg over
de levensduur en reproduktie (en dus fitness!)
van onze gemanipuleerde kauwen.
Ondanks dat het vergroten van broedsels de
reproduktieve inspanning van de ouders verhoogde, bleken de effecten op de lichaamsconditie van deze ouders slechts zwak (Hoofdstuk
5). Ouders lijken dus weinig hinder te ondervinden van de manipulatie. Dit is echter onwaarschijnlijk aangezien de effecten op de kwaliteit van de jongen aangeven dat de omstandigheden in vergrootte broedsels duidelijk niet
optimaal waren. Het lijkt waarschijnlijker dat,
hoewel ouders hun inspanning wel verhogen,
er een grens is aan de mate waarin zij dit doen.
Mogelijk zijn hierbij de eigen overlevingskansen van doorslaggevend belang wat kan verklaren waarom er geen duidelijke effecten werden waargenomen op de conditie van de
ouders. Voor een dergelijke conclusie zijn echter meer data nodig met betrekking tot de
daadwerkelijke fitness-kosten van zowel
ouders als jongen.
Een hoge positie in de sociale hierarchie
heeft veel voordelen. Kauwen die dominant
waren konden gemakkelijker een voedselbron
monopoliseren, maar zoals eerder onderzoek
aantoonde bijvoorbeeld ook extra nestkasten
bezet houden als een soort verzekering voor
het geval de eerste optie onbruikbaar zou worden. Logischerwijs mag verwacht worden dat
zulke voordelen ertoe zullen leiden dat de fitness van deze individuen hoger zal zijn door
de produktie van meer jongen van een hogere
kwaliteit in vergelijking met individuen met
een lagere rang en/of dat de overleving van
individuen met een hoge rang beter zou zijn.
Inderdaad bleken kauwen met een hoge rang in
een kolonie in Leicestershire (Engeland) een
beter reproduktief succes te hebben dan kauwen met een lage rang. In de kolonie in Haren
bleek dit echter niet het geval (Hoofdstuk 6).
Sterker nog, in de kolonie in Haren bleken
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kauwen met een hoge rang het over een groot
aantal jaren juist veel slechter te doen dan laag
geplaatste individuen! Niet alleen produceerden kauwen met een hoge rang minder uitvliegende jongen, deze jongen hadden ook een erg
laag lichaamsgewicht en waren dus van een
lagere kwaliteit. Dit effect leek met name veroorzaakt te worden door een lagere conditie
van de vrouw, waardoor zij kleinere eieren produceerde wat vermoedelijk zorgde voor een
slechtere start voor haar jongen. Tegelijkertijd
werd er geen verschil gevonden in overleving
tussen individuen hoog en laag in de rangorde.
Hieruit kon worden geconcludeerd dat dominante kauwen in de kolonie in Haren een
lagere fitness hebben dan kauwen met een
lagere rang.
Gezien het lagere broedsucces van individuen met een hogere status lijken er dus toch
ook kosten verbonden aan dominantie.
Alhoewel nog niet precies duidelijk is welke
kosten dit kunnen zijn, valt hierbij te denken
aan een hogere kans op verwondingen en/of
een hogere energie-uitgave als gevolg van
gevechten om de sociale positie te behouden. In
de meeste gevallen zullen deze kosten echter
niet opwegen tegen de baten. De lagere fitness
voor kauwen met een hoge rang in de kolonie
in Haren lijkt hiermee één van de weinige (aangetoonde) uitzonderingen.
Naast dat dominante kauwen een lager
reproduktief succes hadden, was er nog iets bijzonders aan de hand met hun jongen produktie. Het bleek namelijk dat het aantal zonen en
dochters in een broedsel afhankelijk was van de
positie van de ouders in de sociale hierarchie
(Hoofdstuk 7). Van 1998 tot en met 2002 produceerden dominante paren meer zonen dan
dochters, terwijl paren lager in de rangorde
juist meer dochters produceerden. Los van de
vraag waardoor dit verschil veroorzaakt kon
worden werd het verhaal nog gecompliceerder
toen bleek dat dit verband niet constant was. In
2004, 2005 en 2007 kregen dominante paren
namelijk juist meer dochters. Tot nu toe hebben
we nog niet kunnen verklaren waarom (laat
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staan waardoor) de investering in zonen dan
wel dochters in kauwen samenhangt met de
positie in de sociale hierarchie. In kauwen zijn
mannen 5-10% groter dan vrouwen en dit zal
vermoedelijk tijdens de groei ook verschillende
kosten met zich meebrengen. Bovendien hebben de resultaten van het broedselgrootte experiment aangetoond dat zonen en dochters verschillen in de respons op de manipulatie. Om
die reden zou er dus een verband verwacht
kunnen worden tussen de beschikbaarheid van
hulpbronnen (en als zodanig dominantie) en de
investering in een bepaald geslacht. Het vergelijken van jaren die verschillen in het verband
tussen dominantie en het aantal zonen en dochters zou mogelijk kunnen helpen bij het oplossen van dit vraagstuk. Het blijkt namelijk dat in
jaren waarin dominante paren meer zonen produceren er in totaal in de kolonie juist meer
dochters worden geboren en vice versa.
Dominante paren produceren dus altijd het
zeldzame geslacht, wat evolutionair gezien een
slimme strategie zou zijn. Tegelijkertijd is het
echter zeer onwaarschijnlijk dat dit dé verklaring is voor de gevonden relaties, aangezien het
impliceert dat kauwen precies kunnen inschatten wat het geslacht is van de jongen die op
hetzelfde moment geproduceerd worden door
de andere leden van de kolonie.
Het is nog onduidelijk wat de kolonie op
het Biologisch Centrum nu zo bijzonder maakt
dat kauwen met een hoge rang een lager succes
hebben. Wat echter direct opvalt in vergelijking
met bijvoorbeeld de Engelse kolonie (waar het
succes wel toeneemt met dominantie) is de
afstand tussen de nestkasten. Op het Biologisch
Centrum hangen deze veel dichter bij elkaar
(±2 meter ten opzichte van ±8 meter in Engeland), waardoor er waarschijnlijk veel meer
interacties plaatsvinden tussen de afzonderlijke
kauwenparen. Omdat dominante kauwen
sowieso al meer (aggressieve) interacties hebben, zou het zo kunnen zijn dat de hogere
dichtheid vooral voor hen nadelige gevolgen
heeft. Hierbij valt te denken aan een grotere
kans op verwondingen door gevechten of een
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hogere frequentie aan ‘huiselijk geweld’, een
gedrag dat af en toe in de kolonie is waargenomen. Ook zou het kunnen zijn dat de hogere
dichtheid sub-optimale concentraties van hormonen veroorzaakt, zoals bijvoorbeeld van het
hormoon testosteron waarvan bekend is dat het
de broedzorg nadelig beïnvloedt. Wellicht zal
hierover in de toekomst meer duidelijkheid
worden verkregen door bepaling van hormoonconcentraties in de bloedmonsters die tijdens dit onderzoek zijn genomen. Mogelijk
kunnen deze hormoonspiegels ook meer licht
werpen op de relatie tussen dominantie en de
investering in zonen en dochters, aangezien
studies in sommige andere soorten reeds hebben aangetoond dat de geslachtsbepaling mede
onder invloed staat van hormonen.

Tot slot
Ondanks dat we een hoop te weten zijn gekomen over de afwegingen die kauwen maken tijdens hun levensloop, blijven er altijd vragen
onbeantwoord en zijn er even zovele vragen bij
gekomen. Met name met betrekking tot de
daadwerkelijke fitness van zowel ouders als
uitgevlogen jongen is er nog veel onduidelijkheid. Zoals gezegd komt dit vooral doordat een
groot deel van de kauwen die in dit proefschrift
een rol spelen nog steeds in leven is. Het zou
bijvoorbeeld best zo kunnen zijn dat ouders
met vergrootte broedsels op de langere termijn
wel nadelige gevolgen zullen ondervinden van
de manipulatie in bijvoorbeeld overleving of
toekomstige reproduktie. Ook zou het erg interessant zijn om te weten te komen of er een verschil is in fitness tussen zonen en dochters en
welk geslacht dan het meest gevoelig is voor de
manipulatie. Doordat het onderzoek aan deze
zelfde kauwen nog zeker vier jaar door zal
gaan kan in de toekomst wellicht meer duidelijkheid omtrent deze interessante vragen verkregen worden.
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Al vanaf het eerste moment dat ik erachter
kwam dat er elk jaar een kolonie kauwen op
het BC kwam broeden, leek het mij geweldig
om daar tijdens mijn studie ooit eens wat mee
te doen. Die kans kreeg ik zo’n twee jaar later
onverwachts toen ik tijdens de cursus Dieroecologie op Schiermonnikoog was om daar
rotganzen te observeren. Ik kwam daar op een
ochtend in de keuken aan de praat met ene
Simon Verhulst en die vertelde mij tussen neus
en lippen door dat er op dat moment eigenlijk
geen structureel onderzoek gedaan werd aan
de kauwen. Ik weet nog goed hoe verbaasd ik
was. Ik had verwacht dat eigenlijk iedere zichzelf respecterende bioloog het liefst zou werken
aan wat in mijn belevingswereld toch één van
de leukste en bekendste vogels was in de
gedragsbiologie! Zo’n anderhalve minuut later
was het beklonken. Ik zou het volgende seizoen
gaan werken met kauwen!
Nu, ondertussen al meer dan 10 jaar later
ligt er zowaar een proefschrift. Begin 2004 kon
ik namelijk eindelijk echt van mijn hobby, wat
de kauwenkolonie ondertussen geworden was,
mijn werk maken. Dit wederom dankzij Simon,
doordat hij de belofte, die hij mij maakte bij
mijn afstuderen, nakwam en mij en ‘mijn’ kauwen een baan bezorgde. De afgelopen jaren
waren (uitzonderingen die de regel alleen maar
bevestigen daargelaten) fantastisch! En het mag
duidelijk zijn dat Simon de eerste persoon is
die ik daarvoor veel dank ben verschuldigd! Ik
kon altijd bij hem binnenlopen, niet alleen voor
de af en toe broodnodige koffie, maar zeker
voor hulp bij van alles en nog wat. Het gaat te
ver om dat ‘van alles en nog wat’ hier breed
uiteen te gaan zetten, dus laten we het maar
houden bij: ‘ik weet wat ik bedoel...’, ontzettend bedankt Simon!
De tweede persoon aan wie ik veel dank
ben verschuldigd is Ellis Mulder. Zonder haar
was het zonder twijfel een zooitje geworden in
het lab! Ellis, ik waardeer het enorm dat je altijd
klaar stond om me te helpen, voor alle mooie
metingen die je gedaan hebt en je doorzettingsvermogen dat daarvoor soms vereist was! Ik

hoop dat je onder meer nog een hele hoop
‘blije-kitten-dozen’ aangeboden mag krijgen!
Daarnaast was er nog een groot aantal mensen die in meer of mindere mate ervoor zorgden dat dit proefschrift het daglicht heeft
mogen aanschouwen. Allereerst de naam die
waarschijnlijk in het dankwoord zal staan van
elk proefschrift dat de afgelopen jaren werd
geproduceerd bij de vakgroep Gedragsbiologie:
(Sint) Gerard(us) Overkamp. Waanzinnig dat je
je zelfs midden in de nacht nog zonder problemen wakker laat bellen in geval van nood en
dat je altijd klaar staat om te helpen! Ook wil ik
de elektronica afdeling en de instrumentmakerij bedanken en in het bijzonder Ger Veltman.
Vooral in de eerste jaren was hun hulp erg welkom bij het maken van onder meer betrouwbare vangmechanismes voor de nestkasten en
grote hoeveelheden code-ringen. Een andere
onmisbare faciliteit op het BC is de houtbewerking. Hierdoor was het niet alleen mogelijk om
nieuwe ‘custom-designed’ nestkasten te verkrijgen, maar stond er in de persoon van Frits
Luimstra ook altijd iemand klaar voor (spoed)reparaties en technische bijstand. Jan Drent
van de gemeente Haren hielp ons bij het vinden van geschikte locaties voor het opstarten
van nieuwe kauwenkolonies. Dankzij Olivier
Chastel en Wim Kruizinga werden wij in staat
gesteld om respectievelijk concentraties van thyroïdhormonen en de samenstelling van stuitklierwassen te bepalen, en dankzij het modelleerwerk van Johan Grasman zijn we meer te
weten gekomen over de dynamiek van telomeerverkorting. Alhoewel deze data niet gepresenteerd zijn in dit proefschrift, waren de resultaten bemoedigend genoeg om in de toekomst
te leiden tot één of meerdere publicaties. Mark
Haussmann, Maarten Linskens en Louis van de
Zande hielpen bij het opstarten van de telomeeranalyses en discussiëren over de data. En
David Costantini hielp bij het beter begrijpen
van de oxidatieve stress data. Tenslotte wil ik
Ruud Peters bedanken voor het mogen gebruiken van de foto op de voorkant van dit boekje
en Dick Visser voor het prachtige lay-out werk!
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Dan waren er nog de vele studenten die
tegenwoordig zonder twijfel bij elk kauwtje
wat ze waar ook ter wereld zien als eerste naar
de pootjes kijken. Ik ben hun allen erg dankbaar voor de gezelligheid en hulp tijdens al die
broedseizoenen. In het bijzonder wil ik hier de
studenten noemen die een doctoraalonderwerp
deden. Allereerst Raoul Ribot die mij in het eerste jaar van mijn aanstelling enorm hielp.
Alhoewel je geen achtergrond had in de veldbiologie en volgens mij sowieso nog nooit met
vogels had gewerkt ben ik blij dat het project je,
gezien je latere stappen om aan vogels te blijven werken, blijkbaar genoeg kon enthousiasmeren! Het volgende jaar kregen de kauwen te
maken met Kobus Boeke. Kobus, je ontoombare energie, enthousiasme, inzet, eerlijkheid,
maar bovenal je gevoel voor (soms met zeer
veel precisie misplaatste) humor heb ik altijd
erg gewaardeerd! Irene Walstra hielp me met
het ongegeneerd stimuleren van stuitklieren
van kauwen wat uiteindelijk erg leuke data
opleverde die we in de toekomst dus zeker nog
gaan opschrijven! Michael Briga, ik heb genoten van je inzet in het veld (en op de dansvloer)
en ben blij dat ik je heb mogen bijstaan bij je
inburgering door je de verfijnde etiquette van
de Nederlandse taal en omgangsvormen bij te
brengen! Ik dank u vriendelijk! Thomas
Telleman stond mij bij in mijn laatste officiële
veldseizoen. Ook zeer veel dank voor je inzet
en ik vond het erg jammer dat ik je de techniek
van het fluiten niet heb kunnen bijbrengen! De
laatste student was Moniek Geerdink. Alhoewel ik erg mijn best deed om je ervan te overtuigen dat ik niet je begeleider was bij je doctoraalonderzoek, heb ik zeker wel genoten van
het samen naar de kauwtjes kijken en het delen
van de kauwensoap-verhalen.
Echter, de enige individuen die écht essentieel waren voor de totstandkoming van dit
boekje waren ‘mijn’ kauwen. In het bijzonder
heb ik herinneringen aan: RGRA & AYYB+ (dé
baas en z’n bitch), RGB+A & AYYR (hij stierf in
2007 na een huwelijk van minimaal 11 jaar,
waarna zij hertrouwde met OZ12B+A), YAYB+
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& YZ22YA (Mr. & Mrs. Berserker, allebei geboren in de kolonie, hij in 1996 zij in 2000),
RABW22 & AGBW21 (chickfight! Uiteindelijk
won zij het van zijn voormalige partner
BW21B+A), RYYA (zat altijd als eerste in de
vangkooi, was ook de eerste kauw die geringd
werd in 1996, uiteindelijk werd een aanrijding
met een fiets haar in 2004 fataal), B+RRA (bleef
altijd als enige schreeuwen op de dakgoot om
mij weg te jagen), BW11GA & YZ02AB+ (zij
verdiende een betere partner, hij was een luie
donder), B+AYR & MB+AR (een lesbisch paartje met als spermadonor eerst BRGA en later
RB+AB+) en tenslotte B+AYZ11 & YZ11RA (aan
wie helaas ook de herinnering kleeft dat zij
door een domme samenloop van omstandigheden moesten sterven in de respirometer).
Ondanks de minder leuke momenten zoals in
het laatste geval, maar ook die veroorzaakt
door de schijnbare harteloosheid van Moeder
Natuur, heb ik van jullie en alle andere leden
van de kolonies genoten!
Ik heb heel wat jaartjes rondgelopen op het
BC. Eerst in de vakgroep Dieroecologie, toendertijd nog onder de bezielende leiding van
Rudi Drent (maar toch zeker ook Joost
Tinbergen) en later bij Gedragsbiologie onder
leiding van Serge Daan opgevolgd door Ton
Groothuis. Binnen deze groepen wisten zij een
prettige (werk-)sfeer te creeëren, mede ook
dankzij de inspanningen (en hapjes!) van Suus
Bakker en Marlies Hof. Door de vele praatjes,
besprekingen van artikelen, colloquia, etc. in
combinatie met de hoeveelheid (meestal
opbouwende) kritiek en discussies in beide
groepen leerde ik al snel hoe onontbeerlijk het
is om kritisch te (durven) zijn. Hier werd de
basis gelegd voor Martijn ‘de wetenschappert’.
Ton, bedankt dat je mijn stand-in promotor en
vinger-aan-de-pols wilde zijn met een vooral
op het eind kritische maar vooral realistische
kijk op de voortgang. Ik heb ook altijd genoten
van de gesprekken en discussies met Cor
Dijkstra en Bernd Riedstra. Cor naast je vele
hulp met bijvoorbeeld de geslachtsbepalingen
stel ik het met name zeer op prijs dat je altijd zo
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oprecht geïnteresseerd was in de kauwen.
Bernd, diezelfde oprechtheid en directheid
bewonder ik ook in jou. Daarnaast was ik erg
blij met de vele nuttige gesprekken over proefschrift-titels, schema’s en interpretatie van data,
de bij tijd en wijle opluchtende gezamelijke episodes van system-bashing en het delen van
echt belangrijke zaken zoals voetbal, voetbalplaatjes, vijverplantjes en (meestal grappige)
filmpjes. En tenslotte wil ik mijn twee kamergenoten Egbert ‘de klussert’ Koetsier en Sandra
‘waar is ze nu weer’ Bouwhuis met name
bedanken voor de gezelligheid in die vele uurtjes ná de koffie.
De geweldige sfeer, saamhorigheid en
vriendschap onder de AiO’s en aanwas met
wie ik in beide groepen heb mogen samenwerken zal mij altijd bijblijven. De vele zondagavondborrels met darten, maandagavondborrels met worst-kaas-scenario’s, vrijdagmiddagborrels met jungle-speed/tafeltennis/pokeren/office-soccer, en restvandeweek-borrels zal
ik nooit vergeten. En dan heb ik het nog niet
eens gehad over de vele keren dat een nieuw
jaar gezamelijk werd ingeluid op uiteenlopende locaties!
In het laatste jaar kreeg het tafeltennissen
een bijna therapeutische functie. Heerlijk om
alle frustraties van me af te kunnen meppen!
Ralf, naast al die andere redenen waarvoor ik je
wil bedanken toch ook zeker bedankt voor het
feit dat je m’n sparring-partner wilde zijn! Het
was toch echt zo, ook al beweer jij uiteraard het
tegenovergestelde, dat ik jóu alle hoeken van
de tafel liet zien. Mijn enige probleem was dat
jij op de één of andere manier altijd al in de
juiste hoek stond! In al die jaren veranderde de
samenstelling van de groep voortdurend,
omdat er steeds nieuwe gezichten bijkwamen,
maar helaas ook veel mensen verdwenen om
elders het avontuur op te zoeken. Daardoor
wordt een lijst met namen niet alleen wat lang,
maar is vooral de kans dat ik mensen zal vergeten erg groot (waarvoor bij voorbaat al mijn
welgemeende excuses). Kristin, Kristina, Ralf,
Sara en Vivian (aka de 3-Uilen-gang), Cas,

Janske, Lyanne, Marion en Stephi (aka de pioniertjes), Arne, Christina, Ciska, Corine, Eelke,
Egbert, Elske, Gert, Götz, Henk, Jelle, Jeroen,
Karen, Karen, Kobus, Leo, Lobke, Luc, Lyanne,
Martin, Martijn, Martijn, Martina, Mirre, Nick,
Oscar, Peter, Peter, Popko, Reinder, Richard,
Roos, Sandra, Wendt en Yvonne en een ieder
die van mening is dat hij/zij ten onrechte ontbreekt in deze lijst: een welgemeend ‘bedankt
allemaal!’, een dikke knuffel en om met de
woorden van een hele oude wijze vriend te
spreken: ‘Als ik ooit nog eens iets voor jullie
kan láten doen...’
Beter een goede buur dan een verre vriend.
Het is echter nog mooier als je het allebei kunt
hebben! De goede buren had ik aan beide kanten op het BC. Aan de ene kant waren daar
Bonnie de Vries en Ellis, waar ik altijd terecht
kon voor gezelligheid, snoepjes en het lenen
van kopjes, lepeltjes, messen, vorken, plakband
etc... etc... Bonnie, je mag best weten dat ik
soms speciaal voor jou extra mijn best deed met
zingen en fluiten. Aan de andere kant zaten de
dierverzorgers, waar de koffie altijd klaar stond
(helaas wat te slap om echt functioneel te zijn)
en de deur ook altijd open was voor een
praatje. Bedankt ook dat jullie tijdens het seizoen altijd bereid waren om jullie dagschema
om te gooien voor de kauwen! Maar met name
de aanstekelijke schaterlach die menigmaal
door de muren drong en de E-vleugel op zijn
grondvesten deed schudden zal me vermoedelijk nog lang bijblijven! Tot de (ondertussen
soms écht verre) vrienden reken ik in het bijzonder ook Arjen (Wii?) Wassink, Lyanne
(Watskeburt) Brouwer, Machteld (Hihihi) van
Amerongen, Martijn (Voor het voeren van
onzinnige gesprekken zijn minimaal twee personen nodig) van de Pol en Roos (Mother
goose) Veeneklaas. Ik had de weekendjes weg
en de avondjes LAN-nen, pokeren, poolen etc...
etc... voor geen goud willen missen! Dat geldt
ook voor de uitjes met ‘de Posse’: Arjen Rijkens,
Guido Tijssen, Helga van der Veur, Jelle
Conner, Marieke van der Nagel, Marloes
Rijkens, Mathijs Geerings en Patrick Diepen-
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broek. Ik hoop dat we het volhouden om zo
vaak mogelijk bijeen te blijven komen!
Tenslotte heb ik de luxe dat ik al mijn hele
leven kan bouwen op een fantastisch thuisfront. Mijn familie en later ook de schoonfamilie waren een constante factor en leverden
enorm veel steun. Pa en ma, jullie zijn echt de
meest geweldige en lieve ouders die ik heb!
Maar de allerbelangrijkste persoon van de afgelopen jaren is zonder twijfel en onvoorwaardelijk Martine...

Bedankt!
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