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CHAPTER

General introduction

CHAPTER

1

There is large variation in the number of offspring parents produce. This variation
in intensity of reproduction not only occurs between individuals of different
species, but also between individuals of the same species. As an ecologist, I am
interested in understanding this variation in evolutionary context.
Life history theory predicts that parents produce the number of offspring that
maximises their personal lifetime fitness. Central to this theory is the idea that
organisms have finite resources at their disposal, and thus that investment in one
aspect of life (growth, self-maintenance or reproduction) reduces the availability
of resources for other aspects (Roff 1992; Stearns 1992). Allocating more
resources to offspring production implies allocating less to self maintenance. As a
result parents face a trade-off between devoting resources on themselves or on
their offspring. Theory predicts that parents should allocate resources in such a
way that they maximise their fitness. This prediction can be made when the fitness costs and benefits as a function of this allocation of resources are known.
Ideally, for each specific behaviour of an individual – and in this case the intensity
of reproduction– the cost and benefits functions should be known to predict the
individuals’ compromise that would maximise its lifetime fitness.
Reproductive decisions of individuals on the number of offspring to produce
have been studied intensively in bird species, because the decision on the allocation of resources to the number of offspring (i.e. clutch size) can be studied experimentally. The number of offspring (eggs or chicks) parents have to care for can
easily be manipulated so that the costs and benefits as function of clutch size can
be studied. Such an experimental approach is needed, as under natural conditions
confounding effects may mask the clutch size-related costs of reproduction.
Furthermore, birds have clearly recognizable successive breeding phases (egg laying, incubation and nestling phase). This allows studying the costs of each phase
in isolation, and thus in answering the question how important a certain phase is
for clutch size decisions.
In this thesis, I will address the question whether selection on clutch size acts
during the incubation phase. In the following section I will shortly highlight the
work that has previously been done on the subject and I will make clear why I
specifically focus on the incubation phase to understand variation in clutch size.
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Optimal clutch size
The evolutionary study of clutch size decisions received a major impulse by the
early work of the ornithologist David Lack, who, in 1947, constructed a general
theory of clutch size in birds. Lack was struck by the fact that clutches are generally small. If the aim of parents is to produce the number of offspring that maximises their own fitness over lifetime then why do they lay so few eggs, sometimes
even only one egg, per breeding attempt? Lack also observed that when, during
the egg laying phase, eggs were removed from clutches, females just produced
another egg to replace the missing one. This implies that clutch size is not limited

Brood size manipulations
The idea that individuals produce the clutch size that maximises their fitness has
been studied intensively by experimentally manipulating the number of young
(i.e. further referred to as brood size) parents have to rear in the nestling phase
(see for reviews Lindén & Møller 1989; Dijkstra et al. 1990; Roff 1992; Stearns
1992). The idea behind the performance of brood size manipulations is to select
three nests with similar hatch date and brood size; the parents of these nests are
assumed to have made the same decision with regard to the timing and intensity
of reproduction. Of these three nests, each is randomly assigned to a treatment
category; reduced, control or enlarged. Then, very young chicks from one nest are
moved to another nest, and parents have to raise the experimentally reduced or
enlarged broods till fledging (leaving the nest). Thereby, it is assumed (1) that
parents react on the manipulation as if the resulting brood size was the outcome
of their own decision (Lessells 1993), and (2) that selection pressures primarily
take place during the nestling phase. Subsequently, the fitness of both the parents
and their offspring of the experimental broods are compared with those nests that
kept their original brood size. Life-history theory predicts that any manipulation
deviating from the original clutch size (either up or down) lowers the average
number of offspring recruited into the breeding population. Parents with reduced
broods are expected to have a lower fitness simply because they raised fewer
young than they could have. Parents of enlarged broods are expected to have a
lower fitness, either because they are unable to raise all chicks from the enlarged
brood or because they are only able to fledge all chicks successfully at the cost of
reduction of their own survival, and thus possible future reproduction.
Several studies support this prediction (e.g. Perrins & Moss 1975; Pettifor et al.
1988; Gustafsson & Sutherland 1988; Lindén 1990; Tinbergen & Daan 1990;
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by the number of eggs a female can lay. So why then does she limit the clutch to
the size observed? Lack (1947) proposed that in altricial (i.e. species that feed
their offspring till they fledge) birds, natural selection would favour clutch sizes
that correspond to the number of nestlings that the parents can successfully provide with food. The more offspring parents have, the less food will be available for
each nestling and some or all of the brood would risk starvation. With his idea,
Lack concentrated on the success of offspring of the clutch.
Later studies recognized that counting the number of fledgling of a single
breeding attempt is not sufficient to determine parental fitness. When the parent
needs to raise a large brood, fewer resources are available for self-maintenance,
which reduces the chance to survive and to breed another time. Thus, parents
need to trade-off investment in their current brood with potential future reproduction. Therefore, it is important to also determine the survival, and the future
reproductive performance of parents, and the recruitment probability of the offspring that fledged successfully (Williams 1966; Charnov & Krebs 1974).
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Pettifor 1993a; Pettifor 1993b; Pettifor et al. 2001). Among these studies is the
one by Tinbergen and Daan (1990). They performed brood size manipulations in
a population of great tits Parus major (L.) in the Hoge Veluwe, in the middle of
the Netherlands, in the years 1983-1987 (see map Box 1.1). They found that
overall fitness (fitness of parents and offspring combined) of the control category
was highest, and thus that the observed clutch size of an individual is the one
that maximises its fitness (Fig. 1.1). Other studies on the same species elsewhere,
however, found negative (Verhulst 1995) or positive selection pressures
(Tinbergen & Sanz 2004). In the latter study, Tinbergen and Sanz performed
brood size manipulations in another population of great tits in the Lauwersmeer,
in the northern Netherlands (Box 1.1), during the years 1995, 1997 and 1998.
They found that there was a positive selection pressure on clutch size; parents
that received enlarged brood sizes had highest fitness (Fig. 1.1). With the positive
selection on brood size, the observed clutch size in the population is expected to
increase over time – assuming a genetic component in the variation in brood size.
Nevertheless, the mean natural clutch size observed in the population rather
decreased than increase over the years (Tinbergen & Sanz 2004). Therefore, the
question arose why birds in this population did not lay larger clutches?
A

2
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1

0

B

2

1

0
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Figure 1.1. Fitness consequences (here defined as the parents that survived and breeding,
and the offspring that recruited in the breeding population in the year after manipulation;
see Tinbergen and Sanz 2004) of brood size manipulation studied in two Dutch populations (A, Hoge Veluwe; B, Lauwersmeer) by Tinbergen and Daan (1990) and Tinbergen
and Sanz (2004), respectively. In the Hoge Veluwe, parents in the control treatment category have highest fitness and thus produce the clutch size that maximise their fitness, while in
the Lauwersmeer parents in the enlarged treatment category have highest fitness and thus
parents produce smaller clutches than expected on the results of brood size manipulations.

Several reasons have been suggested as to why these experiments led to opposite conclusions even though they were performed on the same species (see discussion in Tinbergen & Sanz 2004). One of the potential explanations is that
selection on clutch size does not only act during the nestling phase, but also during other phases in the reproductive cycle, such as the incubation phase (Williams
1996; Monaghan & Nager 1997; Visser & Lessells 2001).
Aim of the thesis
In this thesis I will concentrate on the question whether selection on clutch size
acts during the incubation phase and if so whether it could counteract the positive
selection as revealed from the brood size manipulations. I study this question
within a single system; the population of free-living, nest-box breeding, great tits
(Box 1.2) studied earlier by Tinbergen and Sanz (2004). I mainly use an experimental approach (i.e. manipulating the number of eggs in a clutch) in combination with observational data. I estimate the consequences of incubating experimentally manipulated clutches in terms of fitness, physiology and behaviour.

Part I: fitness consequences
To quantify the costs of incubation as a function of clutch size, we manipulated
clutch sizes for the duration of the incubation phase and measured the consequences in terms of fitness for both parents and their offspring in the short and the
long term. Chapter 2 provides an overview of studies that manipulated clutch size
during the incubation phase, and reveals that most studies have concentrated on
measuring the effects of clutch size manipulations in the short term (i.e. within the
same breeding attempt). Subsequently, this chapter presents the fitness consequences of clutch size manipulation during incubation that have been performed
during three breeding seasons on both the short and the long term. These data
show costs of incubation for parents incubating enlarged clutches. These costs are
strong enough to counteract the positive selection found with brood size manipulations performed in the same population. Chapter 3 discusses the fact that fitness
costs of incubation on offspring performance may arise in two ways: via parents or
via eggs. Due to the manipulation scheme used with these clutch size manipulations, I can disentangled these pathways, which will enhance insight in the mechanism through which clutch enlargement reduces fitness. In chapter 4, we estimate

GENERAL INTRODUCTION

Outline of the thesis
This thesis is divided in two parts: part I focuses on the fitness consequences of
clutch size manipulation during incubation (chapter 2 and 3) and on natural
selection on clutch size (chapter 4); part II, deals with the energetic and behavioural costs of incubation (chapter 5, 6, 7 and 8). In chapter 9, I summarise the
insight that the data have generated and place the costs of incubation in relation
to those of both egg laying and rearing offspring.
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selection pressures acting on clutch size and lay date in the ‘Lauwersmeer’ population over 10 years (1994-2003) by relating variation in fitness to variation in both
clutch size and laying date. We discuss the fitness estimates obtained in light of
those obtained with both the clutch size and the brood size manipulations.

CHAPTER

1

Part II: energetics and behavioural costs
To gain more insight in mechanisms underlying the fitness costs of incubation, we
determine the short term consequences of clutch size manipulations by studying
the energy management of individuals. Energy is a potential currency that underlies life history trade-offs. The energy expenditure of an individual is thought to
be relate to its fitness (Daan et al. 1996; Ricklefs 1996). In chapter 5 we describe
the phenomenon of delay in onset of full incubation; incubation might be initiated one or more days after clutch completion instead of on the day of clutch completion. As a consequence of this behaviour, the incubation period is delayed and
the total reproductive period prolonged. In this chapter, we argue that this behaviour suggests that early reproduction is costly, and thus might influence the timing of reproduction. Studying this phenomenon enhance insight in the reproductive decisions by parental birds. In chapter 6 we focus on the question how much
energy females spent during nocturnal incubation in relation to clutch size using
a within-individual comparison. Females spent energy at a higher rate when incubating experimentally enlarged clutches than when incubating either reduced or
control clutches. We also reveal in this study that ambient temperature is of great
importance explaining variation in energy expenditure. In chapter 7 we study
whether females incubating enlarged clutches also have higher energy expenditure, when measured over a 24-h period instead of only during nocturnal incubation. We find no substantial difference in daily energy expenditure for females
incubating enlarged clutches and those incubating control clutches. In chapter 8
we bring the data of the two previous studies together in combination with data
on the time budget of incubating birds, and provide an estimate of how much
energy females spent on three main activities performed during the active day;
contact incubating (i.e maintaining egg temperatures), rewarming the clutch and
foraging. We show that foraging is energetically the most demanding activity.
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BOX 1.1 Study area
All studies performed in this thesis were conducted in the woodlots of the Lauwersmeer,
in the northern Netherlands (53º20'N, 06º12'E, see map). The Lauwersmeer area was
formerly an estuary of the Wadden Sea, but was reclaimed from the sea in 1969.
Woodlots were planted starting from 1971, and consisted mainly of young, mixed,
deciduous trees of Populus sp., Betula sp., Alnus sp. and Quercus sp.. The woodlots studied (see map below) were interspersed with non-breeding habitat consisting of grasslands, reed beds and water.
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Figure Box 1.1. A) Detailed map of study area the Lauwersmeer with the available woodlots
(grey) interspersed with water, reeds and grasslands. The 8 woodlots that have been studied
between 1993 and 2004 are marked in black (1-8) and the 4 woodlots that have been added
to the study population in 2004 are marked in dark grey (9-12).
B) (inset) Map of the Netherlands with the locations of two main study populations of great
tits: Hoge Veluwe (1) and Lauwersmeer (2)
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In the Lauwersmeer, no beech crop Fagus silvatica (L.) was available as winter food
for the great tits. Instead, large numbers of Buckthorn berries Hippophae rhamnoides
(L.) were available during winter; wintering birds were observed eating those berries.
During the nestling phase, nestlings were provided with a diverse diet by the parents.
This diet consisted for an important part of caterpillars, but also other species were
brought by the parents to their offspring, such as crane flies, black flies, moths, spiders,
beetles etc (unpublished data).
History of available nest-boxes in the study area
1980 – A limited number of nest-boxes (61) was available in part of the area; nest-boxes
were checked by Rijkswaterstaat and later by the Dutch Forestry
1993 – Study on clutch size decisions in great tits has been initiated by J.M. Tinbergen
(RuG)
1994 – The number of nest-boxes was increased to 200, and divided in eight woodlots
of different size (6-106 ha). Five of these woodlots were located northeast of the
lake, and were isolated from three woodlots southwest of the lake; the maximum distance between nest-boxes was 10 kilometres. Within the framework of
studying the process of density dependency on clutch size, nest-boxes were
available in either low or high density. Nest-boxes were located at a height of
about 2 m off the ground. They were made of wood, and had standard inner
size (l x w x h = 12.5 cm x 8.5 cm x 25.0 cm), with diameter of nest entrance
3.2 cm. All nest-boxes were replaced with new ones of the same dimensions in
the early spring of 2002.
2004 – 200 nest-boxes were added to the existing set-up; these nest-boxes were divided
(50 nest-boxes each) over four woodlots, located in the northeast of the lake.
2005 – Total set-up of nest-boxes has been changed in the frame-work on new study on
density dependence, sex allocation and personalities; in total 600 nest-boxes
were divided over 12 woodlots (50 nest-boxes each); previous nest-boxes were
relocated.

BOX 1.2 Model species
The great tit Parus major (L.) was used as model species. The great tit is a small insectivorous passerine that occurs in forest areas in a large part of Europe. In the

CHAPTER
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Netherlands, great tits are resident birds that breed in relatively high densities. During
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the reproductive season, both the male and female of a pair invest in building a nest.
The nest is made of moss and insulated with hair (roe, dog, etc) or fur (rabbit). After
nest building, the female lays clutches of around 9 eggs (see below), which she herself

incubates for about 12 days. The great tit is an uniparental incubator: only the female is
responsible for the task of incubation. The male may at the most assist their mate by
providing food or information where to find food. Both parents provide care to the
nestlings that are fully depending on the care of the parents as long as they are in the
nest; the nestlings fledge after on average 18 days. After rearing successfully offspring
of a first clutch, parents may initiate a second clutch (Kluyver 1951; Perrins 1979).
In the study population in the Lauwersmeer between the years 1994-2003, nestboxes were occupied by either great or blue tits Parus caeruleus (L.). The occupation of
nest-boxes by great and blue tits was relatively high (70-90%). Clutches of great tits
contained on average 9.3 ± 1.8 eggs (n = 1140). Part of the females (9-51%) produced
a second clutch after successfully rearing a first clutch, depending on the year.
Why the great tit as model species?
The great tit was used as model species for various reasons. Great tits normally breed in
secondary nest holes, but readily breed in nest-boxes when they are available. Putting
up nest-boxes in a forest, therefore, increase the number of available nesting sites for
great tits. Besides, these nest-boxes can be located in high densities, thereby, allowing
for obtaining relatively high sample sizes. High sample sizes are preferred when studying
behavioural variation of individuals in relation to (manipulated) clutch size in their natural environment. An additional advantage of nest-boxes is that they are easy to manipulate (for instance, nest-boxes can be transform into metabolic chamber; chapter 6).
Another reason to study great tits was that individuals of this species show large variation in number of eggs they lay (5-15). As far as I know, great tits do not recognize
their own eggs or their own nestlings. Therefore, clutch size and brood size manipulations can be used as tool to study clutch size variation in this species.
Furthermore, since great tits are uniparental incubators, the energetic costs of incubation are likely to be considerably (Williams 1996; Tinbergen & Williams 2002).
During the day, the female is faced with a trade-off during the day between spending
time on the nest to maintain eggs temperature and spending time away from the nest
for self-maintenance (i.e. foraging). Leaving the nest unattended, leads to the fact that
egg temperatures fall to ambient temperatures, and thereby slows down development.
Letting egg temperatures drop below a certain temperature may be (sub)-lethal (Webb
1987). This trade-off, and thereby the consequences of this trade-off, is likely most proneed to forage daily to balance their expenditure.
Moreover, since great tits are resident birds in the Netherlands and site fateful to the
breeding site after first settlement (Tinbergen 2005), the more long term effects of
experiments on parents and their offspring can be assessed.

GENERAL INTRODUCTION

nounced in small passerines, since they cannot store large amount of energy and thus

17

PART

Fitness consequences

I

2

CHAPTER

Fitness cost of incubation in great tits (Parus major)
is related to clutch size

Maaike E. de Heij, Piet J. van den Hout and Joost M. Tinbergen
Proceedings of the Royal Society Biological Sciences B: 273, 2353-2361 (2006)

ABSTRACT
Life-history theory predicts that parents produce the number of offspring that maximizes
their fitness. In birds, natural selection on parental decisions regarding clutch size may act
during egg laying, incubation or nestling phase. To study the fitness consequences of clutch
size during the incubation phase, we manipulated the clutch sizes during this phase only in
three breeding seasons and measured the fitness consequences in the short and the long
term. Clutch enlargement did not affect the offspring fitness of the manipulated first clutches, but fledging probability of the subsequent clutch in the same season was reduced.
Parents incubating enlarged first clutches provided adequate care for the offspring of their
first clutches during the nestling phase, but paid the price when caring for the offspring of
their second clutch. Parents that incubated enlarged first clutches had lower local survival
in the two years when the population had a relatively high production of second clutches,
but not in the third year when there was a very low production of second clutches. During
these two years, the costs of incubation were strong enough to change positive selection, as
established by brood size manipulations in this study population, into stabilizing selection
through the negative effect of incubation on parental fitness.
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Life-history theory predicts that parents produce the number of offspring that
maximizes their fitness (Stearns 1992; Roff 1992). As resources are generally limited, they need to distribute their effort over various conflicting activities. Hence,
parents need to trade-off their investment in the current breeding attempt with
self-maintenance, and thus in potential future reproduction (Williams 1966;
Charnov & Krebs 1974).
In birds, clutch size decisions have been studied intensively (Dijkstra et al.
1990; Lessells 1991; Vanderwerf 1992). The costs of reproduction are most commonly estimated by manipulating the number of young (i.e. brood size) and
measuring the fitness consequences, as the ability of parents to provide food for
the nestlings is generally considered to limit the clutch size. Life-history theory
predicts stabilizing selection and expects both brood reduction and enlargement to
result in lower fitness. Several studies indeed support this prediction (Gustafsson
& Sutherland 1988; Lindén 1990; Tinbergen & Daan 1990), others, however,
found negative (Verhulst 1995) or positive selection pressures (Tinbergen & Sanz
2004). Several reasons have been suggested as to why these experiments lead to
opposite conclusions even though performed on the same species (see discussion
in Tinbergen & Sanz 2004).
One of the potential explanations – the one we will concentrate on here – is
that selection on clutch size does not only act during the nestling phase, but also
during other phases in the reproductive cycle, such as the incubation phase
(Monaghan & Nager 1997; Visser & Lessells 2001). Since the costs were assumed
to be negligible compared to that of rearing offspring, the incubation phase has
long been ignored in studies on clutch size decisions (but see Lessells 1991). It is
not until the 1990s that the costs of incubation became acknowledged (Heaney &
Monaghan 1995; Heaney & Monaghan 1996; Monaghan & Nager 1997).
Since then, several studies have performed clutch size manipulations during
the incubation phase (appendix). A number of these studies show costs of incubation for offspring from enlarged clutches in terms of reduced hatching probability
(Moreno et al. 1991; Siikamäki 1995; Reid et al. 2000b; Engstrand & Bryant
2002) or reduced fledging probability (Sanz 1997; Reid et al. 2000b). Yet, the
majority of studies performed their experiment during one breeding season and
consequently measured fitness consequences in the short term (i.e. within that
breeding attempt; appendix).
Few studies measured fitness consequences in the long term (i.e. subsequent
breeding attempts; appendix). Two of these studies found a strong indication for
reduced survival (Visser & Lessells 2001) and reduced fecundity in the subsequent
breeding season (Hanssen et al. 2005) for females incubating enlarged clutches
and two other studies found no such costs (Sanz 1997; Hanssen et al. 2003).
Three of these studies (Sanz 1997; Hanssen et al. 2003; Hanssen et al. 2005;

appendix), however, cannot separate the costs of incubation from those of rearing
offspring and thus do not indisputably identify the costs of incubation (for discussion see review by Reid et al. 2002a). To conclusively demonstrate these costs,
more clutch size manipulations limited to the incubation phase are required.
We manipulated clutch sizes during the incubation phase only during three
breeding seasons and measured the fitness consequences for offspring and parents
in both the short and the long term. In the population of great tits Parus major
that we studied, we have evidence for a positive selection on clutch size during
the nestling phase as revealed by brood size manipulations (Tinbergen & Sanz
2004). A fitness cost related to clutch size during the incubation phase might
counteract this directional selection.

METHODS

Standard procedure
From the beginning of April, nest-boxes were checked weekly to determine the
laying date and clutch size. From the sixth egg onwards, nests were visited daily
to determine the onset of incubation; either the female was found incubating or
the eggs were found uncovered and warm. During first clutches, almost all
females started incubation after clutch completion (94% of the manipulated
clutches in the 3 years), but some individuals initiated incubation before all eggs
were produced. Clutches were manipulated on the 2nd day and restored on the
11th of incubation (i.e. just before hatching). Nests were checked daily around the
expected hatch date to determine the number of hatchlings. When nestlings were
7 days old, both parents and nestlings were caught and ringed (for further details
see Tinbergen & Sanz 2004). When nestlings were 18 days old, nests were visited
daily to determine fledging date and the number of fledglings. Afterwards, the
nests were removed and checked for dead chicks. Further weekly checks allowed
us to determine the incidence of second clutches and their breeding success. The

FITNESS COSTS OF INCUBATION

Study population
This study was conducted in the woodlots of the Lauwersmeer in the north of the
Netherlands (53º20'N, 06º12'E) during the period 2000- 2004. In this study period, about 200 nest-boxes were available in eight woodlots of different size (6 -106
ha) interspersed with non-breeding habitat. For further details see Tinbergen
(2005).
In great tits, the female incubates the eggs and the male may assist by feeding
her. After eggs hatch, both parents invest in feeding the chicks. In this study population, clutches contained on average 9.3 ± 1.8 eggs (n = 1140; 1994-2003).
Some of the females (9-51%; 1994-2003) produced a second clutch after successfully rearing a the first clutch.
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identity of females caring for second clutches was in the majority of the cases
determined by recaptures and otherwise by reading colour rings during incubation; this information was used to ascribe second clutches to females caring for
first clutches. Local survival probability of the parents and local number of recruits
were estimated on the basis of recaptures of breeding birds in the study area in the
subsequent year.
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Clutch size manipulation
Clutch size manipulations were performed on first clutches during the breeding
seasons of 2000, 2002 and 2003. No clutch size manipulations were performed in
2001, since the study area was closed for the first weeks during that breeding season to prevent further breakout of foot and mouth disease.
Manipulations were performed in triplets, matched for clutch size (maximum
difference one egg) and day of incubation (no variation) to minimize variation in
environmental conditions and parental quality among treatment categories.
Within each triplet, nests were randomly assigned to a treatment category;
reduced, control or enlarged. In 2000 (all triplets) and in 2002 (13 of 19 triplets),
clutches were reduced and enlarged by three eggs. With this manipulation size,
we adhered to previous studies on brood size manipulations in tit species to facilitate comparison (Smith 1989; Rytkönen & Orell 2001; Tinbergen & Sanz 2004).
During 2002 (6 of 19) and 2003 (all triplets), clutches were reduced and enlarged
by two eggs to reduce nest desertion (see later).
At both the beginning and end of incubation, clutches were manipulated and
restored according to the same protocol. Following the method of Smith (1989) in
2000, two-third of the eggs in the reduced clutch were transported to the enlarged
clutch, while one-third of the eggs in the latter clutch were transported to the
reduced clutch. In the control clutch, half of the eggs were transported and
returned to the same nest. In 2002 and 2003, we used a different set-up. Eggs
originating from one nest were incubated in all three nests of the triplet. After
restoring the clutch, nests within triplets contained eggs that received on average
the same treatment during incubation. Therefore, we can test the effect of clutch
size manipulation on offspring fitness without correcting for the effects of the
manipulation on the individual egg. Eggs within clutches that experienced different clutch size manipulation during incubation had similar hatching probability;
neither fledging probability nor recruitment probability of young with known egg
history did differ (details will be published elsewhere).
The amount of disturbance during the manipulation was minimized and similar
for parents of the three treatment categories. Eggs were transported in warmed
insulated boxes to reduce thermal stress. Transport took on average 17 min (range
4- 50 min). To prevent clutch desertion during egg transfer, the eggs were temporarily replaced by dummy eggs. To keep track of the origin of the eggs, eggs
were marked at the apex with a marker pen.

In total, 42, 57 and 48 nests were manipulated in the breeding seasons of 2000,
2002 and 2003, respectively. Original clutch sizes of manipulated nests ranged
from 6 to 12 eggs; 80% of them were within the range of 8 - 10 eggs. Nests did not
significantly differ in original clutch size (χ22 = 1.5, p = 0.46, controlled for year)
and onset of incubation (χ22 = 3.6, p = 0.17, controlled for year) between manipulation categories. Nevertheless, years differed in original clutch size (χ22 = 20.6,
p < 0.001) and onset of incubation (χ22 = 38.1, p < 0.001). In 2003, birds laid
smaller clutches and started incubation one week later. Not all clutch size manipulations were successful; parents in the reduced treatment category were more likely to abandon their clutch immediately after manipulation (reduced 25%; control
0%; enlarged 4%; χ22 = 21.2, p < 0.01; corrected for year; see discussion).

Statistical analysis
The fitness components were analysed using a general linear mixed-modelling
approach with a hierarchy of nested effects using the program MLwiN 2.02
(Rasbash et al. 2000). For first clutches, we used two levels (from highest to lowest
level): 1) triplet and 2) nest-box within triplet, while for local parental survival, we
used three levels: 1) triplet, 2) nest-box, and 3) individual (female and male) to
account for the dependency between females and males within a pair. Since not all
manipulated pairs produced a second clutch (see Results), clutches were not nested within triplet in the analysis of second clutches. Explanatory variables were:
experimental treatment (reduced, control or enlarged), sex (for parents), year and
their interaction. Each model was derived using backward elimination of possible
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The fitness components
For first and second clutches, we analysed on a per nest basis the hatching probability (probability of a chick to hatch from an egg), the probability that a nest was
successful (at least one chick fledged), the fledging probability (probability of a
chick to fledge given that it hatched) and the local recruitment probability (probability of a chick to recruit locally given that it fledged). Additionally, we analysed
the probability of producing a second clutch, and the size of the second clutches.
These components were integrated in the number of recruits per first and second
clutch and compared between manipulation categories.
Furthermore, we analysed the local parental survival (the number of adults
breeding in the study area in the following breeding season for those nests of
which we identified both parents). Some individuals had their clutches manipulated in more than one year (19 of the 238 individuals – both males and females) and
these were included in the analysis. We expected the survival effects of manipulation to occur in the first year after manipulation. Assuming that laying date and
clutch size are under female-control, we analysed the fecundity of the female in the
subsequent season (clutch size and laying date of a breeding bird in the subsequent
season relative to the clutch size and laying date in the year of manipulation).
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explanatory variables and the interaction terms. All values are presented as means
± SD, and all tests are two-tailed; p-values less than 0.05 were considered statistically significant (test results of interaction terms are not given if not significant).
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First clutches
In first clutches, hatching probability was 0.91 ± 0.11 (n = 119). The probability
that a nest was successful was 0.97 ± 0.18 (n = 119), while the probability to
fledge was on average 0.90 ± 0.15 (n = 115; descriptive statistics summarised by
year are given in Table 2.1). Neither hatching probability differed between treatment categories within year (χ22 = 3.44, p = 0.18) or between years (χ22 = 2.28,
p = 0.32), nor fledging probability (treatment effect, χ22 = 0.58, p = 0.75; year
effect, χ22 = 1.38, p = 0.50). The probability to recruit the next year into the
breeding population did not differ between treatment categories (χ22 = 2.04, p =
0.36, controlled for year), but differed between years (χ22 = 8.55, p < 0.02). For
young raised in 2000, local recruitment probability was about half of that in the
other two years (Table 2.1). The number of recruits per first clutch in the subsequent breeding season did not differ between manipulation categories (χ22 = 1.45,
p = 0.48, controlled for year), but differed between years (χ22 = 7.20, p < 0.03).
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Second clutches
Of the pairs manipulated in 2000 and 2002, 40% and 46%, respectively, produced
a second clutch in contrast to 3% for 2003 (descriptive statistics summarised by
year and manipulation categories are given in Table 1). This last year was excluded from further analysis of the second clutches. The remaining second clutches
contained on average 7.4 ± 1.0 eggs (n = 35) and were smaller than first clutches (paired t-test: t34 = 9.23, p < 0.001). Neither the probability to produce a second clutch differed with treatment (treatment effect, χ22 = 2.05, p = 0.36, controlled for year; year effect, χ21 = 8.32, p < 0.02), nor the size of the second
clutches (treatment effect, χ22 = 2.59, p = 0.27; year effect, χ21 = 1.25, p =
0.26). Hatching probability of second clutches did not depend on the manipulation during first clutches (χ22 = 3.22, p = 0.20, controlled for year), but differed
between years (χ21 = 9.52, p < 0.002), being lower in 2000. Nest success was on
average 0.83 ± 0.38 (n = 35). When hatched, fledging probability of second
clutches differed per manipulation treatment (χ22 = 8.53, p < 0.02). Fledging
probability of second clutches was reduced in nests of parents of the ‘enlarged’ category in 2000 and 2002 (Fig. 2.1). No systematic trend occurred between the
experimental treatments during first clutches and laying date of second clutches
that could explain this pattern. Only in 2002 the offspring of second clutches did
recruit in the subsequent breeding season (Table 2.1).
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2000
control
enlarged

0.45±0.27
0.45±0.52
0.45±0.52
5
9.4±0.9
29.0±2.8

local survival parents 0.36±0.45
female
0.36±0.50
male
0.36±0.50

subsequent seasona(n)
4
clutch size
8.8±1.0
laying date
30.0±0.8
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females only

7.3±0.5
0.65±0.38
0.5±0.58
1±0.0
0±0.0

7.3±0.5
0.68±0.21
1±0.0
1±0.0
0±0.0

a for

4
0.36±0.50

4
0.36±0.50

second clutch (n)
probability of second
clutch
clutch size
hatching probability
probability of success
fledging probability
local recruitment
probability

5
8.6±0.9
32.0±2.0

0.27±0.33
0.38±0.51
0.15±0.38

7.2±1.0
0.80±0.25
0.5±0.55
0.77±0.13
0±0.0

6
0.46±0.52

first clutch (n)
11
11
13
clutch size
9.5±0.7
9.0±0.6
9.4±1.2
hatching probability
0.91±0.12 0.95±0.10 0.88±0.18
probability of success
1±0.0
1±0.0
1±0.0
fledging probability
0.93±0.16 0.94±0.10 0.88±0.15
local recruitment
0.065±0.08 0.054±0.06 0.046±0.09
probability

reduced

2002
control
enlarged

7
0.39±0.50

5
7.4±1.7
25.8±2.3

0.38±0.36
0.38±0.51
0.38±0.51

10
7.9±1.0
24.2±7.3

0.47±0.40
0.56±0.51
0.39±0.50

6.9±0.9
7.7±1.4
0.98±0.05 0.83±0.20
0.86±0.38
1±0.0
0.86±0.12 0.87±0.18
0±0.0 0.065±0.09

7
0.54±0.52

4
8.0±0.8
19.3±6.2

0.23±0.26
0.27±0.46
0.20±0.41

8.1±0.9
0.95±0.06
1±0.0
0.74±0.19
0.10±0.14

7
0.47±0.52

13
18
15
9.5±1.1
9.2±1.0
9.3±1.1
0.88±0.12 0.92±0.09 0.89±0.12
1±0.0
1±0.0
1±0.0
0.92±0.14 0.90±0.14 0.94±0.11
0.145±0.10 0.141±0.18 0.073±0.10

reduced

2003
control

enlarged

6
7.0±2.0
21.5±5.4

0.50±0.39
0.55±0.52
0.45±0.52

6±0.0
1±0.0
1±0.0
0.83±0.0
0±0.0

1
0.03±0.30

5
9.2±1.3
12.4±5.7

8
9.8±1.8
14.9±9.5

0.57±0.39
0.57±0.51
0.57±0.51

-

0.54±0.38
0.38±0.51
0.69±0.48

0
0

0
0

11
13
14
8.1±0.9
8.0±1.2
8.1±1.4
0.90±0.07 0.94±0.07 0.95±0.07
0.73±0.5
1±0.0
0.93±0.3
0.83±0.20 0.87±0.14 0.91±0.19
0.094±0.12 0.136±0.13 0.120±011

reduced

Table 2.1. Overview of the fitness components (mean ± SD) per year and treatment category for the nests used in the analyses.
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Figure 2.1. Fledging probability of offspring from second clutches per manipulation category for three years.

Local survival of parents
Local survival of the parents differed between years (χ22 = 6.71, p < 0.04; Table
2.1). More individuals manipulated in 2003 bred a year later than those manipulated in the years 2000 and 2002. The data suggested a negative effect of clutch
enlargement on local survival in two out of three years (2000 and 2002; Fig. 2.2),
but the interaction between year and manipulation was non-significant (χ24 =
2.92, p = 0.57). In the two years, however, clutch enlargement did significantly
affect local survival of the parents to the subsequent breeding season (χ22 = 6.28,
p = 0.04; no year effect, χ21 = 0.03, p = 0.98; see discussion). Survival probabilities of males and females were not found to differ from each other in either analyses (sex effect in three years; χ21 = 0.39, p = 0.53; controlled for year, manipulation and their interaction; sex effect in two years; χ21 = 1.65, p = 0.20; controlled for treatment).
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Figure 2.2. Average local survival of parents per manipulation category for three years.

Fecundity of females in the following year
In the breeding season following the year of manipulation, clutch size differed
both with treatment categories and year (treatment effect controlled for year,
χ22 = 7.5, p = 0.02; year effect controlled for treatment, χ22 = 13.9, p < 0.001).
Birds subjected to clutch reduction produced smaller clutches (Table 2.1).
Comparisons of laying dates between the year of manipulation and the subsequent year revealed no difference between treatment categories (χ22 = 1.7, p =
0.42, controlled for year), but did between experimental years (χ22 = 45.9, p <
0.001).

By manipulating the clutch size during the incubation phase only, we were able to
quantify the effect of clutch size on the fitness costs of incubation. The experimental treatment revealed no detectable fitness costs in the short term, but in the long
term it did. During the two years (2000 and 2002) with second clutches, offspring
of second clutches had lower fledging probability when parents incubated
enlarged first clutches. In the same two years, local survival probability of parents
incubating enlarged first clutches was reduced.
We used the clutch size manipulations as a tool to measure the fitness costs in
relation to alternative options in reproduction. With this approach, we assumed
parents to respond to the experimental treatment as if it were a result of their own
decision (Lessells 1993). In our study, this assumption may have been violated, as
parents of whom we reduced clutch size were more likely to desert their nest. The
decision to desert the nest may be related to parental quality (Verboven &
Tinbergen 2002). One possible indicator of parental quality is clutch size. We
found no significant correlation between the probability of nest desertion and the
original clutch size (χ21 = 2.8, p = 0.09), which suggest that there was no quality
difference between parents of the reduced category that stayed and those that left.
Because other quality differences may have affected the probability of desertion,
we repeated our analyses excluding the reduced categories. These analyses
revealed no substantial different results.
The clutch size manipulations revealed no fitness costs of incubation in the
short term, judged from the fact that offspring fitness of first clutches did not differ between the treatment categories. These results suggest that parents incubating enlarged clutches did care equally well for their young during the nestling
phase as those incubating either reduced or control clutches. However, when
these parents had to care for offspring of second clutches, the fledging probability
of these offspring was reduced. Similarly, Reid et al. (2000a) found effects in second clutches after parents were faced with increased investment during the incubation phase of first clutches. Parents are apparently not willing to jeopardize off-
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spring fitness of the first clutch, and postpone paying the costs to the second
clutch. Alternatively, parents may have reduced their investment in immune function when rearing first clutches, which may increase the change on infections and
possibly reduce their condition when rearing second clutches (Siikamäki et al.
1997; Hanssen et al. 2005). Depending on whether parents can postpone these
costs, the outcome of the trade-off between investment in current and future
breeding attempts may be different. This may explain why in addition to studies
that reported fitness costs for offspring in enlarged clutches (Moreno et al. 1991;
Siikamäki 1995; Reid et al. 2000b; Engstrand & Bryant 2002), at least as many
studies found no such costs (e.g. Smith 1989; Sanz 1997; Cichon 2000; Visser &
Lessells 2001; appendix).
The differences between the years could be the result of the change in manipulation intensity between 2002 and 2003. In 2002, clutch enlargement was performed with either two or three eggs. Although data are limited, there is no indication that local survival of parents receiving two or three additional eggs differed
in the expected direction from each other (0.25 and 0.22, respectively; χ21 =
0.03, p = 0.86; for comparison, local survival of parents with control clutches =
0.47). We favour the explanation that ecological circumstances have differed
between the years. The high occurrence of second clutches together with the fact
that birds laid early and had larger clutches in 2000 and 2002 as compared to
2003 may indicate annual differences in selection pressures on clutch size
(Verhulst 1998; Tinbergen & Sanz 2004). In the study of Visser and Lessells
(2001), who also measured the costs of incubation in great tits, a similar correlation as in our study exists; in the one year with second clutches, the local survival
of parents (here estimated as the differences in mean local parental survival of
both males and females between their free eggs and free chicks treatments) was
lower than that in the other year without second clutches (0.14 versus 0.06
parental units). Thus, although we lacked statistical power to show the difference
between the responsive and the non-responsive years, the data strongly suggest
that clutch size-related costs of incubation exist in some years.
It is unlikely that the reduced local survival of parents in the enlarged category
was caused by differential dispersal. After first settlement, parents great tit disperse only over short distance (less than 160 m) between two breeding attempts
(Tinbergen 2005). Therefore, the reduced local survival in this category is likely
the direct result of reduced investment in self-maintenance. Studies that investigated the physiological consequences of incubating enlarged clutches report
reduced condition (Hanssen et al. 2005) or immune competence (Siikamäki et al.
1997; Hanssen et al. 2005).
In breeding systems with uniparental incubation, males and females have clearly different tasks during the incubation phase. It is therefore surprising that the
manipulation effect on local survival did not differ between males and females.
For the female the potential cost of reproduction is apparent: she incubates the
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eggs during three quarters of the daylight period and therefore needs to trade-off
investment in the offspring with self-maintenance. The male, however, does not
incubate and the constraining effect of a large clutch on survival via his role during the incubation phase is less clear. Males have been observed to provision their
mate during incubation, either inside or outside the nest-box (Royama 1966). In
reaction on the clutch enlargement, males may increase their provisioning rate to
their partner (Sanz 1997), and thereby reduce their survival in favour of current
reproduction. Also, males may take their females to good foraging sites and the
effort of males to patrol their territories and keep track on the good places may
increase with the females’ needs when they are incubating enlarged clutches. An
alternative and perhaps more plausible explanation is that the experimentally
induced costs during incubation may negatively affect the females’ provisioning
effort during the nestling phase and males may compensate for this by working
harder (Sanz et al. 2000), thereby reducing their probability of breeding also in
the next season.
To quantify the importance of the costs of incubation for the selection on clutch
size on the basis of the quantitative effects, we estimated the overall fitness of
rearing manipulated clutches from incubation onwards (Fig. 2.3). To do this, we
integrated the results of the current study with that of brood size manipulations
from the earlier study in the same population by Tinbergen and Sanz (2004). The
average number of first clutch recruits per nest per manipulation category in relation to manipulated clutch size was estimated using the recruitment probability
from the brood manipulation study only. This was done because we did not find
an effect of clutch size manipulation on offspring fitness during incubation. The
number of recruits from second clutches was estimated from the clutch size
manipulation during incubation study (this study). For the parental fitness component (the annual average parental survival per manipulation category, Table 2.1),
we used the effect of the clutch size manipulation during incubation only, because
there were no indications of a survival effect of brood size manipulation. Thus, we
assume fitness effects during incubation and rearing offspring to be additive and
we assume no effects of egg production (but see Heaney & Monaghan 1995;
Visser & Lessells 2001; Kalmbach et al. 2004). The result shows that the costs of
incubation were strong enough to change the positive selection on clutch size during the nestling phase into stabilizing selection in the years 2000 and 2002 (Fig.
2.3). In the third year (2003), selection remained directional and positive. One
explanation for this pattern is that fitness has a constant and quadratic relation to
clutch size over the years, as suggested by the solid line in Fig. 2.3. In this view, it
would depend on the average clutch size of the year in which direction selection
would act.
We believe that the effects we found are not specific for our population. The
work of Visser and Lessells (2001) suggests a survival cost for incubation of extra
eggs and Hanssen et al. (2005) found an effect on fecundity in the next year.
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Figure 2.3. (A) Fitness estimates in relation to manipulated clutch size from incubation
onwards (circles; large symbols are controls) for three years. The lower group of points
indicate the second clutch fitness component, the middle group of points indicate the first
clutch fitness component while the top group indicate overall fitness (the line is the second
order regression through these points). Overall fitness was calculated as the sum of the
average survival of the parents, the first clutch recruits divided by two (Rfirst clutch) and the
second clutch recruits divided by two (Rsecond clutch) following Tinbergen and Sanz (2004).
Survival probabilities for the parents and the number of female recruits from second clutches were derived from the clutch size manipulations (this study) and the number of female
recruits of the first clutch from the brood size manipulations (Tinbergen and Sanz 2004).
Estimates were derived as follows: Rfirst clutch = CS * HP * NS * FP * RP whereby CS is
clutch size (taken from this study), HP is hatching probability (this study), NS is probability
that a nest is successful (taken from the brood manipulation study), FP is fledging probability and RP is recruitment probability (both taken from the brood manipulation study).
Mean recruitment of the second clutch was estimated as MRsecond clutch = q * Rsecond clutch,
q is probability of a second clutch and Rsecond clutch represents the number of female
recruits from a successful second clutch (both taken from this study). The indicated ranges
in the overall fitness represent the variation between years in the brood size study and was
estimated by using mean values for the two most extreme years. (B) Frequency distribution
of observed clutch sizes in the Lauwersmeer population for the years 1994-2003.

Whether such a clutch size related fitness cost of incubation will affect the optimal
clutch size depends on the exact shape of the parental fitness curve with clutch
size. In our case, positive selection during the nestling phase changed to stabilizing selection. In populations where the selection as measured during the nestling
phase was stabilizing, no change in optimal clutch size would be expected, unless
the cost of incubation would change not only for the enlarged clutches but also for
the whole range of clutch sizes.
In contrast to the earlier conclusions of Tinbergen and Sanz (2004), our experiments show that the observed clutch size in our study population may maximize
fitness when we account for the clutch size-related fitness costs of incubation.
Because the temporal variation in selection pressure on clutch size is considerable
and selection acts differently in the different reproductive phases, there is still a lot
of scope for work in this field. Not only experiments isolating the effects within
the different phases are needed, but also experiments studying the interaction
between the phases are needed to determine the costs and benefits related to
clutch size.
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Appendix Overview of studies that manipulated clutch size during the incubation phase to measure the fitness consequences in both (A) altricial
and (B) precocial birds; results of clutch enlargement (0, no effect; -, negative effect).
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quality)

species;
observed clutch size;
clutch size used in the experiment;
number of eggs manipulated;
treatment category (R, reduced; C1, control; no eggs were transported or exchanges; C2, control; part of the clutch was transported or
exchanges between nests; C3, both control categories (C1 + C2) were used; E, enlarged);
experimental approach (I, only the costs of incubation are studied (clutch sizes were manipulated during incubation and restored at hatching);
J, costs of both incubation and rearing chicks are studied (clutch sizes were manipulated during incubation and not restored at hatching), K,
costs of incubation are studied (the performance of birds receiving extra eggs from the incubation phase onwards is compared with those
receiving extra chicks from the nestling phase onwards));
triplets/ pairs were matched for date in the field (y, yes; n, no) and
triplets/ pairs were matched for clutch size in the field (y, yes; n, no);
(indication of) sample size per manipulation category;
number of replicates (years). For offspring of the manipulated clutches;
hatching probability;
fledging probability;
recruitment probability. For parents of the manipulated clutches;
probability of second clutch;
survival;
laying date in the subsequent breeding season;
clutch size in the subsequent breeding season;
References: 1- (Engstrand & Bryant 2002); 2-(Smith 1989) ; 3- (Cichon 2000); 4- (Moreno et al. 1991); 5- (Visser & Lessells 2001); 6(Ilmonen et al. 2002); 7- (Siikamäki 1995); 8- (Sanz 1997); 9-(Moreno & Carlson 1989); 10- (Reid et al. 2000b); 11- (Heaney & Monaghan
1995); 12- (Heaney & Monaghan 1996); 13- (Hanssen et al. 2003); 14- (Hanssen et al. 2005); 15- (Larsen et al. 2003); 16- (Wallander &
Andersson 2002).

a Overall sample size is given, as sample size could not be separated for the categories
b One of the two eggs added to the clutch was a model egg with thermistor
c Results are given for birds with 4 egg clutches
d Birds received a fixed number of eggs during incubation; either 3 (low quality) or 6 (high
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Offspring performance is negatively affected by clutch
enlargement during incubation
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ABSTRACT
Recent studies on clutch size decisions in avian life history reveal fitness effects during
incubation especially for enlarged clutches. These fitness costs may arise in two ways: via
the parents or via the eggs. In this paper, I discuss how effects via parents and via eggs can
be separated by using a particular scheme to exchanging eggs between nests; eggs of one
nests ended up in all three treatment categories during incubation, while at the same time
parents either incubated reduced, control or enlarged clutches. Next, I present the data of
clutch size manipulations performed in great tits (Parus major) during two breeding seasons on both pre-hatching performance and post-hatching performance of offspring using
this manipulation scheme. Using of a within-clutch comparison, I found that in one of the
two years eggs incubated in experimentally enlarged clutches had longer developmental
time than eggs incubated in reduced and control clutches. Yet, in both years nestlings that
hatched from eggs incubated in enlarged clutches had shorter tarsi than those hatched
from eggs incubated in either control or reduced clutches. When structural size of an individual is related to fitness, these findings indicate that eggs incubated in enlarged clutches
suffer developmental detriments. Thereby, this study is the first to show negative effects via
eggs of clutch enlargement during incubation on post-hatching performance of offspring.
This finding should be bared in mind when performing clutch size manipulations in future.
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Natural selection on clutch size in birds may act during the egg laying, incubating
or nestling phase. The general approach to isolate fitness consequences of a reproductive phase has been to manipulate the parental investment during one or more
phases (Fig. 3.1) and to measure the consequences. The fitness consequences of
such manipulations have been measured on parents and their offspring, because
in iteroparous species parents need to trade-off investment in the current breeding
attempt with self-maintenance (Williams 1966; Charnov and Krebs 1974).
Most attention has been paid to the nestling phase (Lindén and Møller 1989;
Dijkstra et al. 1990; Lessells 1991; Vanderwerf 1992); rearing offspring has traditionally been assumed to be energetically more costly for parents than laying or
incubating eggs. An increasing number of studies, however, shows that energy
expenditure of females incubating eggs is similar to that of females rearing offspring (Williams 1996; Tinbergen and Williams 2002) and thus that the costs of
incubation may be important for clutch size decisions. This finding has stimulated
experiments that manipulate the number of eggs during incubation.
Two types of such experiments can be distinguished that differ in whether eggs
are returned at hatching or not (summarised in Fig. 3.1 and Table 3.1). In the first
type, clutches receive extra eggs at the beginning of the incubation period and
these eggs are not returned to their original clutches at hatching (Fig. 3.1, type B).
Under this type of manipulation experiments, two subtypes can be identified on
the basis of the type of control used (Fig. 3.1, subtype B1 and B2). With subtype
B1, the true costs of incubation can only be studied till hatching. After hatching,
the costs of incubation cannot be separated from that of rearing nestlings (Sanz
1997; Hanssen et al. 2003; Hanssen et al. 2005; Table 3.1), because the performance of parents and offspring of manipulated clutches is compared with that of
clutches that were unmanipulated during the incubation phase. In the other subtype (B2), the performance of parents and offspring of manipulated clutches during incubation is compared with that of clutches that receive additional nestlings
in the nestling phase. When this method is used, effects can be ascribed directly to
the costs of incubation (Heaney and Monaghan 1995; Visser and Lessells 2001;
Table 3.1).
In the second type of manipulation experiments (type C), clutches receive extra
eggs at the beginning of the incubation period and these eggs are returned to their
original clutch at hatching; either just prior to (Heaney and Monaghan 1996; Reid
et al. 2000b; Cichon 2000; Engstrand and Bryant 2002) or directly after hatching
(Ilmonen et al. 2002). In this case, the performance of parents and offspring of
manipulated clutches is compared with that of clutches that kept their original
clutch size during incubation (Fig. 3.1, type C).
Experiments have revealed fitness consequences of clutch enlargement for both
parents and offspring. Females incubating enlarged clutches have increased ener-

incubation phase
onset of
incubation

hatching of
nestlings

nestling phase
fledging of
nestlings

A
B1
B2
C

gy expenditure (Biebach 1981; Biebach 1984; Haftorn and Reinertsen 1985;
Weathers 1985; chapter 6), reduced immune function (Hanssen et al. 2005) or
reduced condition (Moreno and Carlson 1989) during incubation. Females incubating enlarged clutches had lower probability to survival locally in the subsequent breeding season (Visser and Lessells 2001; chapter 2). Eggs incubated in
enlarged clutches have prolonged incubation period (Moreno and Carlson 1989;
Smith 1989; Szekely et al. 1994; Siikamäki 1995; Engstrand and Bryant 2002),
increased hatching asynchrony (Moreno and Carlson 1989) or reduced hatching
probability (Moreno et al. 1991; Siikamäki 1995; Reid et al. 2000b; Engstrand and
Bryant 2002). Post-hatching performance of offspring was also negatively affected
by clutch enlargement. Offspring have reduced body condition (Reid et al. 2000b;
Cichon 2000) and reduced fledging probability (Heaney and Monaghan 1995;
Sanz 1997; Ilmonen et al. 2002). The recruitment probability of these offspring
was not affected by clutch enlargement during incubation (Visser and Lessells
2001; chapter 2). It is too early to tell whether the results of the two types of
experiments (B – especially subtype B2 – and C) differ from each other.
Effects of clutch size manipulations on the pre-hatching performance (i.e.
developmental time and hatching probability) of offspring can arise in several
ways. In response to clutch enlargement, parents may increase their own energy
expenditure (Moreno et al. 1991) so that the energy invested per egg is kept
unchanged. Attending parents may also be reluctant or unable to increase their
own expenditure in reaction to clutch enlargement, and as a consequence reduce
the investment per egg. Reduced investment may lead to poorer developmental
conditions for embryos in enlarged clutches (Webb 1987). Alternatively, with
clutch enlargement the thermal property of the clutch changes; eggs incubated in
enlarged clutches experienced higher egg temperature, and lost more weight,
probably because of these higher temperatures (Reid et al. 2000b). Higher egg
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Figure 3.1. Types of manipulation experiments; with manipulation type A the costs of
nestling rearing can be isolated; with manipulation type B the costs of incubating can be
studied till hatching. The costs of incubation for parents and offspring after hatching cannot (B1) or can be (B2) isolated from that of rearing nestlings, depending on the control
category; with manipulation type C the costs of incubation are isolated.
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Table 3.1. Summarizing scheme with possible type of experiments to isolate different fitness effects of clutch size manipulation during incubation on post-hatching performance.

costs of incubation
isolated

distinction of effects
possible

counteracting of effects
prevented

confounding effects
excluded

control; unmanipulated
during incubation phase

B1

no

-

-

-

Sanz 1997
Hanssen et al. 2003,
2005

control; rearing
additional young
in nestling phase

B2

yes

no

-

-

Visser & Lessells 2001
Heaney & Monaghan
1995

ratio not
constant

C

yes

no

no

-

ratio
constant

C

yes

no

yes

-

Engstrand and Bryant
2002; Cichon 2000;
Ilmonen et al. 2002;
Heaney and Monaghan
1996; de Heij et al.2006
de Heij et al. 2006

ratio not
constant
ratio
constant

C

yes

yes

yes

no

Reid et al. 2000b

C

yes

yes

yes

yes

this study
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at hatching
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consequences

type of manipulation
experiment

code

young not
matched
to egg

young
matched
to egg

references

temperatures may negatively influence developmental conditions during the incubation period, and hence may affect pre-hatching performance of embryos. When
concentrating on pre-hatching performance, disentangling the mechanism via
which effects of clutch size manipulation acts is not possible.
Effect of clutch size manipulations on post-hatching performance of nestlings
can arise in two ways; either by carry-over effects from detrimental developmental conditions that embryos experienced during incubation (hereafter referred to
as effects via eggs) or by reduced parental provisioning during the nestling phase
as a result of over investment during the incubation phase (effects via parents). In
case of the experiments type B, these two ways cannot be distinguished, because
parents and eggs received the same treatment during incubation. When eggs are
returned at hatching (type C), however, the two ways through which clutch size
manipulation can affect the performance on parents and offspring can in principle
be separated.

Acknowledging these two pathways creates the possibility to disentangle them,
which may give insight in the mechanism through which clutch enlargement
reduces fitness. It also identifies a potential problem; effects via the two pathways
may counteract each other, depending on the scheme according to which eggs are
manipulated (Fig. 3.2). The problem of counteracting effects arises only when
eggs are returned to their original clutch (type C). As a consequence of returning
eggs to their original clutch, parents of one treatment category may receive eggs
from different treatment categories (Fig. 3.2, scheme I-IV, after incubation). When
parents of one treatment category receive proportionally more eggs of another category, the effects via eggs and via parents can counteract each other. For instance,
when parents of the reduced treatment category receive proportionally more eggs
that have been incubated in enlarged clutches (Fig. 3.2; scheme III), positive
effects of clutch reduction (via parents) may be counteracted by the negative
effects of clutch enlargement (via eggs). The potential counteracting effects via
parents and via eggs are especially problematic when effects of clutch size manipulation on offspring performance are determined on the average performance of a
clutch, regardless of whether all eggs within the clutch receive the same treatment
during incubation (Table 3.1). This problem can be avoided by ensuring a constant proportion of eggs from each treatment in all nests, like presented in scheme
before incubation

during incubation

nest 1

nest 1

nest 2

nest 3

nest 2

nest 3

after incubation
nest 1

nest 2

nest 3

schema I

schema II

schema IV
unmanipulated

reduced control enlarged

reduced control enlarged

Figure 3.2. Manipulation schemes for exchanging eggs between nests within triplets; the
composition of the nests are given before, during and after the incubation period. The
shape of the symbols (square, circle and triangle) represents the nest of origin (1,2 and 3),
while the colour of the symbols (white, grey and black) represents the manipulation category during incubation (reduced, control and enlarged). The words reduced, control and
enlarged in the figure represent the treatment experienced by the parents associated with
nest 1, 2 and 3, respectively. Most studies use method I (for overview of studies see de Heij
et al. 2006, in press), method II used by Engstrand and Bryant (2002) and Moreno et al.
(1991), method III is used by Smith (1989) and one year in chapter 2, and method IV is
used in this study.
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IV (Fig. 3.2); after restoring the original clutches, all parents end up with clutches
that had similar treatment during incubation. If this scheme is used, the performance of a clutch can be determined using the average performance of all nestlings
within the clutch.
The problem of counteracting effects via parents and via eggs does not exist
when eggs are returned to their original clutch and nestlings are matched to the
egg that they hatched from. If one knows what treatment individual eggs/
nestlings received during incubation (Table 3.1), effects via eggs and via parents
can be distinguished, since several combinations of parents and offspring exist.
For instance, one can study whether nestlings with different treatment during
incubation or whether nestlings reared by parents with different treatment during
incubation perform differently. Again, keeping the ratio constant is to be preferred
to achieve an orthogonal design (Fig 3.2., scheme IV), and hence enable the full
separation of effects via parents and effects via eggs.
So far, one study has made an attempt to disentangle the two ways through
which clutch size manipulations can effect post-hatching (Table 3.1). In a study on
roof nesting starlings Sturnus vulgaris in Spain, Reid et al. (2000) determined prehatching performance of one egg that was incubated in an enlarged clutch relative
to the performance of its siblings that were incubated in an control clutch. This
study found that eggs incubated in enlarged clutches had a reduced hatching
probability. Reid et al. (2000) could follow the fate of 9 of the 17 nestlings that
hatched from eggs incubated in the enlarged clutch. They found no indication for
increased mortality of these nestlings.
I performed clutch size manipulations during the incubation phase (type C) in
two breeding seasons in a population of great tits (Parus major L.). Eggs were
exchanged between nests following manipulation scheme IV. This scheme enabled
me to use of a within-clutch comparison while studying the effects of clutch size
manipulation on pre-hatching performance, because I could compare the performance of eggs with a given inherited egg quality (i.e. parental origin), but that had
experienced different clutch sizes during incubation. Moreover, the use of this
scheme enabled me to disentangle the effects via the two ways on post-hatching
performance, since part of the eggs received a different treatment during incubation than their parents. To distinguish between the treatment experienced by parents and by their offspring, I will talk about parental treatment and egg treatment.
At hatching, I was able to link about one-third of all hatchlings to the egg treatment, and therefore no full justice could be done to the design of the experiment.
Nevertheless, in this study I will provide a first insight in how effects of clutch size
manipulation via eggs and via parents can affect post-hatching performance of offspring. The effects of clutch size manipulation on offspring performance studied
from the perspective of the parent and hence concerned with the average performance of all chicks within the nest are given and discussed in a previous paper
(chapter 2).

METHODS

Clutch size manipulation
Clutch size manipulations were performed on the 2nd day of incubation and
restored on the 11th day of incubation (for more details see chapter 2). Manipulations were performed in groups of three nests (i.e. triplets) that were matched
for clutch size (maximum difference one egg) and the onset of incubation (no
variation). Within each triplet, nests were randomly assigned to one of the treatments; reduced, control or enlarged. Clutches were reduced or enlarged by two
(2002: 6 out of 19 triplets; 2003: all triplets) or three eggs (2002: 13 of 19
triplets; chapter 2).
At both the beginning and end of incubation clutches were manipulated and
restored according to the same manipulation scheme. Manipulation scheme IV (Fig.
3.2) was used to exchange eggs between nests within triplets; eggs originating from
the same nest were distributed over all three treatment categories. At the same
time, parents received either a reduced, control or enlarged clutch to incubate. Eggs
were transported in warmed insulated boxes. Transport of the eggs was kept to the
minimum to reduce thermal stress (mean =17 min; range 4 – 50 min). To keep
track of the origin of the eggs, eggs were marked at the apex with a marker pen.
After turning the eggs to their original nests, nests were visited twice a day to
link hatchlings to their egg of origin. Groups of newly born hatchlings were
marked for identification by removing one or two pieces of down on their head
and the symbols on the remaining eggs were noted. If newly born hatchlings
belonged to eggs with different symbols, the hatchling could not be assigned to
the egg of origin. In 2002 and 2003, respectively, 104 out of 332 (31.3 %) and 82
out of 240 (34.2%) of the hatchlings were linked to the egg of origin. For these
nestlings the clutch size treatment during the incubation phase was known. The
developmental time of hatchlings with known egg treatment did not differ in
developmental time from the mean developmental time of that clutch (deviation
in developmental time from zero; 2002: 0.10 ± 0.74 days, n = 104, t-test: t1 =
1.39, p = 0.17; in 2003: 0.08 ± 0.56 days, n = 82, t-test: t1 = 1.37, p = 0.17).
When the oldest hatchling in the nest was 7 days old (day of hatching is 0), all
nestlings were ringed and at 14 days their body mass (gram), wing length (mm)
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General procedure
This study was conducted in a nest-box breeding population of great tits (Parus
major) in the woodlots of the Lauwersmeer, in the northern Netherlands (53º20'N,
06º12'E) in the years 2002 and 2003. From the beginning of April till July, nestboxes were checked at least once a week to establish laying date and clutch size.
From the sixth egg onwards, nests were visited daily to determine the onset of
incubation. The onset of incubation was defined as the first day on which either
the female was found incubating or the eggs were found uncovered and warm.
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and tarsus length (mm) were measured. Both body mass and wing length still
changes at that age, but tarsus length is relatively fixed (Gebhardt-Henrich and
van Noordwijk 1994). Tarsus length, therefore, provides a measure of the structural size of an individual later in life and reflects early growth conditions of the
nestling. When nestlings were 18 days old, nests were visited every day to determine fledging date and the number of fledglings. Afterwards, nests were removed
and checked for dead nestlings. The probability to recruit locally in the breeding
population was estimated on the basis of recaptures of breeding birds in the study
area in the subsequent year.
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Response variables
Effects of clutch size manipulation were analysed on both pre-hatching performance and post-hatching performance of offspring. As measure of pre-hatching performance were used development time (time between first day of incubation and
the day of hatching) and hatching probability (probability of an egg to hatch). As
measure of post-hatching performance were used body mass (in gram), and the
structural measures wing length (in mm) and tarsus length (in mm) of nestlings
that were 14 days old. Additionally, the following fitness components were used as
measure of post-hatching performance; fledging probability (probability of a hatchling to fledge) and recruitment probability (probability of a fledgling to recruit).
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Statistical analysis
In total, 43 of 57 nests manipulated in 2002, and 36 of 48 nests manipulated in
2003 were used in the analyses. The other nests were excluded from the analysis
for a variety of reasons, such as nest desertion (chapter 2) or missing values for
developmental time.
When testing effects of clutch size treatment on pre-hatching performance of
offspring, data analyses were performed using a general linear mixed-modelling
approach with a hierarchy of nested effects using the program MLwiN 2.02
(Rasbash et al. 2000). Hierarchical levels were used to avoid pseudo replication
when testing the effect of clutch size treatment on pre-hatching performance of
offspring (eggs within a nest-box cannot be considered as independent data
points). The following hierarchical levels were used (from highest to lowest level):
1) triplet, 2) nest within triplet (i.e. original nest-box with own parents) and 3)
individual egg or nestling. The following explanatory variables were used: treatment (reduced, control or enlarged), year (2002, 2003), transport (whether eggs
were transported or not), original clutch size (ranged from 6 to 12 eggs) and date
of manipulation (ranged from April date 21 to 40).
When testing effects of clutch size treatment on post-hatching performance of
offspring, preferably the interaction term between egg treatment and parental
treatment is included in the model. However, because linking hatchlings to their
egg of origin was possible in about 30% of the cases, sample size was limited and

the interaction between egg treatment and parental treatment could not be tested
reliably. Consequently, egg treatment and parental treatment were included in the
model without incorporating their interaction term. Furthermore, too few nestlings were available per nest for a proper within-clutch comparison. Therefore,
nestlings with known egg treatment were included in the analyses as independent
data points, and hence no hierarchical levels were taken into account. Given that
the age of nestlings within clutches varied at the day of measurement, age is
incorporated as a covariate in the statistical analysis on effects of egg treatment on
nestlings’ body mass and wing length. The following explanatory variables were
used: egg treatment (reduced, control or enlarged), parental treatment (reduced,
control or enlarged), year (2002, 2003) and original clutch size (ranged from 6 to
12 eggs). Each model was derived using backward elimination of possible explanatory variables and their two-way interaction terms. All tests were two-tailed: α is
0.05 was used as significance level. All values are presented as means ± SD.

RESULTS

Pre-hatching performance
Developmental time of eggs incubated in control clutches was on average 12.9 ±
1.1 days and 12.3 ± 1.3 days in 2002 and 2003, respectively (Table 3.2; Fig. 3.4).
In 2002, eggs that had been incubated in an enlarged clutch needed an additional
0.3 day to hatch relative to control; an effect that did not occur in the year 2003
(as is clear from the significant interaction term in Table 3.3, and Figure 3.4).
Developmental time declined in the course of the season in both years; this correlation was approximately significant (Table 3.3).
Hatching probability of an egg was on average 0.92 ± 0.11 (n = 79; in Table
3.2 overview per manipulation category and year), and did not depend on egg
treatment or year (Table 3.3). Also date of manipulation, transport and original
clutch size did not explain variation in hatching probability (Table 3.3).
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General
Laying date of all clutches involved in the experiment differed between the years
(χ21 = 30.7, p < 0.001); females started laying on average one week later in 2003
as compared to 2002 (2002: 18.4 ± 5.1, n = 57; 2003: 25.4 ± 3.0, n = 48 – day 1
is the first of April). Clutch sizes also differed between years (χ21 = 54.2, p <
0.001); clutches were smaller in 2003 than in 2002. Clutches contained on average
9.2 ± 1.0 eggs (n = 57) in 2002 and 7.9 ± 1.2 eggs (n = 48) in 2003. In 2002,
incubating females experienced on average lower ambient temperatures during the
incubation phase (taken as running mean over mean daily ambient temperatures
over the whole incubation period) than in 2003 (year effect, χ21 = 6.9, p < 0.01;
Fig. 3.3). Clutches were more synchronized in 2003 as compared to 2002 (Fig. 3.3).
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Figure 3.3. Running mean of ambient temperature during the incubation phase (assuming
incubation period of 12 days) in relation to April date (1 = first of April) for clutches
involved in the clutch size manipulation in the years 2002 and 2003. The area represents
the range of dates between the first and the last manipulated clutches for that year. The
bars represent the frequencies of triplets that were manipulated on the same day.

Table 3.2. Overview of offspring performance (mean ± SD) per year and per treatment
category.

reduced

2002
control

enlarged
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2003
control

enlarged

pre-hatching performance
number of nests
12
17
14
developmental time
12.8±1.1 12.9±1.1 13.2±1.2
hatching probability
0.93±0.16 0.91±0.18 0.91±0.15

10
12
14
12.1±1.2 12.3±1.3 12.2±1.3
0.93±0.17 0.95±0.16 0.94±0.13

post-hatching performance
number of individuals
20
body mass (gram)
16.4±1.8
tarsus length (mm)
19.7±0.5
wing length (mm)
32.8±0.7

16
16.4±1.8
19.9±0.6
30.2±0.8

40
16.0±1.7
19.5±0.6
32.3±0.6

30
15.6±2.4
19.2±0.8
29.0±0.9

number of individuals
23
45
36
fledging probability
0.96± 0.21 0.96±0.21 0.89±0.32
recruitment probability 0.05±0.21 0.12±0.32 0.06±0.25
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reduced

25
16.3±1.6
19.9±1.0
30.3±0.9

29
16.1±1.6
19.5±0.6
31.3±0.7

19
29
34
0.95±0.23 0.93±0.26 0.94±0.24
0.11±0.32 0.11±0.32 0.16±0.37

developmental time (days)

13.5
13.0
12.5
12.0
11.5

2002
2003

reduced

control

enlarged

clutch size manipulation

Figure 3.4. Developmental time (mean ± SE) in relation to egg treatment (i.e. the treatment that eggs received during incubation) for the years 2002 and 2003.

Table 3.3. Summaries of models that examined the within-clutch variation of pre-hatching
performance.

final model
year (A)

B±SE
2002
2003

X2

df

hatching probability
p

B±SE

X2

df

p

12.85±0.20
12.29±0.22

3.6

1 0.06

1.59 1 0.21

manipulation reduced
(B)
control
enlarged

-0.07±0.10
0
-0.03±0.08

0.57 2 0.75

0.05 2 0.97

A*B

-0.01±0.13
0
0.31±0.10

2002 * reduced
2002 * control
2002 * enlarged

rejected terms
transport
date manipulation
clutch size
random effects –levels
triplet
nest-box (Triplet)
individual egg

-0.07±0.04

0.24±0.19
1.01±0.22
0.27±0.02

11.5

2 <0.01

0.30 2 0.68

1.50 1 0.22
3.32 1 0.07
0.58 1 0.45

1.31 1 0.25
0.03 1 0.86
0.11 1 0.74

0.00±0.00
0.20±0.32
0.93±0.06

Estimates of explanatory variables are provided when they significantly affected the dependent variable.
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Post-hatching performance
Nestlings that hatched from eggs with different egg treatment differed in the
length of their tarsi in both years (χ22 = 11.0, p < 0.01, when controlled for year
and age; Fig. 3.5). In both years, nestlings hatched from eggs incubated in experimentally enlarged clutches had shorter tarsi than nestlings that hatched from eggs
incubated in control clutches (χ21 = 6.7, p < 0.01), but nestlings with the
reduced egg treatment had no longer tarsi (χ21 = 0.8, p = 0.38). Tarsus length
was longer in 2003 than in 2002 (χ21 = 4.6, p = 0.03, when controlled for egg
treatment). Parental treatment had no effect on tarsus length (χ22 = 1.5, p =
0.48; controlled for egg treatment and year).
In 2002, nestlings that hatched from eggs incubated in enlarged clutches were
lighter and smaller (wing length) than nestlings that hatched from eggs incubated
in either control or reduced clutches (Table 3.2). In this year, but not in 2003,
these nestlings were also significantly younger than the rest of the young in the
nest due to the longer developmental time (interaction term egg treatment ⋅ year;
χ22 = 9.1, p = 0.01, when controlled for egg treatment and year). Body mass and
wing length of nestlings were strongly correlated, (Pearson’s correlation: 2002;
0.70, p = 0.001, body mass = 6.7 ([SE] 1.0) + 0.3 (0.03) ⋅ wing length; 2003;
0.51, p = 0.001, body mass = 9.5 (1.4) + 0.2 (0.04) ⋅ wing length); therefore,
effects of clutch size manipulation are studied on body mass only. After correction
for age, year and their interaction (interaction term; χ22 = 3.8, p = 0.05, when
controlled for age and year), effects of egg treatment on body mass were no
longer apparent (χ22 = 0.9, p = 0.64). Parental treatment did affect body mass;
the effect approached significance (χ22 = 5.8, p = 0.06), whereby nestlings reared
by parents of the reduced treatment category were heavier than nestlings reared
by parents of both the control and enlarged treatment.

tarsus length (mm)

20.0
19.8
19.6
19.4
19.2
19.0

2002
2003
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control

enlarged

clutch size manipulation

Figure 3.5. Tarsus length (mean ± SE) in relation to egg treatment (i.e. the treatment that
eggs received during incubation) for the years 2002 and 2003.

On average over all treatment categories and the two years, the probability for
a hatchling to fledge was 0.94 ± 0.25 (n = 186), and the probability of a fledgling to recruit locally (i.e. found breeding in the same study population the subsequent year) was on average 0.10 ± 0.31 (n = 174; Table 3.2). Both fledging probability and local recruitment probability did not differ between the years (χ21 =
0.1, p = 0.86, and v = 1.0, p = 0.31, respectively). Neither egg treatment nor
parental treatment had an effect on the probability to fledge (egg treatment: χ22
= 0.8, p = 0.66; parental treatment: χ22 = 3.7, p = 0.16), or the probability to
recruit locally (egg treatment: χ22 = 0.5, p = 0.80; parental treatment: χ22 = 0.5,
p = 0.79). Recruitment probability declined with original clutch size; this correlation approached significance (B ± SE; 3.36 ± 0.19, χ21 = 3.4, p = 0.07).

DISCUSSION

Pre-hatching performance
Variation in environmental conditions, and consequently variation in the energetic
costs of incubation, may explain why developmental time was not similar for the
two years. As mentioned by previous studies, developmental time declined over
the season (see also Smith 1989), and depends on year (see also Siikamäki 1995).
These findings indicate that embryos can develop faster depending on the conditions during incubation, which are likely to be influenced by the incubation
behaviour of the female. Apparently, females can incubate more intensively or for
longer periods during the day, and thus improve developmental conditions of offspring of current clutches. Whether attending parents invest more in the current
clutch should depend on the fitness costs of incubation and on the fitness value of
the clutch. Later in the season, females are less likely to produce replacement
clutches. Also later in the season, ambient temperatures are likely to be higher. In
some years, birds may experience higher mean ambient temperatures during the
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Using manipulation scheme IV, allowed for studying effects of clutch size manipulation on pre-hatching performance using a within-clutch comparison, and hence
correct for inherited egg quality. Next, I could isolate effects of clutch size manipulation on post-hatching performance via eggs and via parents. Eggs incubated in
experimentally enlarged clutches had longer developmental time in one of the
two years, but had the same probability to hatch as eggs incubated in both
reduced and control clutches. Independent of effects on developmental time, in
both years nestlings that hatched from eggs incubated in enlarged clutches had
shorter tarsi than those that hatched from eggs incubated in control or reduced
clutches. Nevertheless, parental treatment had no effect on tarsus length. Fledging
probability and recruitment probability did not differ between nestlings with different egg treatment.
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incubation period than in other years. Since ambient temperature strongly influences the energetic demands during incubation (Biebach 1984; Bryan and Bryant
1999; Weathers et al. 2002; chapter 6 and 7), and food availability (Perrins
1970), such may explain the lower fitness costs of incubation in the year 2003.
Clutch enlargement during incubation negatively affected developmental time
in one of the two years, which suggests that these eggs experienced detrimental
developmental conditions during incubation. Detrimental conditions may occur
due to behavioural change of the female in reaction on clutch enlargement (Wiebe
and Martin 2000) or due to change in thermal properties of the clutch with clutch
enlargement (Reid et al. 2000b). A more detailed study on the physical property
of clutches in relation to the number of eggs in the clutch, like done in the study
by Reid et al. (2000b), are needed to unravel the effects via the two ways on prehatching performance.
In the same year that eggs incubated in enlarged clutches had longer developmental time than eggs in control clutches, eggs in reduced clutches had no shorter
developmental time. With clutch enlargement, the energetic costs of incubation
may increase (Moreno et al. 1991). Additionally, females incubating enlarged
clutches may be physically unable to cover all eggs and incubate them efficiently.
As a result, peripheral eggs cool even when the female is attending the clutch,
leading to fluctuating egg temperature in enlarged clutches (Reid et al. 2000b)
and hence prolonged developmental time. In both years, the average clutch size
was above the upper limit of 7 eggs that female great tits are able to cover simultaneously (Mertens 1977). These options may explain why effects on developmental time are only found with clutch enlargement, but not with clutch reduction.
The use of within-clutch comparison to study effects of clutch size manipulation on pre-hatching performance allowed for the elimination of variation in quality between parents or territories/ nests at the time of egg laying. Although clutches are assumed to be attributed randomly to a certain treatment category, variation in quality between parents or territories may obscure the data, thereby making it harder to demonstrate effects. Comparison of the results of this study relative to that of others, however, does not reveal systematic differences. Three studies manipulated clutches during incubation, but did not restore them at hatching
(Moreno and Carlson 1989; Smith 1989; Siikamäki 1995) (Fig. 3.1, B1). Thus all
eggs within a clutch received the same egg treatment, but may have belonged to
different parents. In these studies eggs incubated in enlarged clutches had longer
developmental time than eggs incubated in control clutches (Moreno and Carlson
1989; Smith 1989; Siikamäki 1995). Like in this study, Moreno and Carlson
(1989) and Siikamäki (1995) found no difference in developmental time between
eggs incubated in control or reduced clutches. Smith (1989) could not estimate
the shape of the relationship between developmental time and clutch size, since
he had either reduced or enlarged clutches. Only in the study by Engstrand and

Post-hatching performance
In both years, nestlings hatched from eggs incubated in enlarged clutches had
shorter tarsi, when corrected for variation in age and year. Difference in tarsus
length could not be explained by the treatment parents experienced during incubation. These results suggest that the effects of clutch enlargement on developmental conditions during incubation may carry-over to the nestling phase and
thus may influence structural size of the nestlings later in life. The fact that effect
on tarsus length was found in both years, while only in one year a clear effect was
expected given the prolonged developmental time implies that developmental
conditions may also affect post-hatching performance of embryos in a way other
than through developmental time.
Like in the study of Reid et al. (2000b), nestlings hatched from eggs incubated
in enlarged clutches did not suffer greater mortality during the nestling phase
than nestlings hatched from eggs incubated in either reduced or control clutch.
They also did not differ in the probability to recruit in the breeding population the
following season. Yet, nestlings from eggs incubated in enlarged clutches had
smaller tarsi. Birds with relatively larger tarsus length are found to have better
access to food, and success in obtaining breeding territory (Drent 1983), and mate
preference in males is found to be related to tarsus length (Blakey 1994,
Kempenaers et al. 1992, Verboven and Mateman 1997). Therefore, I interpret the
effect of egg treatment on tarsus length as indication that offspring with enlarged
egg treatment have reduced fitness after fledging, although I did not find such an
effect on local recruitment probability.
Parental treatment had also an effect on body mass of the nestlings, nestlings
reared by parents with reduced treatment during incubation were heaviest. This
implies that effect of clutch size manipulation on post-hatching performance not
only occur via eggs, but also via parents. Thus, parents were affected by their
treatment during incubation, when providing food to their offspring in the nestlings phase. This change in care, nevertheless, did not result in differences in
fledging or recruitment probability. These findings are consistent with that of our
previous study (chapter 2), in which the effect of the clutch size manipulation on
post-hatching performance was determine from the perspective of the parents,
and hence on the average of all nestling within the clutch.
In conclusion, the results of this study show that clutch size during incubation
affects developmental time in one of the two years, which suggests detrimental
developmental conditions during incubation. In both years, tarsus length of nest-
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Bryant (2002), in which manipulation type C (Fig. 3.1) and scheme number II
(Fig. 3.2) was used, a linear relationship between developmental time and clutch
size manipulation is found. In this case, however, effects found may possibly occur
due to taking the average performance of all nestling within the clutch, while not
all hatchlings received the same egg treatment.
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lings that hatched from eggs incubated in enlarged clutches was shorter, indicating fitness effects. Parental treatment had no effect on tarsus length, nevertheless,
the lack of linking large number of hatchlings to their egg treatment resulted in a
weakness in design. Depending on the scheme with which eggs are exchanges
between nests, effects via eggs can be concealed, while this study indicates that
these effects may be of importance in unravelling the mechanism through which
clutch size affect fitness. Furthermore, the problem of counteracting effects which
is in principle present in several studies turns out to be real and should be bared in
mind for future work. The question whether nestlings with different egg treatment
and subsequently reared by parents with different parental treatment during incubation perform differently remains unanswered in this study; the interaction term
between egg treatment and parental treatment could not be reliably tested due to
the low number of nestlings with known egg treatment. To be able to answer that
question the probability to link each nestling to the egg of hatching should be
increased, which can be done by visiting nests more frequent around hatching or
by bringing the eggs prior to hatching from the field to the laboratory and hatch
them in an incubator.
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ABSTRACT
The direction and magnitude of natural selection on reproductive traits are both of importance to understand life history variation. Here we report on an analysis of fitness variation
in relation to natural variation in laying date and clutch size from a 10 year study on a
great tit population (Parus major L.) and compare the results to experimental evidence for
selection on clutch size from earlier work in the same population. The fecundity (local
recruits per clutch) and viability (local survival of the parents from the clutch) selection on
standardized laying date and clutch size of the first clutch was estimated using linear
regression techniques. Non-linear effects of laying date and clutch size possibly leading to
stabilizing or disruptive selection were estimated, as was the effect of the interaction
between laying date and clutch size on selection. Overall, the direction of fecundity selection on laying date was negative (standardized selection gradient = -0.085), and on clutch
size positive (0.011), but these effects were not significant. There was, however, an interaction between clutch size and laying date on fecundity selection. Selection on clutch size
was positive for early birds and negative for the later birds. Such a pattern selects for a
steeper clutch size- laying date reaction norm than observed. Annual variation in the direction of fecundity selection with respect to laying date corresponded to nestling growth patterns. When young grew better earlier in the season selection on laying date favoured early
clutches. This suggests a causal role for seasonal patterns in food availability or food provisioning to the nestlings in explaining patterns in fecundity selection. For the females, viability selection on clutch size and laying date was not distinguishable from zero. For the males
viability selection on laying date differed significantly between years but overall there was
no effect. With respect to clutch size for the males there was a negative viability selection
when calculated over the whole material (standardized selection gradient -0.129). The
integration of the results of the earlier clutch and brood size experiments predicted no net
selection on clutch size, a conclusion that is consistent with the patterns in selection
described here on the basis of natural variation. However, the lack of stabilizing selection
on clutch size contrasts with the earlier results on the basis of the experimental variation
and remains unexplained.
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Measuring natural selection in action is one of the great challenges in ecology.
Ideally we should know how fitness co-varies with variation in a large number of
traits and how this co-variation is affected by the environment. Together with
knowledge on the genetic basis of variation in these traits this should enable us to
indicate how micro-evolution would proceed. Different approaches have been
taken.
Experimental changes of brood size (Perrins & Moss 1975, Nur 1986, Pettifor et
al. 1988, Gustafsson & Sutherland 1988, Tinbergen & Daan 1990, Orell et al.
1996, Both et al. 2000), clutch size (Sanz 1997, Visser & Lessells 2001, Hanssen et
al. 2005), and timing of reproduction (Verhulst & Tinbergen 1991, Nilsson &
Svensson 1993a, Brinkhof et al. 1993, Norris 1993a, Verhulst et al. 1995, Svensson
1997) have been performed to estimate fitness consequences of variation in these
traits. With such experiments small genetic changes in the trait are simulated, as it
were. The fitness consequences of these “mutations” can be interpreted as an estimate of a segment of the fitness landscape over the trait values. The strength of
such an approach is that, especially in the case of clutch or brood size manipulations it is possible to randomize parental and environmental quality over the treatments, allowing within-individual estimates of the fitness landscape. A drawback is
that some manipulations are difficult to perform, like the manipulation of the
number of eggs laid (Monaghan & Nager 1997, Visser & Lessells 2001), or imply
methods that are hard to control for in the design, like the manipulation of hatching date.
An alternative approach to estimate selection pressures acting on clutch size or
laying date is to use the phenotypic variation in the trait and quantify the fitness
effects related to the variation in these traits (Lande & Arnold 1983). This method
relies on the natural variation in the trait and consequently estimates selection in
relation to the between-individual phenotypic variation in the trait. This approach
has led to a large body of estimates on selection pressures (Kingsolver et al. 2001)
and on analyses of fitness variation in relation to clutch size and laying date
simultaneously (Sheldon et al. 2003). The approach differs from the experimental
approach because it estimates a fitness surface over all sources of variation in the
trait (individual, both environmental and genetic), while the experimental
approach strives to measure effects of individual variation in a particular trait in
isolation independent of environmental variation. The phenotypic approach on the
other hand has the advantage that it can include multiple traits relatively easily.
Neither of these approaches in itself is ideal to estimate selection in a population. The experimental approach gives an estimate of the within-individual fitness
differences in relation to the manipulated trait (Grafen 1988), but does not
account for phenotypic differences between individuals. With respect to clutch
size this can lead to the picture that each individual’s own clutch sizes maximize

fitness, but that individuals with larger clutches have higher fitness than individuals with smaller clutches (Daan et al. 1990, Tinbergen & Daan 1990). In other
words within individuals there is stabilizing selection for clutch size, but between
individuals the selection pressure on clutch size can be directional and strong (Fig.
4.1). The conclusion is that manipulation experiments may adequately estimate
selection pressure at the individual level but are not adequate to estimate selection at the population level, while the study of phenotypic variation is also not
adequate to estimate selection because it is based on phenotypic variation that
includes environmental and genetic variation. In principle the approaches can be
combined, estimating both the effects of experimental and natural variation
simultaneously but this needs big data sets. Recently, also for extensive datasets
animal models have been used to estimate selection using phenotypic trait variation (Merila et al. 2001, Kruuk et al. 2002, Sheldon et al. 2003, Postma 2005,
Brommer et al. 2005). In these models pedigree information is used to minimize
the effect of common environments within the pedigree assuming that deeper
pedigrees randomize genes better over environments. This method can generate
an estimate of the response on selection on the genotypes. In addition some types
of variation can be accounted for by statistical correction (like differences between
years).
We advocate using the different approaches in the same population to learn
more about selection in action. In this paper we concentrate on describing fitness

consequences for selection

within individuals

clutch size
Figure 4.1. Hypothetical patterns in fitness clutch size relationships. The dots indicate
clutches of three individual females that are adapted to their local circumstances. Upper
panel: Between-individuals selection is directed towards higher clutch sizes as indicated by
the long arrow. Lower panel: Within-individuals clutch size is locally adapted, selection
works towards each of the natural clutch sizes as indicated by the arrows. In this example
selection within individuals is stabilizing while selection between individuals directional.
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variation in relation to trait variation by calculating the standardized selection
using regression approach (Lande & Arnold 1983) and compare these results to
the experimental approach. We have studied fitness consequences of clutch size
variation in a great tit population using the experiments. We found strong indications for positive selection on clutch size on the basis of brood size manipulation
experiments (Tinbergen & Sanz 2004), but also evidence for negative selection on
clutch size based on experiments manipulating clutch size during the incubation
phase (de Heij et al. 2006). Taken together, on the individual level selection for
clutch size appeared to be stabilizing.
In this paper we analyze 10 years of population data to describe the patterns in
fitness variation in dependence of phenotypic variation of clutch size and laying
date simultaneously. The aim was to (1) describe the patterns of covariation
between fitness and both laying date and clutch size simultaneously, (2) see
whether we can explain variation in these patterns in terms of biological phenomena like nestling growth and condition and (3) compare the observed fitness landscape over the natural variation in trait values with the fitness landscape based on
experimental variation in the trait values.
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General
The study area comprises a young mixed forest in the Lauwersmeer area in the
northern Netherlands (planted in 1974–1975, 53°20’ N, 06°12’ E) and was
described in Tinbergen (2005). Since 1980 the area had a small number of nestboxes that were used by great tits (Parus major). From 1994 onwards, around 200
nest-boxes were available in eight plots. Nest-boxes were checked for occupation
by great tits from mid April onwards at least once a week and the number of eggs,
occurrence of incubation, and the number of young were recorded. Laying date of
the first egg was estimated from the assumption that one egg per day was laid
(Kluijver 1951). Clutch size was defined as the number of eggs incubated. We
made more frequent nest visits around the expected day of hatching. Hatch date
was taken as the date on which we recorded the first egg in the clutch to hatch. In
a number of cases hatch date was deduced from the estimated age of the offspring. Adults were captured with spring traps when the young were 7–10 days
old (day of hatching = day 0) and were ringed with individually numbered rings.
At the same occasion the young were ringed as well. Nestling mass was measured
in a sub-sample of nests when the young were 14 days old. Weekly nest checks
were continued till mid July to detect later clutches and register their success as in
the first clutches. Also the parents of these late clutches were identified. Late
clutches were assigned to the female that had been identified from a first clutch in
the same season.

Data used
We used data from 10 years (1994 to 2003) including recapture data in the subsequent year. Over this period we used a constant effort in ringing and recapture.
First clutches were defined as clutches with a laying date not more than 30 days
after the first laying date in that year. Clutch sizes below 5 and above 15 were not
included in the analysis (n = 19) and neither were clutches with unknown laying
date or clutch size (n = 35). The large clutches were excluded because they were
in a number of cases produced by more than one female, the small ones because
it was not always clear that they were complete clutches. To describe the variation
in clutch size and laying date we used all remaining first clutches (n = 1140,
Table 4.1).

year
1994
1995
1996
1997
1998
1999
2000
2001
2002
2003
overall

laying date

SD

clutch size

SD

N

26.75
26.76
33.48
30.88
18.38
22.42
19.25
31.52
17.99
26.53
25.23

3.72
4.51
6.03
5.74
6.29
5.94
4.66
4.47
5.15
5.15
7.45

10.37
9.90
9.17
9.68
9.83
8.94
9.29
8.90
9.22
8.22
9.29

1.58
1.42
2.02
1.79
1.54
1.93
1.67
1.65
1.24
1.69
1.76

93
99
101
112
103
133
123
118
119
139
1140

Sample for selection estimates
For the estimates of fecundity (in terms of recruits) and viability (in terms of
parental survival) selection gradients related to clutch size and laying date we
used a sub-sample of the first clutches of which the young were ringed or were
known to have died before fledging and where the identities of the parents were
known. We excluded pairs that had their broods enlarged or reduced (1995,
1997, 1998, Sanz & Tinbergen 1999, Tinbergen 2005) or that had their clutches
manipulated during incubation (2000, 2002 and 2003); de Heij et al. (2006). In
one year (1996) we handicapped parents (Sanz et al. 2000). These nests were
also excluded from the analysis. This subset without the manipulated pairs consisted of 682 first clutches from 512 females. We treated these clutches as independent observations. Of this subset we measured nestling mass on day 14 for
453 nests spread over all the 10 years (day 0 is hatching date of first chick).
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Table 4.1. Basic data for 1994 – 2003 on laying date (day 1 = april 1st) and clutch size of
all first clutches in the Lauwersmeerpopulation of great tits. For data selection see methods.
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The frequency distributions of laying date and clutch size were very similar
between the experimental (n = 458) and the non-experimental (n = 682) samples as judged from the comparison between the annual means and standard
deviations for both laying date and clutch size (t-test for dependent samples, all p
> 0.2, df = 9).
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Fitness estimates
We estimated fitness in relation to the traits laying date and clutch size for offspring and parents separately. For each pair we summed the number of local
recruits (fledglings recaptured as first year breeding bird in the study area) produced from first and later clutches of the female involved. In addition we registered female and male local survival (adults recaptured as breeding bird in the
study area next year). Recapture rate of adults in this population as based on
simultaneous estimates of survival and recapture rate was high (0.90, SE = 0.06,
Tinbergen & Sanz 2004). Because our aim in this paper was to estimate selection
gradients we did not use mark-recapture techniques. Because we analyze parental
survival over one year and because parents tend not to disperse (Tinbergen 2005)
the estimates of their local survival can be upgraded to estimates of real survival
by correcting for the recapture rate.
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Estimating selection
We estimated standardized selection gradients following the general approach of
Arnold and Wade (Arnold & Wade 1984a, Arnold & Wade 1984b). In detail the
procedure was as follows (Fairbairn & Preziosi 1996): Trait values of the first
clutch were standardized per year by subtracting the annual mean trait value
from the individual trait value and by dividing this difference by the annual standard deviation of the trait. In this way the variance as well as the mean of the
traits was equal between years. To estimate fecundity selection, we used the number of recruits produced by a parent in a particular year (from early and late
clutches) divided by the mean recruitment rate of that year (relative recruitment).
For viability selection we used parental local survival till next year (male or
female, dead = 0 and recaptured = 1) divided by the mean survival of that year
(relative survival). These fitness transformations result in a mean annual fitness
component of 1 for each year and facilitate comparisons of relative strength of
selection between studies.
We calculated a number of aspects of selection (Brodie et al. 1995). To describe
univariate selection on the trait values laying date and clutch size, we regressed
the relative fitness estimates on each of the standardized trait values separately.
This selection measure refers to a directional effect of selection on the trait value.
To detect stabilizing or disruptive selection we added a squared standardized trait
value term as explanatory variable to the regression.
We also calculated bivariate selection gradients (Brodie et al. 1995), partly

because standardized clutch size and laying date were correlated (r = -0.16, p <
0.001, n = 1140). This approach explains variation in relative fitness from one
trait value independently of the other (both standardized trait values entered
simultaneously as explanatory values in a multiple regression). We also included a
squared standardized trait value term to detect stabilizing or disruptive selection.
In addition, we tested for effects of the interaction between the two standardized
trait values on relative fitness, a measure for the dependence of the gradient in
selection of one trait on the value of the other trait.

Power
We calculated the power for the standardized univariate selection gradients as calculated for Tables 4.2, 4.4 and 4.5. The mean number of nests that we used was
68 per year, resulting in a power of around 0.2 (standard deviation of the coefficient = 0.7) to detect a standardized fecundity selection gradient on both laying
date and clutch size of 0.1 at p < 0.05. This is not very high. However, the power
for the selection gradient for the combined years (n = 682) was substantial:
around 0.95 to detect a selection gradient in 0.1 at p < 0.05. For the viability
selection for both sexes the power was comparable. We conclude that if selection
between years was in a consistent direction, we should be able to detect it.
Estimating the fitness landscape
In order to judge the direction of selection with respect to clutch size and laying
date, we have to integrate the fitness effects on the parents with the effect on the
offspring. In earlier work we have approached this by simplifying the fitness estimate assuming age independent survival and reproduction (Tinbergen & Sanz
2004):
λ=F+P.
(1)
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Statistics
We tested the significance of the different aspects of selection found by the linear
least square method using Poisson (fecundity selection) or logistic (viability selection) regression techniques with a similar model structure. In these analyses we
did not use relative fitness, but analysed the raw material of number of recruits
and parental survival. Full models that estimate year specific effects of standardized traits, quadratic trait effects and interactions between trait effects are very
complicated. The most complicated model had both standardized trait values,
their squares and the interaction between the standardized trait values as dependent variables. As all these variables might affect fitness differentially between
years, the interaction of the factor year with each of these explanatory variables
(df = 9) was tested. For Poisson and logistic regressions we adjusted the scale
parameter in the case of overdispersal using the Pearsons χ2 correction (Statistica
7). Tests were based on likelihood ratios.
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where λ is the rate of increase of the population, F is the annual reproduction and
P is the annual survival (see also Charnov & Krebs 1974).
To estimate F we need a correction for dispersal (Tinbergen & Daan 1990,
Tinbergen 2005). Knowing that the population increased on average with 6% per
year and that recapture probability was 0.9 (Tinbergen & Sanz 2004), and assuming that dispersal out of the study area has been equal to immigration, we can calculate the fraction of recruits that dispersed. Knowing the mean adult local survival (0.393) and the number of female recruits (0.355) per female and also
assuming that adults do not disperse (Tinbergen 2005) we can calculate that a
fraction of 0.58 of the recruits has dispersed. Using these corrections we calculated the fitness surface in the following way. We fitted a regression (Poisson for
fecundity and binominal for survival of male and female separately) on the raw
data with the explanatory variables standardized laying date and standardized
clutch size and their interaction. We calculated the fit of these regressions on the
basis of the significant effects. From these fits we calculated the lambda from (1)
using:
P = (fit female survival + fit male survival)/ (2 * recapture probability) and
F = 1.58 * (fit fecundity/ (2 * recapture probability)).

RESULTS
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Variation in clutch size and laying date
First brood mean clutch size in this population was 9.3 (SD = 1.8, n = 1140) and
laying date 25.2 (April date, SD = 7.5, n = 1140). The mean clutch size declined
significantly over the ten year study period (χ2 = 11.43, p < 0.001, Fig. 4.2A,
Table 4.1). Laying date revealed no clear trend over the years (χ2 = 1.20, p > 0.2,
Fig. 4.2B, Table 4.1).
The slope of the clutch size laying date relationship differed between years
(Fig. 4.3, ANCOVA, interaction laying date times year: χ2 = 29.6, df = 9, p <
0.001, controlled for year, n = 1140). It was negative in all but one year (2001)
with coefficients ranging from -0.21 to +0.05. The mean coefficient calculated
over all years was -0.060 and differed from 0 (one sample t-test, t = -2.83, df =
9, p < 0.05). It was of similar magnitude as the slope relating mean clutch size
and laying date between the years (r = -0.08, NS, n = 10).
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Fecundity selection on laying date and clutch size
In the univariate analysis, the linear selection gradient on standardized laying
date was negative in seven out of ten years, and significantly so in one year (one
sample t-test, df = 9, p > 0.10, Table 4.2). The differences in slopes between the
years were not significant (Poisson regression: χ2 = 12.44, df = 9, p > 0.18).
Overall, using all breeding attempts independently of the years, the gradient in
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fecundity selection approached significance: early breeding attempts tended to
have more recruits (χ2 = 3.39, df = 1, p < 0.07, n = 682). We interpret this as an
indication, albeit a weak one, for negative directional fecundity selection on laying date in this population.
The univariate selection gradient on clutch size was negative in four out of ten
years, but in no single year differed significantly from zero. Overall the gradient in
selection on standardized clutch size was weak and not significant (Table 4.2).
The non significance of the quadratic effects (Table 4.2) suggests no stabilizing or
disruptive selection on laying date or clutch size. In the bivariate analysis of the
fecundity selection we estimated the effects of laying date and clutch size simultaneously. These estimates were very similar to the univariate linear estimates given
above (Table 4.2). Again there were no years in which we detected a significant
quadratic effect of laying date or clutch size.
There was an interaction between standardized laying date and standardized
clutch size on fecundity. Whether we included or excluded the quadratic effects,
in seven out of ten years the coefficient of this interaction was negative. When we
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Figure 4.2. The mean clutch size (A) and lay date (B) in our study population over the
years (bars indicate SE).
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Figure 4.3. The relation between clutch size and laying date for 10 years with linear least
square regression lines indicated.

Table 4.2. Annual variation in fecundity selection on laying date and clutch size. The slope
estimates the linear univariate standardized selection gradient (one trait value), the bivariate slope the bivariate standardized selection gradient (fitness estimate regressed on lay
date and clutch size simultaneously), the effect of the squares of the standardized trait values on the selection gradients are estimated both in the univariate and the bivariate regression. Also the interaction between the standardised trait values in the bivariate regression
with (5) and without (6) the squares in the analysis is given.
(1) Values calculated in regression (normal distribution, identity link) with explaining variables laying date (LD) or clutch size (CS), (2) including either LD and LD2 or CS and CS2,
(3) including LD and CS, (4) including LD, CS, LD2, CS2, (5) including LD, CS, LD2, CS2 and
LD*CS, (6) including LD, CS and LD*CS. Selection gradients in bold were significant
(p<0.05) judged on the base of Poisson regressions corrected for overdispersion.
laying date
Univariate
SE
Square
(2)

year

Slope
(1)

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

-0.010
-0.080
-0.147
0.018
-0.407
-0.184
-0.348
0.001
-0.084
0.256

0.164
0.192
0.246
0.184
0.192
0.132
0.179
0.170
0.171
0.153

all

-0.085

Bivariate
SE Square
(4)

SE

Slope
(3)

SE

Inteaction
(5)

SE

-0.006
-0.173
-0.309
-0.112
0.006
0.210
-0.205
-0.081
-0.087
0.083

0.086
0.154
0.232
0.151
0.147
0.128
0.174
0.109
0.126
0.092

-0.018
-0.055
-0.139
0.002
-0.399
-0.179
-0.351
-0.017
-0.084
0.238

0.179
0.204
0.250
0.184
0.195
0.135
0.182
0.173
0.171
0.154

-0.026
-0.183
-0.338
-0.144
0.009
0.262
-0.266
-0.108
-0.091
0.069

0.088
0.154
0.231
0.150
0.145
0.131
0.177
0.108
0.126
0.092

-0.281
-0.016
0.044
0.221
-0.193
-0.472
0.070
-0.288
-0.109
-0.284

0.206
0.266
0.282
0.206
0.244
0.122
0.196
0.201
0.194
0.190

0.055 -0.022

0.039

-0.088

0.056 -0.024

0.039

-0.117 0.056

Univariate
SE
Square
(2)

SE

Slope
(3)

Bivariate
SE Square
(4)

year

Slope
(1)

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

-0.014
0.095
0.068
-0.235
0.118
0.064
0.047
0.087
-0.020
-0.180

0.165
0.194
0.248
0.185
0.194
0.133
0.181
0.171
0.173
0.154

0.104
0.055
-0.115
-0.163
0.001
-0.099
0.170
0.215
-0.022
-0.102

0.116
0.130
0.184
0.132
0.116
0.097
0.112
0.097
0.155
0.101

-0.021
0.076
0.042
-0.235
0.044
0.024
-0.020
0.090
-0.022
-0.153

0.179
0.204
0.250
0.184
0.195
0.135
0.182
0.173
0.171
0.154

all

-0.002

0.055

0.020

0.037

-0.016

0.056

SE

Inteaction
(6)

SE

0.112
0.079
-0.143
-0.177
0.014
-0.152
0.234
0.236
-0.036
-0.094

0.117
0.129
0.187
0.131
0.114
0.098
0.112
0.097
0.153
0.099

-0.190
0.013
0.060
0.269
-0.145
-0.340
-0.056
-0.124
-0.122
-0.201

0.134
0.181
0.289
0.205
0.216
0.116
0.184
0.183
0.190
0.186

0.023

0.037

-0.114 0.054
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tested the mean estimates of the coefficients for the interactions in the different
years, they suggest a trend but did not differ significantly from 0 (one sample ttest with and without quadrates: mean = -0.13, t = -1.96, p = 0.08, respectively
with quadrates mean = -0.08, t = -1.58, df = 9, p = 0.14). The interaction was,
however, significant when we excluded the year effect (Poisson regression: interaction term χ2 = 5.63, df = 1, p < 0.02, Table 4.3). This implies that fecundity
selection on clutch size differed between early laying and late laying birds (Fig.
4.4). In birds with a relatively early first clutch there was a positive selection on
clutch size, while in later birds there was negative selection for clutch size.
Table 4.3. Details on the Poisson regression showing how the number of recruits produced
per nest depended on standardized clutch size (st. clutch size) on standardized laying date
(st. lay date) and their interaction. Early in the season fecundity selection on clutch size
was positive, late in the season negative.
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estimate

SE

Wald Stat.

p

log likelihood

-0.4880
-0.0434
0.0119
-0.1346

0.0566
0.0563
0.0556
0.0497

74.382
0.595
0.046
7.325

0.000
0.441
0.830
0.007

-611.472
-611.091
-610.923
-607.439

Viability selection on laying date and clutch size
Viability selection on laying date and clutch size turned out to be similar for the
univariate calculation (standardized survival regressed on the trait value of interest) and the bivariate calculation (standardized survival regressed on both trait
values of interest, clutch size and laying date, simultaneously). We present the statistics on the bivariate selection coefficients only. The gradient in viability selection for clutch size in females did not differ from zero (one sample t-test bivariate:
annual mean = -0.076, df = 9, t = -1.761, P > 0.1, Table 4.4) nor was there a
difference for laying date (one sample t-test bivariate: annual mean = 0.0003, df
= 9, t = 0.007, p > 0.9, Table 4.4). The results for the univariate viability selection (analysis not shown) were similar. There was one significant positive quadratic effect suggesting disruptive selection on clutch size, but the interaction year
times squared clutch size was not significant. This means that we were unable to
show differences in the quadratic effects between the years. For females there is
thus little evidence for viability selection.
For males, a significant effect on the gradient in viability selection existed with
respect to clutch size (Table 4.4). Males that cared for larger clutches were less
likely to survive. This was so in eight of ten years (one sample t-test on the bivariate slopes, mean = -0.114, t = -2.30, df = 9, p < 0.05). With respect to laying
date there was no overall effect on the gradient in selection (one sample t-test on
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Figure 4.4. Fecundity selection on clutch size changes with laying date. Early in the year
there was positive selection on clutch size (top panel), late in the year negative (bottom
panel). n(early) = 227, n(intermediate) = 228, n(late) = 227.

the bivariate slopes, mean = -0.005, t = -0.059, df = 9, p > 0.9). There were two
years with a significant deviation from zero, in 1997 there was positive selection
on laying date and in 2002 it was negative (Table 4.5). The year times laying date
interaction was significant (χ2 = 19.8, df = 9, p < 0.02, controlled for year, laying date and clutch size). For the whole sample, and independently of year, there
existed a negative directional viability selection on clutch size, but not on laying
date, for male parents in this population (Table 4.5).
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Table 4.4. Annual variation in female viability selection on lay date and clutch size. The
slope estimates the linear univariate standardized selection gradient (one trait value), the
bivariate slope the bivariate standardized selection gradient (fitness estimate regressed on
lay date and clutch size simultaneously), the effect of the squares of the standardized trait
values on the selection gradients are estimated both in the univariate and the bivariate
regression. Also the interaction between the standardised trait values in the bivariate
regression with (5) and without (6) the squares in the analysis is given.
(1) calculated in regression (normal distribution, identity link) with explaining variables
laying date (LD) or clutch size (CS), (2) including either LD and LD2 or CS and CS2, 3)
including LD and CS, (4) including LD, CS, LD2, CS2, (5) including LD, CS, LD2, CS2 and
LD*CS, (6) including LD, CS and LD*CS. Selection gradients in bold were significant (p <
0.05) judged on the base of logistic regressions.
laying date
Univariate
SE
Square
(2)

year

Slope
(1)

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

-0.178
-0.058
-0.069
0.109
-0.159
0.190
-0.136
0.139
0.127
0.013

0.144
0.168
0.215
0.161
0.168
0.116
0.157
0.149
0.151
0.134

all

0.018

0.048
ns

Bivariate
SE Square
(4)

SE

Slope
(3)

0.004
0.000
-0.091
-0.066
0.081
0.211
-0.076
-0.073
0.111
0.119

0.075
0.135
0.203
0.132
0.128
0.112
0.153
0.096
0.111
0.081

-0.180
-0.011
-0.099
0.090
-0.140
0.167
-0.154
0.188
0.124
0.012

0.156
0.178
0.218
0.160
0.170
0.118
0.159
0.152
0.150
0.134

0.025

0.035
ns

0.008

0.049
ns

SE

Slope
(3)

SE

Inteaction
(5)

SE

0.025
-0.016
-0.096
-0.089
0.085
0.211
-0.070
-0.056
0.148
0.120

0.077
0.135
0.203
0.131
0.127
0.114
0.155
0.096
0.111
0.080

0.323
0.051
-0.534
-0.018
-0.233
0.061
0.043
-0.162
0.092
0.131

0.182
0.235
0.250
0.182
0.216
0.108
0.173
0.178
0.172
0.168

0.024

0.035

0.009

0.049
ns
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Univariate
SE
Square
(2)

Bivariate
SE Square
(4)

year

Slope
(1)

SE

Inteaction
(6)

SE

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

0.066
0.140
-0.136
-0.295
0.129
-0.140
-0.061
-0.201
-0.119
-0.005

0.144
0.169
0.216
0.162
0.169
0.116
0.158
0.149
0.150
0.135

-0.097
0.156
-0.019
-0.037
-0.011
0.006
-0.146
-0.040
0.282
-0.006

0.101
0.113
0.160
0.115
0.101
0.084
0.097
0.085
0.135
0.088

-0.005
0.136
-0.155
-0.289
0.103
-0.102
-0.091
-0.239
-0.116
-0.003

0.156
0.178
0.218
0.160
0.170
0.118
0.159
0.152
0.150
0.134

-0.111
0.159
-0.017
-0.033
-0.002
-0.024
-0.128
-0.061
0.306
0.009

0.103
0.113
0.164
0.115
0.100
0.086
0.098
0.086
0.135
0.087

0.207
-0.118
-0.528
-0.009
-0.235
0.065
0.128
-0.199
0.055
0.120

0.117
0.158
0.253
0.179
0.189
0.101
0.161
0.161
0.167
0.162

all

-0.066

0.048 -0.010

0.032

-0.065

0.049 -0.011

0.032

0.009

0.047

Table 4.5. Annual variation in male viability selection on laydate and clutch size. The slope
estimates the linear univariate standardized selection gradient (one trait value), the bivariate slope the bivariate standardized selection gradient (fitness estimate regressed on lay
date and clutch size simultaneously), the effect of the squares of the standardized trait values on the selection gradients are estimated both in the univariate and the bivariate regression. Also the interaction between the standardised trait values in the bivariate regression
with (5) and without (6) the squares in the analysis is given.
(1) calculated in regression (normal distribution, identity link) with explaining variables
laydate (LD) or clutch size (CS), (2) including either LD and LD2 or CS and CS2, (3)
including LD and CS, (4) including LD, CS, LD2, CS2, (5) including LD, CS, LD2, CS2 and
LD*CS, (6) including LD, CS and LD*CS. Selection gradients in bold were significant
(p<0.05) judged on the base of logistic regressions.
laying date
year

Slope
(1)

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

-0.150
0.279
-0.091
0.455
0.015
0.231
-0.148
-0.094
-0.439
0.129

all

0.030

Univariate
SE
Square
(2)

SE

Slope
(3)

-0.116
-0.061
-0.039
-0.109
-0.109
0.121
0.082
0.032
0.109
0.014

0.079
0.141
0.212
0.138
0.134
0.117
0.160
0.100
0.116
0.084

-0.206
0.336
-0.139
0.454
-0.033
0.161
-0.191
-0.110
-0.442
0.119

0.051 -0.022
ns

0.036

0.011
ns

SE

Slope
(3)

0.150
0.176
0.225
0.168
0.176
0.121
0.164
0.155
0.157
0.140

Bivariate
SE Square
(4)

SE

Inteaction
(5)

SE

-0.122
-0.038
-0.068
-0.125
-0.122
0.046
0.039
0.014
0.146
0.000

0.080
0.140
0.211
0.136
0.132
0.119
0.161
0.099
0.114
0.083

0.088
0.299
-0.253
0.019
0.032
0.060
-0.051
-0.089
0.092
-0.222

0.190
0.245
0.260
0.190
0.225
0.112
0.181
0.185
0.179
0.175

0.051 -0.025

0.036

0.026

0.051

SE

Inteaction
(6)

SE

0.162
0.185
0.227
0.167
0.177
0.123
0.165
0.157
0.155
0.139

Univariate
SE
Square
(2)

Bivariate
SE Square
(4)

year

Slope
(1)

1994
1995
1996
1997
1998
1999
2000
2001
2002
2003

-0.059
0.053
-0.227
-0.047
-0.248
-0.349
-0.187
0.059
-0.093
-0.095

0.151
0.177
0.226
0.169
0.177
0.122
0.165
0.157
0.158
0.141

0.024
-0.054
-0.138
-0.209
-0.025
0.147
-0.004
0.135
0.282
-0.115

0.106
0.119
0.168
0.120
0.106
0.088
0.102
0.088
0.141
0.092

-0.141
0.168
-0.254
-0.017
-0.254
-0.313
-0.224
0.081
-0.103
-0.082

0.162
0.185
0.227
0.167
0.177
0.123
0.165
0.157
0.155
0.139

0.058
-0.056
-0.131
-0.168
-0.032
0.145
0.013
0.154
0.305
-0.116

0.107
0.118
0.170
0.120
0.104
0.089
0.102
0.089
0.139
0.091

0.069
0.203
-0.251
0.077
0.100
-0.010
-0.056
0.041
0.053
-0.136

0.122
0.165
0.264
0.187
0.197
0.106
0.169
0.167
0.174
0.170

all

-0.129 0.050

0.007

0.034

-0.128 0.051

0.008

0.034

0.024

0.049
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Correlations between selection effects
Fecundity selection on laying date and clutch size were negatively correlated (univariate r = -0.68, p < 0.05, n = 10). This implies that in years with selection for
relatively early laying relatively large clutches were also selected. For the female’s
gradient in viability selection this correlation (between selection on laying date
and clutch size) was -0.71 (p < 0.05) and for males 0.14 (NS). Males and females
did not experience similar variation in viability selection pressures between years
(laying date r = 0.11 (univariate) and clutch size r = -0.03 (univariate, all NS).
There were no significant correlations between fecundity selection and viability
selection within males or females (all p > 0.1).

bivariate fecundity selection
gradient on laying date

Implications of nestling growth
To find a potential mechanism causing annual differences in the direction and
strength of the gradient in fecundity selection, we analyzed the available measures of nestling mass at the age of 14 days in relation to laying date. We know
that a strong correlation exists between the probability of recruitment and
nestling mass in this (J.M.Tinbergen, unpublished data) and other populations
(Garnett 1981, Perrins 1988, Tinbergen & Boerlijst 1990, Verboven & Visser 1998,
Both et al. 1999). Therefore, a relation between the nestling mass and laying date
could potentially explain the patterns in selection found. Indeed, the coefficients
relating mean body mass of the nestlings at the age of 14 days to standardized
laying date differed significantly between years (ranging from -0.62 to +0.51,
controlled for year, interaction χ2 = 25.86, df = 9, p < 0.01). In years when
nestlings from early clutches were relatively heavy, bivariate fecundity selection
also favoured early clutches more than late clutches and vice versa (p < 0.05, Fig.
4.5). This suggests that parameters associated with nestling growth provide a
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Figure 4.5. The fecundity selection gradient on laying date was related to the slope of the
regression of nestling mass on standardized lay date. In years that early young grew better
selection favoured earlier breeding and vice versa.

potential mechanism to explain patterns in the fecundity selection of laying date.
In addition to this date effect nestlings were lighter when born in larger clutches
(χ2 = 13.9, p < 0.01, slope = -0.21 g per SD in clutch size). A similar analysis
relating aspects of parental mass or condition during the early clutches to laying
date or clutch size (not shown) failed to detect any pattern in mass or condition
with date or clutch size that could explain variations in the gradient in viability
selection.

DISCUSSION

Clutch size
The finding that there was an indication for negative rather than positive selection
on clutch size is in contrast to the positive selection on clutch size that we detected in our brood size manipulations in the same population (Tinbergen & Sanz
2004). At that time the fact that enlarged broods did better led us to conclude
that an overall positive fecundity selection existed in this population. Was this difference caused by annual variation in the direction or strength of selection? From
Table 4.2 it can be seen that the fecundity selection with respect to clutch size
during the years of the brood size experiments (1995, 1997, 1998) were not very
different from the other years. This means that the effect of fecundity selection on
clutch size we estimated during the experimental years was not caused by a coincidental year effect but rather that the estimates actually differ between the
experimental and the non-experimental approach.

SELECTION ON CLUTCH SIZE AND LAYING DATE

We found no significant fecundity selection (local recruits per clutch) on laying
date (bivariate standardized selection gradient -0.088) or clutch size (bivariate
standardized selection gradient 0.011) over the whole ten year period. The estimates indicate an average to weak selection when compared to the overview of
Kingsolver et al. (2001) who showed that mean standardized selection on life history traits was around 0.08.
Viability selection (parental survival) for laying date in both females (0.008)
and males (0.011) was weak and non-significant over the whole period. Opposite
viability selection for laying date in males was detected in two out of 10 years: in
1997 late birds survived better while in 2002 early birds survived better. Both
effects were quite strong (Table 4.5). No such pattern was found for females. We
do not have a biological explanation for these date related survival effects.
For clutch size there was negative viability selection. The gradient in viability
selection for females did not differ from zero (-0.065), but for the male it was significant and negative (-0.128). Male viability selection was appreciable:
Kingsolver et al. (2001) reported that generally viability selection on both life history and morphological traits tends to be weak (< 0.1).

71

CHAPTER

4

Or was there a difference between the experimental and the non-experimental
approach because the brood size manipulations underestimate aspects of the cost
associated to clutch size? This may have been so. The birds that had naturally
large clutches could have experienced extra costs of egg laying and/or incubation
compared to the brood size-manipulated birds that have been presented with their
extra chicks “for free”. Experimental work of Visser & Lessells (2001) indicates
that egg laying may indeed be costly. The work of de Heij et al. (2006) shows that
in our study population the incubation phase can generate clutch size related fitness costs. Survival of both males and females was affected by clutch size enlargement during incubation in two out of three years and we concluded that overall
selection on clutch size in this population may very well be stabilising because of
the survival costs of incubation detected for the parents.
The negative effect of clutch size on male survival in the current analysis (Table
4.5) is consistent with this interpretation. Viability selection in females tended
also to be negatively affected by clutch size, but not significantly so. Yet we
believe that the pattern is consistent with the hypothesis that there is a cost of
incubation for them as well, also because variation in the strength of viability
selection between years corresponded to the experimental results of de Heij et al.
(2006). Female viability selection was, as in the male, weakest in the year 2003.
In that season de Heij et al. (2006) did not find viability cost to incubation in their
experiment (2003 versus 2000 and 2002, Table 4.4). We therefore conclude that
there was no strong positive selection on clutch size in this population because the
positive selection on brood size acting during the nestling phase (Tinbergen and
Sanz 2004) was counterbalanced by the negative viability selection during the
incubation phase de Heij et al. (2006).
There remains however a discrepancy between the findings with regard to selection on clutch size on the basis of natural clutch size variation (this study) and the
conclusions of the experimental work. On the basis of natural variation there was
no indication of positive fecundity selection on clutch size while on the basis of the
experimental variation there was a clear positive effect of brood size on fecundity.
Possibly, laying a large clutch, or incubating it, generates a cost during chick rearing. Because such a carry over effect was not found by de Heij et al. (2006) with
regard to effects of clutch size during incubation on the chick rearing phase, the
most likely candidate is a negative effect of egg laying on the parent’s ability to
care for the young during the nestling phase. This calls for further study.
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Laying date
Both nestling growth as a function of laying date and fecundity selection on laying date did differ between years; but consistent with the low statistical power
(see methods) selection only differed significantly from zero in one year. Yet,
because the estimated annual selection gradient correlated significantly with the
estimated slope of the mean nestling mass on laying date (Fig. 4.5), we judge the

Fitness in relation to laying date and clutch size
To discuss the fitness consequences of parental ‘choice’ of laying date and clutch
size we have to integrate the fitness effects for the parents (viability selection)
with the effects on the offspring (fecundity selection) in dependence of the standardized laying date and clutch size variation. This is essential when there is an
association of fitness components with the trait values on both fecundity and survival. To judge the fitness effects, we had to correct for dispersal, especially

SELECTION ON CLUTCH SIZE AND LAYING DATE

variation in selection as biologically meaningful. We know that in the study population, as well as in many other populations nestling body mass is a good predictor for local survival (Garnett 1981, Perrins 1988, Tinbergen & Boerlijst 1990,
Verboven & Visser 1998, Both et al. 1999). Since growth is related to the amount
of food ingested, variation in the seasonality in food availability or food provisioning of the parents may well cause the variation in fecundity selection on laying
date. In this population the nestlings are, in addition to caterpillars, fed with flying insects (Bibionidae and Tipulidae) that can be extremely abundant over relatively short periods in some years. Apart from differences in the timing of the
caterpillar peaks, these flies may have played a role in the variation in the seasonality in the food abundance. Perhaps such food peaks are not very predictable to
the parents, resulting in mistiming that impacted nestling growth and subsequent
fecundity selection on laying date. Variation of seasonal food availability relative
to the laying date of the tits may also explain the negative correlation between
fecundity selection on clutch size and laying date. Because relatively early birds
lay relatively larger clutches, in years with selection for early breeding, the large
early clutches are favoured, while in years with selection for later breeding the
late smaller clutches are favoured.
As mentioned in the previous paragraph within years laying date and clutch
size of first clutches were negatively correlated (Fig. 4.3). Selection may act via
variation in laying date or variation in clutch size or via both and for this reason
we presented both univariate and bivariate standardized selection gradients. Yet,
we failed to find evidence for consistent directional fecundity selection on laying
date or clutch size. This result is in contrast to the findings for the collared flycatcher Ficedula albicollis (Sheldon et al. 2003) where clutch size and laying date
were more strongly correlated. Bivariate analysis of selection in the flycatcher suggested that selection acted primarily via laying date only and not via clutch size, a
different pattern from what we observe in the great tit. In our population there
was, again in contrast to the collared flycatcher, an interaction between clutch
size and laying date on fecundity selection. This means that the clutch size effect
on fecundity selection depended on laying date (Fig. 4.4). In early birds there was
selection for larger clutches, while in later birds there was selection for smaller
clutches. Such a pattern would select for a steeper clutch size laying date relationship if not counterbalanced by viability selection.
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because dispersal tends to be appreciable for great tit fledglings but low for parents (Tinbergen & Daan 1990, Tinbergen 2005). Such corrections preclude adequate statistical testing of the whole fitness landscape. We therefore estimated
effects of the trait values (standardized laying date and standardized clutch size)
for the fitness components separately and calculated their fit. We subsequently
corrected the different fits for dispersal and local recapture rate and summed
them up to a fitness estimate (λ = the rate increase of the population, see methods for the details of the calculations). The results (Fig. 4.6) show that the fitness
surface over the parental laying date clutch size ‘choice’ was also affected by the

selection on clutch size
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Figure 4.6. Fitness surface over standardized laying date and clutch size (lower panel) and
resulting selection on standardized clutch size in relation to standardized laying date
(upper panel).
Lower panel: Fitness was defined as the rate of population increase λ. The curved lines are
fitness isoclines; dark grey surface colour indicates higher fitness white lower fitness. The
fat straight line is the regression of standardized clutch size on standardized laying date
based on the data points (closed dots). For relatively early breeders there was selection for
larger clutch size and for relative late breeders selection for smaller clutch sizes.
Upper panel: Date dependent selection on clutch size. The arrows indicate the direction
and relative strength of selection on clutch size in relation to standardized laying date as
deduced from the fitness surface. These patterns Indicate selection for a steeper clutch size
laying date relationship as actually found (fat line lower panel).

interaction between the two trait values. The general pattern is similar to that on
fecundity selection alone. There was a selection for larger clutch size in the early
birds and for smaller clutches in the late birds. Selection for a steeper clutch size
laying date relationship was thus confirmed when viability selection is included.
This interaction effect between laying date and clutch size on fitness is fascinating. Could nestling growth also underlie this pattern? Indeed in a simple analysis
without year effects the relation between nestling growth and clutch size differed
for early and late clutches (interaction standardized laying date with standardized
clutch size of the first clutches: χ2 = 6.42, df = 1, p < 0.05, Fig. 4.7). The negaearly laying date: mass=16.94–0.103*x

20
18
16
14
12

intermediate laying date: mass=16.87–0.234*x

mean nestling mass (g)

20
18
16
14
12

18
16
14
12
-3

-2

-1

0

1

2

3

4

standarized clutch size

Figure 4.7. The decline of mean nestling mass with standardized clutch size was stronger
later in the season. Groups were of around equal size (from early to late n = 151, 150,
152).
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tive relation between clutch size and nestling growth was less pronounced for the
early than for the late birds. Because fecundity comprises nestling number multiplied by the probability of a nestling to recruit this could generate an opposite
fecundity selection for early and late clutches. This is the case if nestling mass
related recruitment declines with clutch size in the late clutches so strongly that it
counterbalances the positive effect of clutch size. We find these patterns suggestive, and we believe that they may explain the fecundity variation with laying
date and clutch size.
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Micro evolution?
Did the detected selection lead to a micro-evolutionary change? If we assume that
there is a genetic basis for variation in clutch size and laying date (van Noordwijk
et al. 1981a, van Noordwijk et al. 1981b, Postma & van Noordwijk 2005b), we
would expect a response to selection. To verify this, we compared the direction of
selection with the trends over time in our population (Fig. 4.2). We found both a
weak indication for negative selection on clutch size due to selection on the male
viability fitness component and a decline of clutch sizes over the period of observation. The expected response to selection (R = h2.s), assuming the heritability of
clutch size to be 0.4 (van Noordwijk et al. 1981a) and calculating the selection
differential on basis of the regression of λ (for calculation of λ see methods) on
standardized clutch size (coefficient = -0.021 units per SD in clutch size) amounts
to -0.004 eggs per generation, very weak and not strong enough to explain the
observed trend (around -2 eggs in 10 year). Possibly an increase in population
size caused this decline in clutch size (unpublished data). Consistent with our
finding that there was no detectable selection on laying date, we did not detect a
trend in the mean annual laying dates of the population either. This contrasts to
the pattern that great tits in another area in the Netherlands did breed earlier
which has been attributed to global warming (Visser et al. 2004, Visser et al.
2006), but our ten year study offers limited power in this respect.
Furthermore we detected selection on the steepness of the reaction norm of
clutch size on laying date. For this reaction norm there is evidence for a genetic
component (Nussey et al. 2005, Brommer et al. 2005). Thus we might expect a
trend towards steeper slopes in the standardized clutch size laying date relationship over the years. The opposite was the case (regression of annual clutch size
laying date slopes on year: slope = -0.045, χ2 = 10.81, p = 0.001). There is clearly scope for other ecological factors to explain these patterns.
Whether or not an evolutionary response is expected depends on how the
genetic make up of individuals is related to their actual clutch size laying date
decisions. In this population the direction of selection on clutch size differed for
relatively early and late breeding attempts and also seasonal differences existed in
whether it was favoured or panellized to be relatively early. Individual variation in
laying date may therefore generate opposite selection on clutch size in different

breeding seasons. This, in combination with influx of birds from elsewhere, may
slow down the process of adaptation and prevent local adaptation. In addition,
the direction of selection may vary on a small spatial scale (Garant et al. 2005,
Postma & van Noordwijk 2005a) making it even harder to detect a response.
It is surprising that we did not find more indications for stabilizing selection.
We expect the current patterns in clutch size and laying date to be held in place
through stabilizing selection. We find no net selection on overall laying date and
hardly on clutch size, but a selection pressure for the combination of these two
traits: early in the season selection for large and late in the season selection for
small clutches. The calculations give no clue in how the current pattern in clutch
size and laying date is maintained. Perhaps this is because individuals after all do
differ in their “personal” ecological circumstances. We need more combined information about fitness estimates, genetic background and ecological circumstances
the birds actually experience to solve this problem of the apparent absence of stabilizing selection.
Concluding we can say that this study revealed intriguing patterns in selection
gradients with respect to clutch size and laying date. We found that selection on
clutch size and laying date was not independent. Early in the season breeding
attempts with larger clutches were selected for while later in the season the opposite was the case. The results of earlier experiments manipulating brood size during the nestling phase and later clutch size during the incubation phase and registering fitness consequences are consistent with the view that there is stabilising
selection on clutch size in this population. That we did not detect stabilizing selection on clutch size and laying date on the basis of natural variation in these traits
remains a puzzling but fascinating discrepancy with the findings of the brood and
clutch size manipulations.
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Great tits with thin nests delay the onset of
full incubation
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ABSTRACT
Birds not only vary their laying dates but are also flexible in their onset of incubation relative to the laying date. Two hypotheses have been formulated to explain this variation in
the onset of incubation; birds may delay the onset of full incubation because 1) they are
confronted with high energetic costs of early reproduction or 2) they may delay to synchronise hatch date of the offspring with the food peak in order to maximise fitness. In this
paper, we report on the delay in onset of full incubation after clutch completion in relation
to nest insulation. We measured the onset of full incubation, laying date, clutch size and
nest thickness in 109 clutches of great tits Parus major (L.) in two breeding seasons (2002
and 2003). For a smaller sample, we determine the relationship between nest thickness and
nest insulation. To study possible fitness-related consequences of the delay in onset of full
incubation, we measured hatching probability and fledging mass of offspring. The delay in
the onset of full incubation was negatively related to nest thickness, clutch size and laying
date. Hatching probability was positively related to nest thickness and negatively related to
the delay in onset of full incubation. We found no positive effect of incubation delay on
nestling growth. The relationships reported in this study are consistent with the idea that
delays in the onset of incubation are associated with energetic stress during early reproduction. This means that aspects of the cost of reproduction in the early phase matter to
explain the delay in onset of full incubation.
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In birds, natural selection is thought to favour those parents that manage to have
their nestlings coincide with the peak in food availability (Lack 1968; van
Noordwijk et al. 1995) or slightly before (Daan & Tinbergen 1997). Since, in a
seasonal environment, food peaks during a short period of time in the year, parents have to carefully time laying of the first egg (Perrins 1970; Perrins &
McCleery 1989; Verhulst & Tinbergen 1991; Allander & Bennett 1995). Being too
early in relation to the food peak may, for instance, lead to high investment for
parents given low food availability (Daan et al. 1991), while being too late
reduces the option for parents to initiate a second breeding attempt or to have sufficient time for moult (Nilsson & Svensson 1993b). Variation in the timing of
breeding may, therefore, result in variation in reproductive success (Perrins 1970;
Perrins & McCleery 1989; Verhulst & Tinbergen 1991; Allander & Bennett 1995).
Once egg laying has started, the breeding schedule (egg laying, incubation and
nestling phase) is relatively fixed in time. Still, birds have some flexibility; they are
free to decide when to initiate the onset of full incubation. Most species initiate
incubation when laying the penultimate egg or even earlier, while others delay the
onset of full incubation until completion of the clutch (Hébert 2002). Initiating
incubation with clutch completion has as effect that embryonic development
starts at the same time, and thus that eggs hatch simultaneously. In the light of
the above, it is interesting that recent studies report that some birds delay incubation not only till clutch completion, but even till one or even more days after it.
These studies either looked at blue tits Parus caeruleus L. (Nilsson 1994) or great
tits Parus major L. (Monros et al. 1998; Cresswell & McCleery 2003; Naef-Daenzer
et al. 2004).
Two not mutually exclusive hypotheses have been formulated to explain this
phenomenon. The hypothesis most commonly mentioned is that birds delay the
onset of full incubation in reaction to variation in environmental conditions.
Temperature variation after the first egg has been laid may delay or accelerate the
food peak, resulting in either an increase or a decrease in the period between the
laying of the first egg and hatching of the eggs. This may cause a mismatch
between hatch date and food peak (Visser et al. 1998; Cresswell & McCleery
2003). The delay can be a behavioural reaction to synchronise hatch date of the
offspring with the food peak (Cresswell & McCleery 2003). The other hypothesis
is that birds delay the onset of incubation due to energetic costs of reproduction
(Nilsson 1994); delays could be either the result of costs related to the preceding
period (i.e. egg laying phase) or a reaction to the expected expenditure during the
following period (i.e. incubation phase), assuming that gaps during the incubation
period will be more detrimental to developing embryos once full incubation has
been initiated. During early reproduction (egg laying and incubation), birds are
confronted with high energetic costs due to low and unpredictable ambient tem-

peratures (Ward 1996; Bryan & Bryant 1999; Stevenson & Bryant 2000; Weathers
et al. 2002; Vézina & Williams 2002; chapter 6 and 7). Moreover, food availability
is thought to be limited so that it may be difficult to balance energy expenditure.
These hypotheses are referred to as the “strategic hypothesis” and the “constraint
hypothesis”, respectively (Cresswell & McCleery 2003; Naef-Daenzer et al. 2004).
The first hypothesis concentrate on either the benefits of synchronisation with the
food peak, while the second hypothesis concentrate on the costs during early incubation. The timing of the onset of incubation represent a decision of the parent
that aims to maximise fitness, and thus the optimal solution should both include
constraints and the strategic decisions. Therefore, the outcome of the cost benefit
analysis of the delay of incubation should both include early costs and late benefits of the timing of the onset of full incubation.
In this paper, we report on the phenomenon of delays in onset of full incubation in a population of nest-box breeding great tits in the Netherlands. Within the
framework of a long-term study on the importance of selection on clutch size during the incubation phase for clutch size decisions (chapter 2), we intensively studied the incubation phase. We found interesting correlations between delays in the
onset of full incubation in relation to nest thickness. We show that nest thickness
is a good determinant of nest insulation and thus energetic costs of incubation. To
study possible fitness-related consequences of the delay in onset of full incubation,
we measured hatching probability and fledging mass. The latter is a good determinant of post-fledging survival (Naef-Daenzer et al. 2001) and of recruitment into
the breeding population (Tinbergen & Boerlijst 1990; Verboven & Visser 1998;
Both et al. 1999). We found that birds with thin nests delayed the onset of full
incubation longer and that their eggs had a lower hatching probability. Offspring
of the delayed clutches did not differ in condition. This is consistent with the idea
that the energetic costs of incubation matter in the decision when to start full
incubation.

Study population
We conducted this study in the woodlots of the Lauwersmeer, a lake area in the
north of the Netherlands (53º20’ N - 6º12’ E) during the breeding seasons of 2002
and 2003. The Lauwersmeer area was reclaimed in 1969 from the former Wadden
Sea. Woodlots were planted starting from 1971 and consist mainly of mixed,
deciduous trees of Populus sp., Betula sp., Alnus sp. and Quercus sp.. From 1980 till
1993 80 nest-boxes were present in part of the study area and from 1994 onwards
it contained around 200 nest-boxes (for a map of the area see Tinbergen 2005).
In great tits, the female incubates the eggs; the male may assist by feeding her.
After eggs hatch, both parents invest in feeding the chicks. In the study population
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of great tits, clutches contained on average 9.3 ± 1.8 eggs (n = 1140; 19942003). Part of the females (9-51%; 1994-2003) produced a second clutch after
successfully raising a first clutch.
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Onset of full incubation
To establish the timing and intensity of breeding, we checked nest-boxes at least
once a week from the beginning of April till the end of June. We determined laying date by counting back from the day of observation, assuming that one egg was
laid per day. From the sixth egg onwards, we visited nest-boxes daily to estimate
the onset of full incubation. We defined the onset of full incubation as the day on
which either the female was found incubating or the eggs were found uncovered
and warm. We defined the delay in onset of full incubation as the number of days
between clutch completion and the onset of full incubation. After the initiation of
incubation, we assumed females to fully incubate throughout the day intermittent
with short periods away from the nests for foraging (we refer to this as the period
of full incubation [days]). We defined the total period of incubation as the number
of days between clutch completion and hatching of the eggs.
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Nest measures and nest insulation
We measured dimensions of the nest once during the incubation period; we performed this measurement on a random day in 2002, and between day 8 and 10 of
incubation in 2003 (day 1 is the day when full incubation was initiated). We
measured with the use of a knitting needle both the height of the nest rim and the
thickness of the nest cup. We defined the height of the nest rim (Nrim; in mm) as
the distance between the top of the nest and the bottom of the nest; we used the
average value of four measurements, one in each corner of the nest. We measured
the thickness of the nest cup (Ncup; mm) once in the centre of the nest cup. During
the measurements, we stored the eggs in an insulated box.
To determine whether nest thickness is a reliable measure of nest insulation, we
measured nest insulation for 14 nests in 2003. To standardise the measurements,
we took these nests from the field to a nearby laboratory. Meanwhile, we gave
birds a replacement nest. We determined the insulation of nests by measuring the
cooling curve of a heated plaster hemisphere, which we placed in a standard nestbox. The heat loss measured resembles the heat loss through the nest during contact incubation, and not the heat loss of eggs during the absence of the incubating
female. We placed the plaster hemisphere inside the nest cup, after we heated it to
about 40°C (body temperature of a female is between 39 and 42°C; Prinzinger,
Pressmar & Schleucher 1991), and subsequently we covered it with insulating
material for standardisation of the measurements. We measured the decline in
temperature of the plaster hemisphere with a temperature probe inside the plaster
hemisphere. Ambient temperature was measured with a temperature probe in the
wall of the nest box. As measure of insulation, we used the slope of the natural

logarithm of the cooling curves (temperature of hemisphere minus ambient temperature) over time (which we refer to as the cooling coefficient β in s-1).
To additionally determine whether difference in nest thickness really matters
for the energy expenditure of an incubating female, we calculated the difference
in heat transfer for females with different nest insulation (different cooling
curves) at several ambient temperatures. We calculated the costs of keeping the
nest at a certain temperature (E [J s-1] using Newton’s law of cooling:
E = β⋅C⋅(Tnest –Ta), whereby C is the heat capacity of the plaster hemisphere
(J/˚C), Ta is the ambient temperature (˚C) and Tnest is the temperature in the
nest (˚C). We assumed incubation temperature to be 35°C (Haftorn & Reinertsen
1985).
Ambient temperature
At a central location in the study area, a temperature sensor (Tinytalk II, Gemini
Data Loggers, INTAB Benelux) recorded ambient temperatures (ºC) at 10 min
interval at a height comparable to that of the nest-boxes. We calculated mean,
minimum and maximum ambient temperature per day.

Statistical analysis
We used in total 109 first clutches (2002, n = 28; 2003, n = 81) in the analyses.
We excluded those clutches from the analyses that were deserted during incubation, that contained one or more eggs of blue tits or that had abnormal larges
clutches (>15; such a clutch size is presumably a combination of two clutches).
Although, the occupation of the nest-boxes was similar in the two years, sample
size was smaller for the year 2002. In that year, we did not measure the nests
dimensions of clutches that were involved in an experiment (chapter 2; n = 63)
to minimize handling of the eggs in these clutches. In 2003, we did measure the
nest dimensions of the experimental clutches to ensure larger sample size.
We used multiple regression analyses to determine whether delays in the onset
of full incubation varied with nest thickness, clutch size, laying date and year.
Subsequently, we analysed whether hatching probability and fledging weight were
correlated with delays in onset of full incubation, nest thickness, clutch size, laying date and year. For the analysis on hatching probability, we performed binomial
analysis with the use of program MLwiN (version 2.02; Rasbash et al. 2000). For
the analysis concerning the delay in onset of full incubation, we included all
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Fitness approximations
Around the expected hatch date – we assumed a minimal incubation period of 12
days – we visited nests daily to determine the number of hatchlings. Hatching
probability was determined as the number of hatchings divided by the number of
eggs laid. To approximate fledging mass, we measured mass of nestlings on day
14 (day of hatching is 0).
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clutches. In all other analyses, we excluded the experimental clutches (n = 38)
because the manipulation may have affected the response variables other than
delay. Sample size varied per analysis due to missing values in the data; they are
reported in the text. All values presented concern means ± SD, unless stated
otherwise.

RESULTS
General
Incubation started on average one week earlier in 2002 than in 2003 (2002: 18.1
± 4.0 days; 2003: 26.8 ± 4.9 days starting with the first of April as day 1; year:
F1,108 = 8.1, p = 0.005). In 2003, clutches were also one egg smaller then in
2002 (2002: 9.1 ± 1.4; 2003: 8.1 ± 1.6; year: F1,108 = 69.7, p < 0.001). Clutch
size is negatively correlated to laying date (t1,107 = -3.3, p < 0.001). Minimum
daily ambient temperature (Ta_min) was strongly correlated with date of the season in both years (Pearson’s correlation: 2002; 0.60, p = 0.01, Ta_min = 0.89
([SE]1.45) + 0.25 (0.08) ⋅ April date; 2003; 0.65, p = 0.01, Ta_min = 1.57 (1.20)
+ 0.20 (0.05) ⋅ April date).
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Nest dimensions and nest insulation
Nests had an average rim height of 60.6 ± 15.5 mm in 2002, and 51.5 ± 11.7
mm in 2003, and an average cup thickness of 15.8 ± 12.1 mm in 2002, and 11.2
± 9.4 mm in 2003. The height of the nest rim (Nrim) and the thickness of the nest
cup (Ncup) were strongly correlated (R2 = 0.77). In further analyses, the thickness
of the nest cup was used. Variation in nest cup thickness was neither explained by
clutch size (t1,108 = -0.02, n.s.), nor by laying date (t1,108 = 0.06, n.s.), but nests
were thicker in 2002 than in 2003 (t1,108 = -2.0, p = 0.04).
The cooling constant β decreased with the thickness of the nest cup. This indicates that thicker nests cooled more slowly, and thus that they were better insulated than thinner nests (β x 103 [s-1] = –1.2718 + 0.1731⋅ ln(Ncup [mm]); R2 =
0.33, F1,12 = 5.82, p < 0.05; Fig. 5.1A). Calculations on the costs of keeping nests
at a certain temperature (Fig. 5.1B), and thus on the energetic costs of incubation,
revealed that energetic costs are higher for birds with thinner nests than for those
with thicker nests. Additionally, the energetic costs depended on ambient temperature, but females with thicker nests were less affected by ambient temperatures
than those with thicker nests (Fig. 5.1B).
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Delay in onset of full incubation
The onset of full incubation relative to the laying date of their last egg differed
strongly between individuals. Some females started incubating before laying the
third last egg, while others waited up to 8 days after clutch completion before ini-
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tiating full incubation (Fig. 5.2). On average, females initiated full incubation 0.8
± 1.6 days and 1.0 ± 2.3 days after clutch completion in 2002 and 2003, respectively. Incubation delay was negatively related to thickness of the nest cup, after
corrected for variation in laying date and clutch size (Table 5.1). Females with
smaller clutches, and females that started egg laying early in the season had
greater delays in the onset of full incubation (Table 5.1).
Consequences of delay in onset of full incubation
Due to the delay in onset of full incubation the total incubation period was longer
((total incubation period [days]) = 13.5 + 0.82 ⋅ (delay in onset of full incubation [days]); F1,69 = 71.7, p < 0.001). The period of full incubation decreased
with increasing delay in onset of full incubation; this correlation was approximately significant (F1,69 = 3.5, p = 0.07). After exclusion of one outlying point, the
period of full incubation decreased with increasing delay in onset of full incuba-
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Figure 5.1. A) The cooling coefficient as function of the thickness of the nest cup. B)
Warmth transfer against thickness of the nest cup, as measure of nest insulation. Lines represent the energy expenditure of an incubating female that keeps her eggs at 35˚C with different nest thickness and at several ambient temperatures (Ta). Reference lines (horizontal
lines) are included in the figure to show energy expenditure in relation to basal metabolic
rate (BMR).
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Figure 5.2. Frequency distribution of delay in onset of full incubation for the two years.

Table 5.1. General Linear Model of delay in onset of full incubation (days, dependent variable) in relation to clutch size, laying date and thickness of the nest cup.

β ± SE
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Intercept
Clutch size
Laying date
Thickness nest cup
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10.0 ± 1.4
-0.6 ± 0.1
-0.15 ± 0.03
-0.05 ± 0.02

F1,105

p

50.9
24.5
25.2
8.5

<0.001
<0.001
<0.001
0.004

tion analyses ((period of full incubation [days]) = 13.3 - 0.19 ⋅ (delay in onset of
full incubation [days]): F1,68 = 7.6, p = 0.01). The outlying female incubated
very irregularly for several days and had an extremely long total period of incubation. Still six of her ten eggs hatched and four young fledged.
Hatching probability did not differ between the two years (year: χ21,68 = 1.2, p
= 0.27). On average 90 ± 13 % (n = 27) and 87 ± 14 % (n = 43) of the eggs
hatched in 2002 and 2003, respectively. Hatching probability decreased when
females had a longer delay in the onset of full incubation (β ± SE; -0.16 ± 0.07;
χ21,68 = 7.6, p = 0.01; Fig. 5.3), and increased with nest thickness (Ncup; 0.03 ±
0.02; χ21,68 = 5.8, p = 0.02). Fledging mass neither differed between year (year
effect: F1,65 = 0.71, p = 0.40), nor was it related to the number of fledglings in
the nest (F1,65 = 0.25, p = 0.62). The delay in onset of full incubation did not
explain any variation in fledging mass, when variation in laying date was taken
into account (residual delay in onset with laying date: F1,64 = 0.65, p = 0.42; Fig.
5.4).
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Figure 5.3. Hatching probability (number of hatchlings divided by number of eggs in the
clutch) in relation to delay in onset of full incubation for the two years; 2002 and 2003.
Grey line is regression line through all points.
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DISCUSSION
Females with thinner nests had longer delays in the onset of full incubation.
Hatching probability increased with nest thickness, and declined with delay in
onset of full incubation. Following the analysis by Naef-Daenser (2004), we did
not find that fledging mass was correlated with the delay in onset of full incubation, when corrected for laying date. These results imply that in our study in con-
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Figure 5.4. Average fledging mass per nest in relation to residual delay in onset of full
incubation on laying date for the two years; 2002 and 2003.
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trast to the findings of Naef-Daenser the delay in onset of full incubation did not
result in benefits in terms of increased fledging mass.
The relationships that we found in this study are consistent with the idea that
the delay in onset of incubation is associated with energetic stress during early
reproduction. Birds with thinner nests had greater delays than birds with thicker
nests. Nest thickness was found to be a good indicator of nest insulation, which
has previously also been reported for penduline tits Remiz pendulines (Szentirmai
et al. 2005) and blackbirds Turdus merula (Møller 1990). Better insulated nests
reduce energetic costs of incubation (chapter 6) and cooling rates of eggs in the
absence of the incubating bird (Reid et al. 1999; Reid et al. 2002b; Szentirmai et
al. 2005). Therefore, thicker nests may allow for longer periods away from the
nest and for a reduction of energy requirement, when rewarming the clutch upon
return (Reid et al. 1999; Cresswell et al. 2003). Additionally, better nest insulation
makes incubating females less vulnerable to unfavourable environmental conditions (Hansell 2000). We would not expect delays in onset of full incubation and
nest thickness to be negatively related if birds would delay the onset of full incubation to only synchronise the hatching date with the food peak.
Birds with smaller clutch sizes had longer delays. Clutch size likely represents
differences in quality between females or in territories females are living in. This
implies that females laying smaller clutches experienced either higher costs or
lower benefits of reproduction. During early reproduction (both egg laying and
incubation), birds are confronted with high energetic expenditures (Ward 1996;
Bryan & Bryant 1999; Stevenson & Bryant 2000; Engstrand et al. 2002; Vézina &
Williams 2002; chapter 7), which are equivalent to that of a female provisioning
food to their nestlings (Williams 1996; Ward 1996; Tinbergen & Williams 2002).
Energy expenditure during early reproduction is relatively high due to low ambient temperatures (Bryan & Bryant 1999; Weathers et al. 2002), and limited food
availability to balance the expenditures. Birds with smaller clutches were likely
unable to continue laying or to initiate the onset of full incubation.
Delays were negatively correlated with laying date. Since ambient temperature
and food availability increases with time during the season (Perrins 1970),
females that started laying late in the season will be less likely to be energetically
constrained. In line with this idea, experiments in which birds receive supplementary feeding show that birds receiving additional food have an earlier onset of laying (Nilsson & Svensson 1993b), a reduction of laying gaps (Nilsson & Svensson
1993a) or an earlier onset of incubation (Nilsson & Svensson 1993b). In another
experiment by Nilsson (1994), females blue tits that were manipulated to lay
early in a season had greater delays in the onset of incubation than the unmanipulated females who bred later in the season. The explanation that the negative correlation between delays in onset of full incubation and laying date occurs due to
energetic stress early in the season is very plausible, though it is not conclusive.
This negative correlation can also be explained by the fact that birds may time

reproduction better later in the season, because environmental conditions such as
ambient temperature are likely to become more predictable later in the season
(Perrins 1970).
The delays in onset of full incubation were negatively correlated with breeding
parameters. This suggests that there are costs to the delays in onset of full incubation. Birds with greater delays in onset of the incubation had a longer total period
of incubation. Such prolongation of the incubation period may have negative consequences, since the probability of nest predation may increase with an increasing
reproductive period (Bosque & Bosque 1995; Tombre & Erikstad 1996) or due to
detrimental effects on developing embryos (Vleck et al. 1980; chapter 3). Moreover, birds with greater delays had lower hatching probability, like previously
found by Naef-Daenzer et al. (2004). In contrast to the study by Naef-Daenzer et
al. (2004), we did not find that due to the delays nestlings were heavier. This suggests that in our study, nestlings of clutches in which females delay the onset of
incubation did not have more food as a result of the delay. In case of the strategic
hypothesis, we would have expected to find an advantage of delays in onset of
incubation, which we did not found.
Although the two hypotheses are not mutually exclusive, the most likely explanation of our findings is that the energetic costs of incubation plays a role in
determining the decision to initiate the onset of full incubation. The correlation
between delay and nest thickness suggest an important role of nest traits in reducing the energetic costs. Nevertheless, since we rely on correlations, there are alternative explanations possible for our findings: variation in nest thickness may be
correlated to variation in either the quality of the environment (i.e. territories)
birds live in or the quality of parents in association to the delay in onset of full
incubation. An experiment manipulating nest insulation is therefore needed. Such
experiments may help to raise our understanding of the breeding biology in birds.
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Metabolic rate of nocturnal incubation in female great
tits Parus major in relation to clutch size measured
in the natural environment
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& Joost M. Tinbergen
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ABSTRACT
To study clutch size related energetic costs of incubation, clutch sizes were experimentally
manipulated and metabolic rate of female great tits Parus major (L.) during nocturnal incubation (MRinc) was measured with the use of mobile oxygen analysers. Each individual was
repeatedly measured, while incubating either reduced, control or enlarged clutches. In contrast to most previous studies, the experiment was performed in the field to put possible
effects of the clutch size manipulation in perspective to other factors explaining variation in
MRinc. Females spent on average 0.65 ± 0.09 J s-1 during first clutches in 2004 and 0.55 ±
0.07 J s-1 during second clutches in 2001 at mean ambient temperatures of 9.3 ± 2.4 ˚C,
and 14.5 ± 2.4 ˚C, respectively. Females spent energy at a higher rate when incubating
enlarged clutches (6 - 10%; three additional eggs), but did not spend significantly less
energy when incubating reduced clutches as compared to controls. The effect of clutch size
on MRinc was relatively small compared to that of ambient temperature, which explained
most of the variation in MRinc (43 - 49% per 10 ˚C). Nest thickness and year (or breeding
attempt) explained an additional part of the variation. MRinc exceeded that of basal or
metabolic rate of non-incubating birds (2.0 times BMR, and 1.2 – 1.6 times MR8˚C, respectively). Comparison between species reveals that MRinc is relatively high for smaller bird
species, which can be explained by the energetic costs of thermoregulation. The incubation
phase may be a demanding period due to its timing in the season.
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INTRODUCTION

94

In birds, the peak of energy demand has long been thought to occur during the
nestling phase when parents need to provision their offspring with food, which
lead to the idea that selection on clutch size would take place during this phase
(Daan et al. 1990; Drent and Daan 1980; Lack 1947; Walsberg 1983). This stimulated a wide range of studies on limits to parental care during the nestling phase
(Dijkstra et al. 1990; Lindén and Møller 1989; Vanderwerf 1992), but energetic
demands during other reproductive phases have long been ignored (Monaghan
and Nager 1997; Williams 1996).
During the incubation phase, avian eggs need external heat provisioning, regular turning and favourable humidity for proper embryonic development (Deeming
2002); this care is often provided by one or both of the parents. The energetic
costs of providing heat to the eggs by the parent bird, called contact incubation,
have long been subject of debate. The prevailing view, which was mainly based on
biophysical models, has been that contact incubation was not energetically costly
(King 1973; Walsberg and King 1978). King (1973) argued that the heat needed
for incubation was provided by basal heat production, and that contact incubation
would not require additional energy. In line with this view, Walsberg and King
(1978) constructed a model that predicted energy expenditure during contact incubation to be greatly reduced by the insulation of the nest. Models by Kendeigh
(1963) and Mertens (1977) had a different prediction, namely that energy expenditure of an incubating bird exceeds that of a non-incubating bird. Despite the empirical evidence provided by Biebach (1981), these models received little attention.
Accumulating data show, however, that the metabolic rate (energy spent per
time unit) of an incubating female is higher than that of a non-incubating female
at rest (Thomson et al. 1998; Tinbergen and Williams 2002; Williams 1996), at
least when ambient temperatures are below thermoneutrality (temperatures at
which individuals do not produce extra heat to maintain homoiothermy). At temperate latitudes, incubation generally takes place early in spring when ambient
temperatures are below thermoneutrality, and thus well below temperatures
favourable for embryonic development (Webb 1987). Moreover, the lower critical
temperature, the lower boundary of the thermal neutral zone, is higher for incubating birds as compared to non-incubating individuals (Haftorn and Reinertsen
1985) These factors all suggest that contact incubation may be demanding for the
attending parent.
To be of importance for selection on clutch size, the energetic costs of incubation need to be clutch size related. Under natural conditions, confounding effects
may mask clutch size related costs and, therefore, such costs need to be studied by
experimentally altering clutch sizes and measuring the consequences in terms of
energy expenditure. These measurements are preferably determined in free-living
individuals under field conditions to enable putting possible effects of clutch size

METHODS
Study population
This study was conducted in a population of nest-box breeding great tits Parus
major in the woodlots of the Lauwersmeer, in the north of the Netherlands
(53º20'N, 06º12'E). Since 1994, about 200 nest-boxes were available in 8 woodlots of different size (6 -106 ha) interspersed with non-breeding habitat. For
details and a map of the area see Tinbergen (2005).
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variation in perspective to other factors influencing the energy expenditure of
incubating birds. Moreover, environmental conditions are generally fluctuating
and unpredictable, and possibly influence the energy expenditure of free living
individuals (Pendlebury et al. 2004). The energy expenditure during contact incubation can best be studied by use of respirometry given the accuracy of the measurements. Respirometry, nevertheless, requires air to be drawn from a closed system in which an individual is present, limiting this technique to long periods of
relatively inactivity. Therefore, this technique can best be applied at night, when
the parent is continuously present on the nest. Although several studies have
measured the metabolic rate during nocturnal incubation in relation to clutch size
(Biebach 1981; Biebach 1984; Haftorn and Reinertsen 1985; Weathers 1985),
most of these studies did not use this technique under field conditions probably
for logistic reasons (but see Haftorn and Reinertsen 1985).
To study the clutch size related energetic costs of contact incubation in freeliving female great tits Parus major – a species with uniparental incubation – we
manipulated clutch size and measured the metabolic rate during nocturnal incubation (MRinc, J s-1) using mobile oxygen analysers. In this way we combined the
precision of respirometry with the natural conditions experienced by the incubating birds. By repeatedly measuring the same individual in the course of a clutch
size manipulation we aimed at establishing the causal relation between clutch size
and nocturnal energy expenditure. During the measurements, the incubating birds
experienced a wide range of ambient temperatures through natural variation,
which enabled us to estimate the temperature dependence of nocturnal energy
expenditure as well. We measured both during first and second clutches to
increase the range of ambient temperatures. Additionally, we measured nest thickness (as indicator of nest insulation Szentirmai et al. 2005; chapter 5) and body
mass to possibly explain extra variation in the metabolic rate of nocturnal incubation. We compared the measured MRinc with both calculated values of basal metabolic rate (BMR) and that of metabolic rate at rest measured at the same temperatures as during incubation (MR) to quantify the energetic costs of incubation. We
also used these measures to compare the energetic costs of incubation for great
tits with that of other species.
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In this study population of great tits, clutches contained on average 9.3 eggs ±
1.8 (n = 1140; 1994-2003). Part of the females (9-51%; 1994-2003) produced a
second clutch after successfully rearing a first clutch. During laying of the first
clutches a female increases the fraction of the night spent incubating with each
egg laid; full incubation starts after clutch completion (Haftorn 1988; pers. obs.).
During late clutches, the female generally initiate the onset of incubation before
clutch completion (pers. obs.). During nocturnal incubation the female maintains
egg temperature throughout the entire night, though she regularly rises from the
nest to turn eggs, to tremble-thrust the nest material and to re-settle and face a
new direction (pers. obs.). The measure of the metabolic rate during nocturnal
incubation included all these behaviours.
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General procedure
Nest-boxes were checked at least once a week from the beginning of April to estimate the laying date assuming that one egg was laid per day. Onset of incubation
was defined as the first day the female was found incubating or that the eggs were
uncovered and warm, and was determined by daily nests visits from the seventh
egg onwards during first clutches and from the third egg onwards during late
clutches.
The experiment was performed as early as possible during the incubation period (see below), because the oxygen consumption of embryos rises exponentially;
the oxygen consumption of embryos is negligible till about 50% of the incubation
period (Prinzinger et al. 1995; Vleck et al. 1980). Further weekly nests checks
allowed for determining the success of the nests. Parents were caught for identification and measurement of individual characteristics, such as body mass, when
nestlings were between 7- 10 days old (day of hatching = 0).
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Measuring oxygen consumption
Experimental set-up
To study the clutch size related energetic costs during nocturnal incubation, two
runs of the same experiment were performed in two different years; 2001 and
2004. In 2001, the study area was closed during the first few weeks to prevent
further breakout of Foot and Mouth Disease. Consequently, the experiment was
performed during second clutches (June – July) that year. To increase the natural
range of ambient temperatures experienced during the measurements, the experiment was repeated with first clutches (April – May) in 2004. As a result, measurements were performed during different breeding attempts in different years, and
variation in oxygen consumption due to differences between years or breeding
attempts could not be separated. Individuals that participated in the experiment
were randomly selected. Each individual was measured on two or three consecutive nights with the same oxygen analyser, while incubating manipulated clutch
sizes. Besides measuring the oxygen consumption in relation to clutch size, meas-

urements of ambient temperature were taken in both years, while measurements
of body mass and of nest thickness were taken in 2004 only. In total, the oxygen
consumption of 30 individuals was measured (Table 6.1): 10 individuals during
second clutches (between 14 June and 10 July) in 2001 and 20 individuals during
first clutches (between 19 April and 12 May) in 2004.

Table 6.1. The number of individuals measured per manipulation category (with missing
values in brackets) for two oxygen analysers (A and B) and two years/ breeding attempts
(first clutches in 2001 and second clutches in 2004).
treatment

oxygen analyser
A

B

nr of individuals

2001

reduced
control
enlarged

7
7
7

2 (1)
3
2 (1)

9
10
9

2004

reduced
control
enlarged

11
11

9
9

20
20

Clutch size manipulation
Clutch sizes were manipulated around noon on the day that the metabolic rate
during nocturnal incubation was measured. Clutch sizes were experimentally
reduced or enlarged by three eggs (about 1/3 of the original clutch). In this, we
followed previous studies on brood size manipulations in tit species that usually
added three nestlings to the broods (e.g. Sanz and Tinbergen 1999; Wiersma and
Tinbergen 2003). Clutches of six eggs, however, were reduced with two eggs to
prevent clutches from becoming too small. Eggs that were added to the clutch for
enlargement were coming from donor nests with eggs of about the same incubation stage. In 2001, clutches (clutch size; 7.0 ± 0.7, range 6-8) were reduced,
enlarged or kept constant. The sequence of manipulations was randomised in
such a way that the sequence was either ‘reduced – control – enlarged’ or
‘enlarged – control – reduced’. In 2004, clutches (clutch size; 8.8 ± 1.4, range 511) were either enlarged or kept constant in randomised order. Clutches were not
reduced to prevent nest desertion (chapter 2).
Oxygen measurements
The nest-box (inner size of nest-box: 8.5⋅ 25⋅ 12 cm = 2.6 litre) was converted
into a metabolic chamber in the days before the measurements by making the
nest-box air tight (Fig. 6.1). Five small holes (Ø = 5 mm) in the bottom of the
nest-box ensured that air was coming into the nest-box from below, passing the
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a
b
d

f
e
c
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Figure 6.1. Schematic drawing of a nest-box modified into a metabolic chamber. To get the
top of the nest-box airtight a mouse pad was inserted between nest-box and lid (a) and a
cork was placed in the entrance hole (b). Reference air was measured close to the inflow of
the nest-box (arrows underneath nest-box , c), while sample air was drawn from the nestbox via a tube near the entrance hole (d). The thickness of the nest was determined by the
thickness of the nest cup (e) and the height of the nest rim (f).
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incubating female and leaving the nest-box via a tube from which air was drawn
from the nest-box. A temperature sensor (HOBO logger, Mulder-Hardenberg B.V.,
The Netherlands) was placed between the eggs to register the temperature of the
nest every 15 seconds from which the behaviour of the incubating female could be
derived (all but one bird incubated normally; see later).
Two portable one-channel oxygen analysers (Servomex 570; Crowborough, UK,
hereafter called unit A and B), both powered by 12 V car batteries, were used to
measure oxygen consumption. The protocol for both oxygen analysers was similar.
In general, each measuring session started by installing the units around 22 h,
when the female was already in the nest-box for about two hours. At that time the
entrance hole was closed with a rubber stopper and the nest-box was ventilated.
After one hour equilibration period, the unit was calibrated using nitrogen gas
(0% O2) and dry ambient air (assumed to be 20.93% O2). Air was drawn from
the nest-box, and dried with molecular sieves 3Å (Merck KgaA, Darmstadt,
Germany) before flow measurements. In 2001, flow rates were kept constant at
20 and 15 l/hr (10 % of the maximum flow), for unit A and B respectively, with
Brooks mass flow controllers (5860S, Brooks Instruments, Hatfield, USA; accuracy
< 1.0%). In 2004, flow rates of both units were kept at 20 l/hr. Air was sampled
from an overflow and analysed in the oxygen analyser. During the measurement,

ambient air (generally referred to as reference air) was sampled every hour for 10
minutes for unit A. For unit B a valve automatically switched between sample air
and reference air every 12 minutes in 2001 and every 24 minutes in 2004.
Oxygen consumption was recorded for at least two hours in the period between
midnight and 4 o’clock in the morning. At the end of the measuring session the
unit was calibrated again.

Body mass
Preferably, individuals are weighed directly after measuring their metabolic rate to
explain variation in oxygen consumption. In our case, we were not able to take
females’ body masses directly after the measurement, because taking incubating
females from the nest at night generally leads to high rates of nest abandonment;
40% of birds (n=10) abandoned their nest (pers. obs.). In 2004, however, daily
energy expenditure of 35 females was measured with the use of the doubly
labelled water technique at three-quarters of the incubation period (chapter 7).
These females were caught with a hand-net on leaving the nest-box during the
day; 9% of the birds (n= 35) abandoned their nests after a first catch. Of this
sample, 18 females were also involved in the present study. Mean body mass during late incubation (Minc) of these 18 females was 20.2 ± 1.0 gram. Body mass
during late incubation was highly correlated with that of the same females during
the nestling phase (Mnestling): Minc (gram) = 0.96 ⋅Mnestling (gram) + 3.15. The
body mass during late incubation is assumed to approximate the body mass during early incubation, when the oxygen measurements were performed.
Additionally, body masses measured during late incubation were used to approximate basal metabolic rate (BMR) of incubating females using the equation of
(Kendeigh et al. 1977) for passerines (BMR (kJ day-1) = 0.8906⋅M (gram)0.6884),
which results in a predicted BMR level of 0.34 (J s-1).
Nest thickness
In 2004, nest thickness was recorded once during the incubation period, using a
knitting needle as measuring tool. Both the height of the nest rim (Nrim; distance
from nest rim to bottom of the nest-box) and the thickness of the nest cup (Ncup;
the distance between the bottom of the nest cup and the bottom of the nest-box)
were recorded to the nearest mm (Fig. 6.1).
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Additional measurements
Ambient temperature
During the measurements, ambient temperature was recorded once every minute
in the vicinity of the nest-box. Hence measurements were performed at the range
of temperatures that birds experience during nocturnal incubation under field
conditions. Per night of measurement, an average value of ambient temperature
was used in the analysis.
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Calculations
Oxygen consumption was calculated using equation 6 of Hill (1972). The total
metabolic rate of nocturnal incubation (MRtotal) included the metabolic rate of
incubation by the incubating females (MRinc) and that of the embryos
(MRembryos). MRtotal was calculated assuming a RQ of 0.75 and an energy equivalent of 19.9 kJ per litre oxygen consumed (following Tinbergen and Dietz 1994).
Per sample period, data from at least the first three minutes were discarded to
allow stabilising of the measurement. MRtotal was corrected for MRembryos.
Knowing the incubation stage of the embryo’s of a clutch, MRembryos could be
derived using data from Vleck et al. (1980). In figure 1c in their study, they summarised the relative MRembryos in relation to the relative incubation stage for altricial birds. Knowing the maximum MRembryos of great tits (J.A.L. Mertens in Vleck
et al. 1980, MRembryos could be derived for each egg at a particular incubation
stage. Eggs from abandoned nests were assumed to be dead or incubated shortly:
their metabolic rate was neglected. MRinc was calculated by subtracted the average MRembryos of a clutch from the MRtotal measured in the field; MRinc = MRtotal
- MRembryos. MRembryos was on average 0.010 J s-1 and 0.004 J s-1 per clutch in
2001 and 2004, respectively. Per night of measurement, average values of MRinc
were used in the analysis.
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Statistical analysis
In the dataset of oxygen consumption in 2001, two missing values occurred; one
in the enlarged and one in the reduced treatment category for two different individuals. In the year 2004, data were missing on body mass (2) and on nest thickness (1). Almost all birds steadily incubated during the measurements in both
years, as observed by the nest temperatures measured by temperature probes
between the eggs (see above). In 2004, however, one individual was apparently
standing above the eggs at intervals during one of the nights of measurement, as
assessed from temperature measurements between the eggs. Excluding this individual in the model did not change the results.
All analysis were performed with a hierarchical linear regression model in
MLwiN (version 2.02; Rasbash et al. 2000) to account for repeated measurements.
All variables and the two-way interaction were tested by backward elimination
from the model. Three different analyses were performed, because of slightly different experimental procedures in the two years:
1) In the first analysis data were used from the first run of the experiment in 2001
to test whether clutch size manipulation (reduced, control, enlarged) affected
MRinc. Original clutch size, date, ambient temperature and oxygen analyser
were included in the model as extra explanatory variables.
2) In the second analysis data were used from the second run of the experiment in
2004 to test whether clutch size manipulation (control and enlarged) affected
MRinc. Besides the previous explanatory variables, body mass during late incu-

bation and nest thickness were included in the model.
3) In the third analysis, data from both runs of the experiment were used. The
main aim of this analysis was to test whether the effect of clutch size manipulation and temperature were equal for the both runs of the experiment.
All values are presented as means ± SD, unless stated otherwise.

RESULTS
First run of the experiment; second clutches in 2001
The metabolic rate during nocturnal incubation (MRinc) of female great tits incubating control clutches (mean clutch size; 7.0 ± 0.7) was 0.55 ± 0.07 J s-1 at
mean ambient temperatures during the night of 14.5 ± 2.4 °C. Both the experimental treatment and mean ambient temperature explained part of the variation
in MRinc (Table 6.2A). Post-hoc analysis revealed that females had higher MRinc
when incubating experimentally enlarged clutches as compared to control clutches, but had no lower MRinc when incubating reduced clutches (Fig. 6.2A). MRinc
increased significantly as the night temperature (Ta, °C) decreased (Fig. 6.3).
Other covariates such as original clutch size, date and oxygen analyser did not
explain part of the variation in MRinc.

A

residual oxygen consumption

0.08

B

0.04

0.00

-0.04

-0.08
reduced

control

clutch size manipulation

enlarged

control

enlarged

clutch size manipulation

Figure 6.2. Residual MRinc (J s-1) - corrected for ambient temperature- of females incubating reduced, control or enlarged clutches in the year 2001 (A) and control and enlarged
clutches in the year 2004 (B). The black dots represent mean value (± SE), while the grey
lines represent repeated measurements of the same individual.

CLUTCH SIZE AND ENERGETIC COSTS OF NOCTURNAL INCUBATION

Second run of the experiment; first clutches in 2004
The metabolic rate during nocturnal incubation was 0.65 ± 0.09 J s-1 for females
incubating control clutches that contain on average 8.8 ± 1.4 eggs and at mean
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Intercept
T ambient
Manipulation
- enlarged
- reduced
Year
Nest thickness
Natural clutch size
Oxygen analyser
Date
Body mass

0.054±0.015
-0.011±0.015
*
*
*
-

15.9
14.1
13.5
0.6

χ2

1
2
1
1

df

A: run 1 – 2001

0.903±0.065
-0.027±0.004

β ±SE

<0.001
<0.001
<0.001
NS

p

-0.004±0.002

0.039±0.010

11.1
3.7
*
*
*
*

18.0

χ2

1

1

1

df

B: run 2 – 2004

0.952±0.049
-0.028±0.004

β ±SE

0.05

<0.001

<0.001

p

22.5
3.9
-

-0.056±0.028

34.2

χ2

0.044± 0.007

0.959±0.050
-0.028±0.003

β ±SE

*
*
*
-

1
1

1

df

P

<0.001

<0.001

<0.001

C: combined results

Table 6.2. The results of three hierarchical linear regression models of MRinc (J s-1) in relation to experimental treatment and several covariates.
Asterisks (*) indicate whether the covariate was tested in the model and rejected, while minus signs (-) indicate that that covariate was not tested in the particular model.
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1.0
0.8
0.6
0.4
0.2
0.0

2001
2004

0

4

8

12

16

20

ambient temperature (°C)

ambient temperatures of 9.3 ± 2.4 °C during the night. Females incubated in
nests with nest cups of on average 13 ± 6.9 mm thick (Ncup; range 3 – 29 mm)
and nest rims of 56 ± 12.7 mm high (Nrim; range 29 – 75 mm). Height of the nest
rim and thickness of the nest cup were strongly correlated: Nrim (mm) = 38.26 ±
4.36 (SE) + 1.37 ± 0.30 (SE)⋅Ncup (mm); R2 = 0.56, p < 0.00, n = 19). Analyses
of MRinc were performed with Ncup as covariate. Experimental treatment, mean
ambient temperature and nest thickness, all explained part of the variation in
MRinc (Table 6.2B). Females had higher MRinc when incubating experimentally
enlarged clutches as compared to control clutches (Fig. 6.2B); the effect of clutch
size manipulation on MRinc was similar as in the first run of the experiment.
MRinc increased significantly as night temperature decreased (Fig. 6.3), and thickness of the nest cup decreased. Variation in body mass did, however, not explain
variation in MRinc.
Combined results
MRinc of females that incubated control clutches was negatively related to the ambient temperature (MRinc = 0.841 (0.039) - 0.020 (0.003)⋅ Ta (χ2 = 24.7, df = 1,
p < 0.001, n = 30; Fig. 6.3). The experimental treatment, mean ambient temperature and year explained a significant part of the variation in MRinc (Table 6.2C).
The effect of clutch enlargement (treatment * year; χ2 = 0.29, df = 1, p = 0.59; n
= 29) and the effect of ambient temperature (temperature * temperature; χ2 =
0.09, df = 1, p = 0.79; n = 29) were not different for the two runs of the experiment, as indicated by the non-significance of the interaction terms. MRinc of females
incubating second clutches in the year 2001 was higher than that of females incubating first clutches in 2004, when controlled for ambient temperature.
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Figure 6.3. The metabolic rate of nocturnal incubation (MRinc) for females incubating control clutches in relation to ambient temperature for two years. The line shows the regression line for both years combined.
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Clutch size manipulation
Females spent on average 0.65 ± 0.09 J s-1 during nocturnal incubation (MRinc,)
during first clutches in 2004 and 0.55 ± 0.07 J s-1 during second clutches in
2001, at mean ambient temperatures of 9.3 ± 2.4 °C, and 14.5 ± 2.4 °C, respectively. Females spent energy at a higher rate when incubating enlarged clutches as
compared to control clutches, but they did not spend energy at a lower rate when
incubating reduced clutches. The effect of clutch enlargement relative to the mean
(MRinc) in each of the two years (6- 10%; 3 additional eggs) was similar in both
years. Ambient temperature explained the largest part of the variation in MRinc
(43% - 49% per 10 °C; mean ± SD; 11.1 ± 3.4). Nest thickness (6% per 10 mm;
13.1 ± 6.8) and year (or breeding attempt; 9% relative to the mean MRinc of the
two years combined) explained an additional part of the variation in MRinc.
Clutch size manipulation can affect the metabolic rate of contact incubation by
three possible mechanisms. Firstly, keeping any extra egg warm may take more
energy, because the surface over which heat can be lost might increase with clutch
size. Secondly, clutch enlargement likely affects the size of the nest cup. At a certain point, the incubating female may not be able to maintain her upward insulation resulting in heat loss through convection, and consequently, peripheral eggs
may cool. And thirdly, above a certain clutch size (‘threshold clutch size’) some
eggs may have incomplete contact with the female’s brood patch (Mertens 1977)
and cool during incubation of the other eggs. In both latter cases, the incubating
bird needs to repeatedly rearrange the eggs and rewarm the cooled eggs. Rewarming of eggs is more costly than maintaining eggs at incubation temperatures
(Biebach 1986; Vleck 1981). Given the fact that the mean clutch size in the year
2001 was similar to the threshold clutch size for great tits (Mertens 1977), these
three mechanisms, and especially the second and third mechanism, may explain
why clutch enlargement had a larger effect on MRinc than clutch reduction.
All studies that measured the clutch size related metabolic rate during nocturnal incubation so far (Biebach 1981; Biebach 1984; Haftorn and Reinertsen 1985;
Weathers 1985) found that clutch size manipulation affects MRinc, independent of
whether measurements were performed under laboratory or field conditions
(Table 6.3). Moreover, the studies found that clutch size explained a similar proportion of variation in MRinc when expressed as one-third of the mean clutch size
for that species, and assuming linearity (Fig. 6.4). Of the previous studies, Biebach
(1981; 1984) measured the effect of clutch size for a whole range of clutch sizes,
and thus measured the shape of the relationship between MRinc and clutch size. In
contrast to our finding, he found a linear relationship between MRinc and clutch
size. A possible explanation for this difference in the shape of the relationship
between MRinc and clutch size is that the mechanism with which clutch size
affects MRinc differs between species. For instance, the surface over which heat is
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canary
Serinus canaria
european starling
Sturnus vulgaris
european starling
Sturnus vulgaris
blue tit
Parus caeruleus
great tit
Parus major

Laboratory

20.2

11.5

80

80

20.8

Body mass
(g)

1-8
1-8
-5

continue a
continue a
reduced b
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from 1 to 8 eggs

-2/-3
3

-2/-3

reduced b

reduced b
enlarged b

Change in
clutch size

Clutch size
manipulation

a clutch sizes was manipulated in steps of one egg over a range
b clutch size manipulation relative to control
c sample size given separately for two years of measurement
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Table 6.3. Overview of studies that determine clutch size related energy expenditure of nocturnal incubation (MRinc) in passerines .
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Figure 6.4. An overview of 5 studies on 4 passerine species (Parus caeruleus [Pc], Parus
major [Pm], Serinus canaria [Sc], and Sturnus vulgaris [Sv]) that determined the effect of
either clutch reduction and/or clutch enlargement on metabolic rate during nocturnal incubation (MRinc, J s-1) in comparison to MRinc when females incubated control clutches (see
also Table 6.3). For comparison, the effect of clutch size on MRinc is expressed as one-third
of the mean clutch size for that specific species. MRinc at ambient temperature of 8°C is
shown as a function of body mass (gram). Both the relationship between the metabolic rate
at rest at 8 °C of non-incubating birds (MR8°C) and body mass, and basal metabolic rate
(BMR) and body mass are given for reference.
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lost may be larger in starlings Sturnus vulgaris, because not only starling eggs are
larger than great tit eggs, but also nests of starlings may be of inferior insulation
as compared to those of great tits (Reid et al. 1999). In this study, birds with thicker nests, and thus better insulated nests (Szentirmai et al. 2005; chapter 5), had
lower MRinc.
Because we did perform the experiment under field conditions, we can compare the effect of the experimental treatment to the effects of other factors influencing MRinc. The effect of clutch size on MRinc is relatively small in comparison
to that of ambient temperature. Ambient temperature influenced MRinc strongly;
with an increase in ambient temperature of 10 °C, MRinc decreased by 43-49%.
Such an increase in ambient temperature is likely to occur in the course of the
incubation phase (Fig. 6.3). In both runs of the experiment, thus when females
incubated either first clutches early in spring (temperature range 2.8 – 12.6 °C) or
second clutches later in spring (temperature range 9.6 – 18.0 °C), they experienced ambient temperature that fluctuated in the order of magnitude of 10 °C.
Moreover, the lower critical temperature - the temperature below which individuals have to spend energy on homoiothermy- is higher for incubating birds
(Haftorn and Reinertsen 1985; Williams 1996). Using the equation given for
females incubating control clutches (MRinc [J s-1] = 0.844 - 0.021⋅Ta [°C]) in
combination with the calculated BMR (0.34 J s-1), the lower critical temperature
was estimated to be 24.3 °C. This means that even birds with late clutches experi-

Incubation versus non-incubation: comparison between species
Whether the level of energy expenditure during the incubation of eggs exceeds
that of resting metabolism has long been subject of debate (Kendeigh 1963; King
1973; Mertens 1977; Walsberg and King 1978). To answer this question, the best
option would be to have direct measurements of the metabolic rate during incubation (MRinc, J s-1) and basal metabolic rate (BMR, J s-1) for the same individuals.
Measuring the BMR for incubating female great tits is, however, cumbersome as
they are prone to desert the nest after handling in the incubation phase.
Therefore, data from literature was used to approximate BMR for incubating
females in this study. BMR was calculated for a female of on average 20.2 gram,
using Kendeigh et al. (1977; see Methods). Subsequently, MRinc – standardising
for ambient temperature of 8 °C (c.f. Tinbergen and Williams 2002) – was calculated as a multiple of BMR to facilitate comparison between species. The value of
2.0 times BMR found for this study falls within the range of values (1.6 to 3.0)
that have previously been reported for a number of passerines (Fig. 6.4; for an
overview see Tinbergen and Williams 2002).
Incubation generally takes place at temperatures below thermoneutrality and,
therefore, expressing MRinc as a multiple of metabolic rate at rest but at the same
temperature as during incubation (MR, J s-1) instead of BMR would be a more
useful comparison. Data on the relation between MR and ambient temperature
exist for non-incubating great tits during the breeding season (Mertens 1980) and
during winter (Broggi et al. 2004). MRinc exceeds MR by 1.2 to 1.6 times, respectively (Fig. 6.4), when both measures were standardised at 8 °C (here abbreviated
as MR8°C). Examination of the curve for MRinc versus body mass (Fig. 6.4) reveals
that smaller bird species have relatively high MRinc in comparison to that of larger
ones. The high MRinc can be explained by the investment needed for thermoregulation; the curve of MR8°C in relation to body mass shows higher MR8°C for smaller bird species (Broggi et al. 2004; see also Williams and Tieleman 2000).
Implications
During nocturnal incubation, females spent energy at a higher rate when incubating enlarged clutches as compared to both control and reduced clutches. Due to
these clutch size related energetic costs during nocturnal incubation, daily energy
expenditure is expected to increase with clutch enlargement. Furthermore, ambient temperature explained most of the variation in MRinc. For small bird species
energy expenditure during incubation is relatively high, which is mainly due to
high energetic costs of thermoregulation. These results imply that the incubation
phase may be energetically costly due to its timing in the season, as a result of its
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enced ambient temperatures below thermoneutrality during nocturnal incubation.
These results show that ambient temperature is an important source of variation
in the energetic costs of incubation.
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position in the sequence of reproduction (egg laying, incubation and nestling
phase). Especially in temperate zones with seasonality, the energetic costs of
reproduction must be high given that ambient temperatures are low and unpredictable early in the season (Perrins 1970). Ambient temperature may, therefore,
be an important factor constraining early reproduction (Stevenson and Bryant
2000), especially in small bird species.
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No indication for clutch size related daily energy
expenditure during incubation in female great tits:
do parents compensate?
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ABSTRACT
Recent studies show that selection on clutch size also acts during the incubation phase,
which may be the result of changes in energy expenditure of the attending parents. To
determine whether incubating birds increase their energy expenditure with clutch enlargement, we manipulated clutch size (either enlarged or control) and measured daily energy
expenditure (24 h) of free-living female great tits (Parus major L.) with doubly labelled
water. These measures of energy expenditure were combined with measures on nest attendance of the females. Females incubating control clutches containing on average 9.1 ± 1.2
eggs spent 78.4 ± 9.0 kJ per 24 h, at an average ambient temperature of 13.3 ± 1.6 ºC.
Daily energy expenditure was strongly related to mean ambient temperature over the 24-h
measuring period. Daily energy expenditure of females incubating enlarged clutches was
not significantly higher than that of females incubating control clutches. Although power
was lacking to reveal any small difference in daily energy expenditure between females of
the two treatment categories, we argue that females were most likely compensating for the
additional energetic costs of incubating enlarged clutches. Yet, the mechanism by which
these female compensate remains unclear, and needs to be the focus of future studies.
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INTRODUCTION
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Life-history theory predicts that parents produce the number of offspring that
maximises their fitness (Stearns 1992; Roff 1992). In birds, natural selection on
parental decisions regarding clutch size may act during egg laying, incubation or
nestling phase. In altricial birds, selection on clutch size has long thought to be
taking place primarily during the nestling phase (Lindén & Møller 1989; Dijkstra
et al. 1990; Vanderwerf 1992). Recent studies, however, show reduced local survival for female great tits Parus major (Visser & Lessells 2001; chapter 2) in the
subsequent breeding season when incubating enlarged clutches. Therefore, the
incubation phase cannot be ignored in studies on clutch size decisions.
The mechanism through which clutch enlargement reduces local survival in the
subsequent season could be an increase in energetic demand for incubating birds.
Generally, two methods are applied to measure energy expenditure: (1) respirometry and (2) doubly labelled water (DLW) technique. Respirometry requires periods of relative inactivity, such as during contact incubation, and is often used
under laboratory conditions (but see Haftorn and Reinersten 1985; chapter 6).
The DLW – technique, on the other hand, is widely applicable in free-living individuals. All of five studies that use respirometry show that the energetic costs of
contact incubation is clutch size related (Biebach 1981; Biebach 1984; Haftorn &
Reinertsen 1985; Weathers 1985; chapter 6). Studies that use the DLW technique
to determine clutch size related energetic costs during a 24-h period reveal no
general patterns (Moreno & Carlson 1989; Moreno et al. 1991; Moreno & Sanz
1994; Engstrand et al. 2002). Two of the four studies found no effect of clutch size
on daily energy expenditure during incubation (Moreno & Carlson 1989;
Engstrand et al. 2002; for details about the studies see Table 7.1), whereas the
other two studies did find an effect (Moreno et al. 1991; Moreno & Sanz 1994).
The study by Moreno et al. (1991) hints that females incubating experimentally
enlarged clutches have higher DEEinc, whereas the study by Moreno and Sanz
(1994) does not find an increase in DEEinc with clutch enlargement but shows a
decrease in DEEinc with clutch reduction.
Thus, how the energetic costs of additional eggs during nocturnal incubation
relate to energy expenditure over 24-h is not obvious. In response to clutch enlargement birds may increase their daily energy expenditure. Alternatively, birds may
compensate for the additional energy demands of enlarged clutches by changing
their behaviour during the day with the consequence that the daily energy expenditure remains relatively constant. Birds with experimentally enlarged clutches
may change their nest attentiveness (Wiebe & Martin 2000). Larger clutches cool
and warm more slowly (Reid et al. 2000b), possibly allowing birds to leave the
clutch unattended for a longer period. A change in nest attentiveness may also
lead to a reduction of the number of recesses, and thereby a reduction in the number of times birds need to rewarm the clutch; rewarming of the clutch is found to

Table 7.1. Details of studies on clutch size manipulation and DEEinc; 1, species; 2, sample
size per manipulation category (R = reduced, C = control, E = enlarged); 3, original
clutch size; 4, number of eggs added or removed; 5, effect of clutch enlargement on DEEinc;
6, change in behaviour; 7, change in body mass; 8 references.
1
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collared flycatcher
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pied flycatcher
Ficedula hypoleuca
pied flycatcher
Ficedula hypoleuca
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-
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Moreno & Sanz 1994

-
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15
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3

no

no

no

This study

Moreno & Carlson 1989

measured for a larger sample size

be energetically more costly than maintaining egg temperature (Vleck 1981;
Biebach 1986).
In this study, we measured the daily energy expenditure of female great tits
Parus major with use of the DLW technique (DLW), incubating either experimentally enlarged clutches or control clutches. Additionally, we measured nest attentiveness of these females to determine whether birds change behaviourally in
reaction to the experimental treatment. The great tit was used as model species,
because in this species only one of the parents – the female – incubates the eggs.
During the day, the female is faced with a trade-off between spending time on the
nest to maintain egg temperature and spending time away from the nest for selfmaintenance (i.e. foraging). This trade-off, and thereby its consequences, is likely
more pronounced in small passerines, since they cannot store large amount of
energy and thus need to forage daily to balance their expenditure.

METHODS
Study population
This study was conducted in the woodlots of the Lauwersmeer, in the northern
Netherlands (53º20’ N – 6º12’ E) during the breeding season of 2004. The woodlots consist of mixed deciduous tree species and contain about 200 nest-boxes. For
further details see Tinbergen (2005). In this study population, clutches contain on
average 9.3 ± (SD) 1.8 eggs (n = 1140; 1994-2003). Females may produce a second clutch after successfully raising a first clutch.
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General procedure
From the beginning of April, all nest-boxes were checked at least once a week to
determine laying date and clutch size. Laying date was estimated by counting
back from the observed clutch size, thereby, assuming that one egg was laid per
day. The onset of incubation was determined by daily nests visits from the seventh
egg onwards. Onset of incubation was defined as the first day the female was
found incubating or the first day the eggs were found uncovered and warm.
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Experimental set-up
Clutch size manipulation
From the available nests, 35 nests were randomly assigned to two treatment levels. Clutches were either kept as control (n = 19), and these birds were incubating
their own clutch. Alternatively, clutches were experimentally enlarged (n = 16).
These clutches were manipulated on average 3 ± 1.5 days before the measurement of energy expenditure and were enlarged by adding three eggs from donor
nests which had a similar incubation stage. With this manipulation size, we
adhere to previous studies on brood size manipulations in tit species (e.g. Sanz &
Tinbergen 1999; Wiersma & Tinbergen 2003) to facilitate comparison. To prevent
nest desertion of donor nests in response to clutch reduction, temporarily removed
eggs were replaced by dummy eggs. The day after the energy measurement, eggs
were returned to their nest of origin.
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Measurements of daily energy expenditure
Daily energy expenditure during incubation was measured using the doubly
labelled water (DLW) technique (Lifson & McClintock 1966). On day 9 or 10 of
incubation, i.e. three-quarter through the incubation period, females were caught
with a hand-net on leaving the nest-box during the day (mean time 13:51 h; range
9:01- 16:13 h). Birds caught were identified, or ringed, and weighed. They were
injected intraperitoneally with 0.10 ml of a mixture containing 5.4937 gram of
94.20 AP (% atom) H18
2 O and 3.3606 gram of 99.90 AP (% atom) D2O using 0.3
ml insulin syringes (the exact dose per animal was measured by weighing syringes
before and after injection). Daily energy expenditure was measured following one
of the two protocols; the two-sample and the single sample protocol (Williams &
Dwinnel 1990). Thirty females were measured with the single-sample protocol to
minimize disturbance. These birds were released immediately after injection, and
captured a second time after 25 hours to take a blood sample from the brachial
vein in the wing. At taking this blood sample, individuals were weighed for the second time. Of five females, the daily energy expenditure was measured following
the two-sample protocol to determine equilibrium values of DLW. These birds were
kept in a cloth bag for an hour after injection to allow for equilibration of DLW
with the bird’s body water pool (Speakman et al. 2001). After this hour an initial
blood sample was taken from the brachial vein of one of the wings. After that, the

Additional measurements
Incubation behaviour
Nest temperature was registered every 15 s by a sensor that was mounted between the eggs (HOBO logger, Mulder-Hardenberg B.V., The Netherlands). The
behaviour of the incubating females was inferred on the basis of changes in nest
temperature: a sudden drop in temperature represents the departure of the female
from the nest, and a sharp increase the return of the female to the nest. For eight
females, the measurements of incubation behaviour derived from temperature
loggers were compared with those estimated from video recordings (mean total
observation time 2h 22min). The time a female spent on the nest derived from the
temperature loggers was highly correlated with that estimated from video (R2 =
0.98).
The following times were recorded: the length of the night (s) defined as the
time span between the last entry in the evening and the first exit in the morning,
and the length of the active day (s) defined as the time span between the first exit
in the morning and the last entry in the evening. During the active day, the following behaviours were scored: latency to return (s) defined as the time between
release of the female after injection and first return of the female to the nest, time
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bird was released. Twenty-four hours after release, and thus 25 hours after injection, birds were recaptured and a second and final blood sample was taken from
the brachial vein in the other wing. Blood samples of four randomly selected, nonexperimental females were taken at day 9 or 10 of their incubation period to determine background values of deuterium and oxygen-18 of the population. All blood
samples were collected in triplets (20 µl; in total 60 µl) in heparinised glass capillaries that were flame-sealed immediately after sampling. After transport to the
laboratory, samples were stored at room temperature in the dark.
Blood samples were analysed for deuterium and oxygen-18 concentration using
isotope ratio mass spectrometry at the Centre for Isotope Research of the University of Groningen, the Netherlands. Mean background isotope enrichments of deuterium and oxygen-18 for non-experimental females were -19.74 ± 5.1 ‰ and 0.79 ± 0.47 ‰ relative to standard mean ocean water (V-SMOW). Daily CO2 production was calculated using equation 35 of Lifson & McClintock (1966), assuming the body water pool to be on average 66% of the total body mass (data for
great tit, Mertens 1987). For the animals in which the single sample protocol was
applied, the isotope enrichment in the body water pool one hour after injection
was calculated using the dose, average background concentrations, and an average body water pool of 66%. Subsequently, the same equation of Lifson &
McClintock (1966) was applied (see also Speakman 1997). Daily energy expenditure (DEEinc; kJ day-1) was calculated from the CO2 production using a respiratory quotient (RQ) of 0.75 and an energetic equivalent of 19.9 kJ l-1 of oxygen consumed (following Tinbergen & Dietz 1994).
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away from the nest (s) and time on the nest (s) defined as the total time during the
day that the female spent away from the nest (excluding the latency to return)
and on the nest, the number of recesses (#) defined as the number of times the
female went away from and returned to the nest during the day.
Ambient temperature
At a central location in the study area, a temperature sensor (Tinytalk II, Gemini
Data Loggers, INTAB Benelux) recorded ambient temperatures (ºC) at 10 min
interval at a height comparable to that of the nest-boxes. For each individual,
mean ambient temperature was calculated for the entire 24-h period of measurement, as well as for the night and the day separately.
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Nest thickness
During the incubation period, the thickness of the nest cup (i.e. the distance
between the bottom of the nest cup and the bottom of the nest-box) was recorded
one during incubation. Nest thickness was previously found to be a reliable measure of nest insulation (chapter 5), and to be a factor that reduced the metabolic
rate of nocturnal incubation (chapter 6).
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Statistical analysis
Of the 35 birds that were initially injected with DLW, 6 cases were excluded: 3
birds abandoned their nests after the first catch, 2 birds could not be caught in
time for the final blood sample and for 1 bird, the CO2 production could not be
determined accurately. Therefore, the actual sample size was 29 (control, n = 14;
enlarged, n = 15). For 4 of the 29 individuals, the incubation behaviour could not
be determined due to malfunctioning of temperature loggers, which reduced the
sample size to 25 individuals when analysing the incubation behaviour of the
birds.
Data were analysed using GLM’s in SPSS 12 for Windows. Effects of clutch size
manipulations were studied on daily energy expenditure (DEEinc), change in body
mass (difference in body mass between time of injection and the final blood sample), the length of the night, latency to return, the number of recesses and the
time spent on the nest during the active day. Hereby, the experimental treatment
was treated as fixed factor and mean ambient temperature (ºC) as covariate. In
addition, regression analyses were performed to study the effect of the experimental treatment and ambient temperature relative to that of original clutch size (#),
nest thickness (mm) and body mass (gram). Interactions were tested, but not
reported unless significant. All values are presented as means ± SD, unless stated
otherwise.

RESULTS
Energy expenditure
Females in the two treatment categories did not differ in laying date (April date,
control 17.4 ± 6.9, enlarged 17.3 ± 6.4; F1,28 = 0.0, p = 0.97), original clutch
size (control 9.1 ± 1.2, enlarged 9.0 ± 2.0; F1,28 = 0.1, p = 0.82) and nest thickness before the experiment (in mm; control 11.4 ± 7.9, enlarged 11.3 ± 6.1; F1,28
= 0.0, p = 0.95). Also, body mass of the females at injection did not differ
between the two treatment categories (in gram; control 20.1 ± 1.0, enlarged 19.7
± 1.1; F1,28 = 1.3, p = 0.26). Over a 24-h period, females incubating enlarged
clutches spent on average 79.1 ± 9.6 (DEEinc, kJ day-1), while those incubating
control clutches spent 78.4 ± 9.0. DEEinc was strongly related to ambient temperature (Fig. 7.1 and Table 7.2). When controlled for ambient temperature, females
incubating enlarged clutches did not expend more energy than females incubating
control clutches (residual of the regression of DEEinc and ambient temperature,
control 0.8 ± 5.8, enlarged -0.7 ± 8.4; Table 7.2). Original clutch size, nest thickness and body mass did not explain any of the variation in DEEinc (Table 7.2).
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Figure 7.1. A) Daily energy expenditure during incubation (DEEinc kJ day-1) of female
great tits in relation to mean ambient temperature measured over the 24-h period for control and experimentally enlarged clutches. B) Residual DEEinc on ambient temperature for
females incubating either enlarged or control clutches; values are added to the mean
DEEinc of females in the control category.
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Utilisation of body reserves
During the DLW measurements of energy expenditure, birds experienced a slight
change in body mass. On average, masses changed from 19.89 ± 1.04 gram at the
time of injection to 19.72 ± 1.03 after 25 h period. Thus, birds lost on average
0.17 ± 0.48 gram; however, this loss was not statistically different from zero (t1,28
= -1.92, p = 0.07). Mass change did not differ between females of the two experimental groups, nor was it related to any other covariate (Table 7.2).
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Table 7.2. Test results for the effect of clutch size manipulations and several covariates on DEEinc and other response variables. Effect sizes (β)
are only given for factors that had a significant effect. Asterisks indicate the temperature used, being either the entire 24-h period (no asterisks)
or the night (*) or day (**) only.
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Nest attendance
Females spent on average 10h 20min ± 34 min during the night. The time
females spent in the nest-box at night was not affected by clutch size manipulation, but was positively associated with mean ambient temperature during the
night (Table 7.2): females spent shorter period in the nest-box on colder nights.
This association could not be explained by change in day length due to date (t1,24
= 0.30, P = 0.77).
After injection, females’ latency to return was on average 2 h 29 min ± 1h 51
min. The remainder of the day, females alternated periods spent on the nest (on
average 23.4 ± 8.4 min) with periods away from the nest (7.8 ± 2.0 min); on
average they had 23.1 ± 5.5 recesses. In total, females spent 8h 24min ± 1h
29min on the nest and 3h 01min ± 51min away from the nest. Neither of these
behaviours was affected by the experimental treatment or any of the other covariates (Table 7.2).

Ambient temperature strongly influenced daily energy expenditure (DEEinc, kJ
day-1). No difference in DEEinc of females incubating experimentally enlarged
clutches compared to that of females incubating control clutches could be detected, when controlled for ambient temperature. Body masses of incubating females
did not decline significantly in the course of the 24 h measuring period and did
not differ between treatment categories, indicating that birds were in balance and
did not use body reserves to cover their expenditure. Thus, female great tits did
not respond to clutch enlargement by increasing their energy expenditure. These
results are in agreement with the findings of Moreno and Carlson 1989 and
Engstrand et al. 2002, but in contrast to those of Moreno et al. (1991) and
Moreno and Sanz (1994).
We would have expected females incubating enlarged clutches to have higher
energy expenditure than those incubating control clutches when measuring over
24-h for the following reason. Females incubating experimentally enlarged clutches are found to spend energy at a higher rate during nocturnal incubation
(Biebach 1981; Biebach 1984; Haftorn & Reinertsen 1985; Weathers 1985), and
this applies to our great tits as well (chapter 6). Over 24-h, females not only have
to incubate the clutch, but also need to leave the clutch unattended to forage for
self-maintenance and subsequently, need to rewarm the clutch upon return. Costs
of rewarming the clutch are thought to be energetically more demanding than
maintaining egg temperature (Vleck 1981; Biebach 1986), and may be clutch size
related (Mertens 1977; Walsberg & King 1978, but see Biebach 1986). Yet, two
options exist that may explain why in this study females of the two treatment categories did not differ in their daily energy expenditure. First, sample size may be
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limited to have enough power to detect a significant difference in DEEinc between
females of the two treatment categories. Alternatively, females may have been
reluctant to increase their daily energy expenditure in reaction to clutch enlargement, and instead may have compensated behaviourally or physiologically.
To calculate the sample size needed to reveal a significant difference in DEEinc
between females of the two treatment categories, data of a previous study are
used (chapter 6). In this study, which has been performed in the same population,
measurements on energy expenditure during nocturnal incubation in relation to
clutch size reveal that females incubating enlarged clutches spend between 0.039
and 0.054 J s-1 extra energy when incubating three additional eggs (chapter 6). If
females incubating enlarged clutches are assumed to spend the same amount of
extra energy over the full 24-h period when incubating three additional eggs – this
would be equivalent to 3.4 - 4.7 kJ per day, the sample size needed to detect such
a difference in DEEinc between females of the two treatment categories given the
variance in DLW measurements would have been two to four times the current
sample size (using power analysis in STATISTICA 7; t-test independent sample,
using residuals of DEEinc on ambient temperature). Only if the clutch size related
energetic costs of incubation during the day would have been larger than during
the night, an effect of clutch enlargement would have been detected with the current sample size. We conclude that the effects of incubating enlarged clutches are
too small to be detected with the DLW technique. This could be the result of large
individual variation in behaviour or variation in measuring value (5 - 10% ; Tatner
& Bryant 1989; Speakman 1997). These results question the importance of the
level of energetic expenditure during the incubation phase as a causal mechanism
behind selection on clutch size in avian life history. However, females may have
compensated for the additional energetic demands with clutch enlargement, and
hence kept similar DEEinc.
Clutch size manipulations performed during the incubation period in the same
population of nest-box breeding great tit revealed fitness costs of incubation
(chapter 2 and 3). Eggs incubated in enlarged clutches have longer developmental
time as compared to that of eggs incubated in either control or reduced clutches
(chapter 3). Additionally, females that incubated enlarged first clutches, fledged
fewer offspring in the subsequent breeding attempt in the same year (chapter 2).
Moreover, these females had lower local survival probability (chapter 2). Also,
other studies show fitness costs for females incubating enlarged clutches (Visser &
Lessells 2001; Hanssen et al. 2005; chapter 2). The fitness costs for females incubating enlarged clutches imply that there are clutch size related costs involved.
That we did not find an increase in energy expenditure can be because the costs
are unrelated to energy expenditure or that females compensate in reaction to
clutch enlargement. Moreno and Sanz (1994) show convincingly (with even
smaller sample size; see Table 7.1) that female pied flycatchers spent less energy
(on average 9.5 kJ per day per egg) when incubating experimentally reduced
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clutches, but that they did not increase their expenditure with clutch enlargement.
Given this finding by them and the clutch size related energetic costs at night,
females seem most likely to be either reluctant or unable to increase their daily
energy expenditure in reaction to clutch enlargement, and need to compensate.
Females may compensate for the additional energetic demands by changing
their behaviour. Reid et al. (2000b) suggest that birds may change their nest
attentiveness in reaction to clutch enlargement, as with clutch enlargement also
the thermal property of the clutch changes. The fact that several studies report
prolonged incubation (Moreno & Carlson 1989; Smith 1989; Siikamäki 1995;
chapter 3) or reduced hatching probability (Moreno et al. 1991; Siikamäki 1995;
Reid et al. 2000b; Engstrand & Bryant 2002) for offspring of enlarged clutches,
indeed points in the direction that birds change their incubation behaviour. We,
however, do not find any indication that females of the two categories behave differently, neither do Moreno et al. (1991) and Engstrand et al. (2004; Table 1).
Nevertheless, we cannot rule out all possible strategies of behavioural compensation; females could incubate less intensively or change their behaviour in the time
away from the nest. For instance, they could eat less preferred, but easier available
prey or accept greater risk when foraging (Lima & Dill 1990). Given that in a previous study on great tits in the same population, eggs incubated in enlarged
clutches had prolonged incubation hints in the direction of the first option.
Instead of compensating behaviourally, females may compensate by reallocating their energy from costly maintenance processes to other activities. Several
studies determine the effects of working hard on physiology of individuals and
found that individuals indeed reallocate energy from somatic maintenance (i.e.
immunological defence systems or in DNA repair systems) to save energy
(Deerenberg et al. 1997; Wiersma & Verhulst 2005). Studies that enlarged clutches during incubation report reduced defence against parasites and reduced
immune competence for incubating females (Siikamäki et al. 1997; Hanssen et al.
2005). Reduced investment in the maintenance could explain the reduction in
survival or future reproduction for parental birds (Hanssen et al. 2005).
In conclusion, daily energy expenditure of females incubating enlarged clutches
was not substantially higher than that of females incubating control clutches. Due
to the sample size, power is lacking to reveal any small difference in daily energy
expenditure of female of the two treatment categories. Nevertheless, the fact that
clutch size manipulations for the duration of the total incubation period in the
same study population reveal fitness costs of incubation suggest that females most
likely compensate for these costs by neglecting some (unmeasured) energetic
maintenance functions. The mechanism by which these female compensate the
additional energetic demand involved with clutch enlargement remains unclear,
and needs to be the focus of future studies.
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ABSTRACT
The idea that the incubation phase is an energetically demanding period for parental birds
is getting more accepted. It remains, however, unclear from what activity these high energetic demands during incubation originate (maintaining egg temperature, rewarming the
clutch after each recess or foraging). We constructed a time and energy budget of free-living female great tits (Parus major) over a 24-h period during the incubation phase to estimate the energetic demands for the time on the nest and the time away from the nest separately during the active day. To achieve this, we used estimates of energy expenditure during 24-h period of incubation and estimates of expenditure during nocturnal incubation in
combination with time budgets of incubating females over 24-h. The high energetic costs of
incubation originated during the day. Both the expenditure during the whole period of the
active day (active day 55.8 versus night 23.2 kJ) and energy spent per time unit (active day
1.14 versus night 0.63 J s-1) were higher than during the night, even though mean ambient
temperatures were higher during the active day. The energy spent during the active day
decreased with an increase in the fraction of time the female spent on the nest implying
that the energy spent during time away from the nest was higher than that during time
spent on the nest (1.58 vs 0.85 J s-1). Uniparental incubating birds have limited time to forage given their requirements to incubate the eggs. For female great tits the calculated
intake rate to maintain energy balance (19.9 kJ h-1) amounts to twice that calculated for
the nestling phase (9.8 kJ h-1). To answer the interesting question how incubating females
manage to obtain this intake rate, more detailed observations are needed on the foraging
efficiency of the incubating birds and to the role of the partner in case of uniparental incubation.
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INTRODUCTION
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Life-history theory predicts that parents allocate their resources in such a way to
produce the number of offspring that maximises their fitness (Stearns 1992; Roff
1992). In birds, the peak of energy demand is thought to occur during the nestling
phase when parents need to provision their offspring with food, which led to the
idea that selection on clutch size primarily takes place during this phase (Lack
1947; Drent & Daan 1980; Walsberg 1983; Daan et al. 1990). In contrast, the
incubation phase was often viewed as a period when energy expenditure was low
(King 1973; Walsberg & King 1978), and consequently, this phase was largely
ignored in studies on clutch size decisions in avian life history (Williams 1996;
Monaghan & Nager 1997; Visser & Lessells 2001).
The idea that the incubation phase is an energetically demanding period, however, is getting more support (Williams 1996; Monaghan & Nager 1997; Tinbergen
& Williams 2002; Reid et al. 2002a). Accumulating data show that the metabolic
rate (energy spent per time unit) of a bird during contact incubation is higher
than that of a non-incubating bird at rest, at least when ambient temperatures are
below thermoneutrality (Thomson et al. 1998; Tinbergen & Williams 2002). Since
at temperate latitudes, incubation generally takes place early in spring when
ambient temperatures are low and unpredictable (Perrins 1970), the energetic
costs during incubation may be substantial. In a review, Tinbergen and Williams
(2002) compare the existing body of data on daily energy expenditure for birds
incubating eggs and for birds provisioning nestlings with food. They show that
birds expend about the same amount of energy during both phases, thereby confirming previous predictions of the model by Yom-tov & Hilborn (1981).
Particularly, for small species of passerines, and for uniparental incubators the
daily energetic cost of incubation is equivalent to that of females rearing nestlings.
Besides the energetic cost, food availability to balance the energetic requirements
is thought to be less abundant during the incubation phase: food is generally
assumed to peak during the nestling phase (Perrins 1970; Nager & van Noordwijk
1995). For incubating birds, the low food availability may specifically be demanding, since they have limited time available for foraging (e.g. self-maintenance)
due to the requirement to be present on the eggs.
Several studies have attempted to determine the energetic costs of different
activities to determine where the high energy costs during the incubation phase
originate, using respirometry to determine the energy expenditure per time unit.
This technique requires periods of relative inactivity, such as during contact incubation, and is not suitable to measure all types of activities. Studies that measured
the metabolic rate during nocturnal incubation for several species of passerines
revealed that the costs of incubation during night time are higher than that of a
non-incubating female at rest, at least when ambient temperatures are low (Biebach 1981; Biebach 1984; Haftorn & Reinertsen 1985; Weathers 1985; chapter 6).
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Biebach (1984) also measured the metabolic rate of contact incubation during the
day for female starlings Sturnus vulgaris. He discovered that, although the costs of
rewarming the clutch were excluded from the measurement, the metabolic rate of
incubating birds was 50 – 60% higher during the day than during the night. He
attributes this difference in metabolic rate of contact incubation between day and
night to energy needed for digestion (i.e. the heat increment of feeding) of food
that was gathered during recesses during the day. Two studies measured the costs
of rewarming the clutch using different approaches (Vleck 1981; Biebach 1986),
either by calculating the instantaneous O2 consumption (Biebach 1986) or by
measuring the metabolic rate of females incubating continuously cooled eggs
(Vleck 1981). Both studies revealed that rewarming is energetically more demanding than that of contact incubation. In addition, Biebach report that the energetic
costs of rewarming the eggs depend on ambient temperature and the length of the
inattentive period.
As an alternative to measuring the energetic costs of a specific behaviour, two
studies have tried to get insight in what the most demanding activity during the
incubation phase is by relating daily energy expenditure during incubation (DLWtechnique) with the activity pattern of incubating birds. Piersma et al. (2003)
studied the daily energy expenditure of radiomarked red knots Calidris canutus in
the High Artic and found that birds that spent part or all of their time on foraging
had higher values of daily energy expenditure than those that spent all their time
on incubation. These results imply that foraging is more costly than incubating a
clutch. In a study on energy expenditure of incubating pectoral sandpipers Calidris
melanotos in relation to experimentally heated nests, Cresswell et al. (2004) also
conclude that the energetic costs away from the nest must far exceed that of sitting on the nest, even though relatively little time is spent away from the nest.
To gain more insight in where the high energetic demands of incubation originate, we constructed a time and energy budget of free-living female great tits
(Parus major) over a 24-h period during the incubation phase. The great tit is
used as model species, because it is an uniparental incubator: the female incubates the eggs. Thus, during the day, the female is faced with a trade-off between
spending time on the nest to maintain egg temperature and spending time away
from the nest for self-maintenance (i.e. foraging). This trade-off, and thereby the
consequences of this trade-off, is likely to be pronounced in small passerines, since
they cannot store large amount of energy and thus need to forage daily to balance
their expenditure. In case of the great tit, the male may at the most assist their
mate by providing food or information where to find food.
We used the results from two studies that focussed on the clutch size related
energetic costs of incubation: one measured during the night using respiromentry
(chapter 6) and one over a 24-h period using the doubly labelled water (DLW) technique (chapter 7). We combined these data with the time budgets of incubating females measured over 24-h period during the DLW-measurement. We derive
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an estimate of day time expenditure, which we contrast to our previous measurements of the energy expenditure during nocturnal incubation. Furthermore, we
derive an estimate of energy expenditure away from the nest. Besides, an estimate
of energy expenditure incubation activities on the nest, such as rewarming of the
eggs and contact incubation during the day is derived.

METHODS
Study population
We conducted this study in the woodlots of the Lauwersmeer, in the northern
Netherlands (53º20’ N – 6º12’ E) during the breeding season of 2004. In this population, great tits have been studied since 1993. In part of the area, a limited
number of nest-boxes was available since 1980. Since 1994, 200 nest-boxes are
available in the study area, located over 8 woodlots of different sizes (6 -106 ha)
interspersed with non-breeding habitat. For more details see Tinbergen (2005).
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Energy expenditure
Metabolic rate during nocturnal incubation
We measured the oxygen consumption of 20 females during nocturnal incubation
using respirometry as early as possible in the incubation period (between 1st - 6th
day of incubation; chapter 6). We measured females twice on consecutive nights
while incubating either control or experimentally enlarged clutches; the experimental treatment was provided in random order. We enlarged clutches with three
eggs (chapter 6) during day time, while measuring the oxygen consumption later
that day during night time. Control clutches contained on average 8.8 ± 1.4 eggs.
We measured the oxygen consumption using mobile oxygen analysers, the nestbox was used as metabolic chamber. By comparing the oxygen concentration and
flow of air drawn from the nest-box with the oxygen concentration and flow of air
entering the nest-box, we determined the oxygen consumption of the incubating
female. The metabolic rate of nocturnal incubation (MRnight, J s-1) was calculated
using equation 6 of Hill (1972), assuming a respiration quotient (RQ) of 0.75 and
an energy equivalent of 19.9 kJ per litre oxygen consumed (Tinbergen & Dietz
1994). Per night of measurement, we used an average value of MRnight in the
analysis. More details about the experimental set-up and method used are published elsewhere (chapter 6).
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Daily energy expenditure
At three quarters of the incubation period - assumed to be 12 days- we used the
doubly labelled water (DLW) technique (Lifson & McClintock 1966) to measure
the daily energy expenditure (DEE; chapter 7). We measured the DEE of 35
females that incubating clutches with originally 9.1 ± 1.6 eggs; 19 of these

Time budgeting incubation behaviour
During the DLW-measurement, we used a temperature sensor (HOBO logger,
Mulder-Hardenberg B.V., The Netherlands), which we placed between the eggs to
monitor the nest temperature; this sensor registered nest temperature every 15 s.
We derived the incubation behaviour of females from the nest temperature. The
departure of the female from the eggs is revealed by a sudden drop in nest temperature, which is followed by a sharp increase in temperature upon her return.
We recorded the length of the night (s), which was defined as the time span
between the last entry in the evening and the first exit in the morning, and the
length the active day (s), which we defined as the time span between the first exit
in the morning and the last entry in the evening on the same day. Within the active
day, we scored the following behaviours: latency to return (s), which we defined as
the time span between the release of the bird after injection and the first return to
the nest; time on the nest (s), which we defined as the time during the active day
the bird spent on the nest, which comprises both time spent rewarming the clutch
after each recess and time spent on maintaining egg temperature; the number of
recesses (#), which we defined as the number of times the female went away and
returned to the nest during the active day; time away from the nest (s), which we
defined as the time during the day the bird spent away from the nest, which
includes all time spent on behaviours outside the nest-box (although the latency to
return is excluded from this measure). Since individuals differ in the length of the
active day, the time spent on different activities (latency to return, time on the nest
and time away from the nest) are expressed as fractions of the active day.
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females were incubating control clutches and 16 of them enlarged clutches (three
additional eggs). We used both single-sample protocol (Williams & Dwinnel
1990), and two-sample protocol. We caught the females during day-time when
they were leaving the nest-box. After weighing them, we injected them with 0.10
ml DLW. Depending on the protocol (single-sample or two-sample), we released
the birds immediately (single sample) or we kept them in a cloth bag to take an
initial blood sample after one hour (two sample). Twenty-five hours after injection, we recaptured the birds a second time to take a (final) blood sample and to
weigh them again. We took blood samples from four uninjected females to determine background values of deuterium and oxygen-18 of the population. Blood
samples were analysed for deuterium and oxygen-18 concentration at the Centre
for Isotope Research of the University of Groningen (the Netherlands) by mass
spectrometry. Mean background isotope enrichments of deuterium and oxygen-18
for non-experimental females were -19.74 ± 5.1 ‰ and -0.79 ± 0.47 ‰ relative
to standard mean ocean water (V-SMOW). We calculated the daily energy expenditure (DEE), assuming a body water pool of 66% (Mertens 1987), a RQ of 0.75
and an energy equivalent of 19.9 kJ of oxygen consumed. For a more detailed
description of this experiment see (chapter 7).
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Ambient temperature
When measuring the metabolic rate of nocturnal incubation, we measured the
ambient temperature in the vicinity of the nest-box during the measurements. In
the analysis, we used the mean ambient temperature taken over the 24-h measuring period. During the 24-h period of the DLW-measurements, we measured the
ambient temperature (Tinytalk II, Gemini Data Loggers, INTAB Benelux) at a central location in the study area. For each individual, we calculated Ta_24 (ºC), which
is the mean ambient temperature for the entire 24-h period of the DLW-measurement; Ta_night (ºC), which is the mean ambient temperature during the night and
Ta_day (ºC), which is the mean ambient temperature during the active day.
Calculations
For each individual, we calculated the metabolic rate during the night (MRnight)
using the following equation, thereby correcting for factors that we had previously
found to affect MRnight (chapter 6):
MRnight (J s-1) = -0.028 ⋅ Ta_night (ºC) + 0.039 ⋅ CSmanip (# of eggs) - 0.004 ⋅
Ncup (mm),
whereby Ta_night is the mean ambient temperature during the night, CSmanip is the
clutch size manipulation (0 or 3 eggs added) and Ncup is the thickness of the nest
cup, which is a measure of nest insulation (Szentirmai et al. 2005; chapter 5). We
used the metabolic rate during nocturnal incubation and the length of the night to
calculate the energy expenditure during the night, EEnight:
EEnight (kJ per 24-h) =

MRnight (J s-1) ⋅ Lengthnight (s)
1000

Next, we calculated the energy expenditure during the active day (EEday) by subtracting the energy expenditure during the night from the daily energy expenditure (DEE):
EEday (kJ per 24-h) = DEE (kJ per 24-h) - EEnight (kJ per 24-h)
We calculated the metabolic rate during daytime (MRday) by dividing the energy
expenditure during the active day by the duration of the day:
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MRday (J s-1) =
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EEday (kJ per 24-h) ⋅ 1000
Lengthday (s)

Females were caught for the second time after 25h 15min on average and thus,
DEE was overestimated for a short period of time during the active day. Therefore,
we calculated DEEinc by subtracting the estimated energy expenditure, using the
estimated metabolic rate during the day times the deviation from 25-h period
from DEE;
DEEinc (kJ per 24-h) =

(DEE (kJ) ⋅ 1000) - MRday (J s-1) ⋅ tdeviation 25h (s)
1000

Statistical analysis
We had 6 missing values for the DLW-measurements, because 3 birds deserted the
nest, 2 birds could not be caught in time for a proper measurement, and for 1 bird
the CO2 production could not be determine accurately. So we used 29 individuals
in the analysis. We had 4 missing values for measures of incubation behaviour
during the active day due to malfunctioning of temperature loggers. Therefore, we
have data on the time budget of 25 individuals.
We tested whether the activity of the incubating birds was related to energy
expenditure (in total or per time unit) over the active day. We included clutch size
manipulation in the model as explanatory variable, given the experimental set-up.
We also included ambient temperature as explanatory variable, since we previously found strong effects of this factor (chapter 6 and 7).

RESULTS

Table 8.1. Overview of time budget for females during the incubation phase of which daily
energy expenditure was measured during a 24-h period with use of the doubly labelled
water (DLW) technique.

Latency to return
Time on the nest
Time away from the nest
Active day
Night

behaviour

Duration

Fraction

23.1 * 21.8min
23.1 * 7.8min

2h 15min
8h 24min
3h 01min

0.17
0.61
0.22

13h 40min
10h 20min

1.00

24h 00min
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Time budget
For incubating females, a 24-h period consisted of 13h 40min ± 35 min active day
and of 10h 20min ± 35 min night (for an overview of these data see Table 8.1).
During the active day, the females’ latency to return was 2h 15min ± 1h 42min
after injection. The remainder of the active day, females alternated time spent on
the nest and time spent away from the nest. Females went 23.1 ± 5.5 times away
from the nest for on average 7.8 min, and stayed on average 21.8 min on the nest
upon return. In total, females spent 8h 24min ± 1h 29min on the nest and 3h
01min ± 51min away from the nest. Expressed as fractions of the active day, the
females’ latency to return was 0.17 ± 0.13, the time on the nest 0.61 ± 0.10, and
the time away from the nest 0.22 ± 0.06.

131

The length of the active day was not related to the time away from the nest (χ21
= 1.60, p = 0.21). As a consequence, the fraction of latency to return was negatively correlated with both the fraction of time on the nest (χ21 = 38.7, p < 0.001,
R2 = 0.79) and the fraction of time away from the nest (χ21 = 13.6, p < 0.001,
R2 = 0.42).
Energy budget
Over a 24-h period, incubating females spent on average 79.0 ± 9.1 kJ (DEEinc),
of which 23.2 ± 2.3 kJ was spent during the night (EEnight) and 55.8 ± 8.7 kJ
during the active day (EEday). Thus, females spent more energy during the active
day than during the night, but the active day is also longer than the night. The
energy expenditure per time unit (metabolic rate) during nocturnal incubation
was 0.63 ± 0.07 J s-1 (MRnight), while the metabolic rate during daytime incubation was 1.14 ± 0.18 J s-1 (MRday). Thus, the incubating female did spend energy
at a higher rate during the active day than during the night, and consequently
also spent more energy during the active day (Fig. 8.1). Note that the average
ambient temperature was about 5 °C higher during the day than during the night.
Covariation between energy expenditure and time budget
To estimate the energetic costs of the different elements of the time budget separately (Table 8.1), the variation in energy expenditure during the active day was

metabolic rate (J s-1)
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mean ambient temperature (°C)
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Figure 8.1. Measured values of metabolic rate during night time (MRnight (J s-1); see equation in Methods, calculations; triangles) and derived values of metabolic rate during day
time (MRday (J s-1) = 2.0 (±0.2) -0.06 (±0.01) ⋅ Ta_day (mean ambient temperature during the active day; squares) in relation to mean ambient temperature for night and daytime, respectively. For more details about calculations see section in Methods. Closed symbols are control clutches and open symbols are experimentally enlarged clutches.

MRday standardized at 15 °C (J s-1)

related to the time budget data. Both the energy spent during the active day
(EEday; χ21 = 5.69, p = 0.02; controlled for ambient temperature in the model,
χ21 = 15.96, p < 0.001) and the metabolic rate during the active day (MRday;
χ21 = 8.15, p = 0.004; controlled for ambient temperature in the model, χ21 =
14.90, p < 0.001) decreased with an increase in the fraction of time the female
spent on the nest (Fig. 8.2).
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DISCUSSION
We calculated energy expenditure during the day by subtracting estimates of energy expenditure during the night from estimates of energy expenditure over 24-h.
We found a strong negative relation between the energy expenditure during the
active day and the time spent on the nest that allows us to estimate the energy
spent per time unit when time spent on the nest and away from the nest.
In our dataset, females took relatively long to resume normal incubation after
being captured for the DLW measurements. This may be a problem because the
analysis takes the energy spent per time unit during this latency to return as equal
to that during the time spent away from the nest during normal incubation. To
give ourselves more confidence that this was the right approach, we looked in
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Figure 8.2. Metabolic rate during day-time incubation standardised to the ambient temperature of 15 °C in relation to the fraction of time spent on the nest during the day. The white
stars indicate the estimated metabolic rate during the time spent away from the nest and
the metabolic rate during the time spent on the nest by extrapolating of the regression line.
The grey star indicates the metabolic rate during nocturnal incubation, standardized to 15
°C. For reference BMR for incubating female great tit is 0.34 J s-1. Closed symbols are control clutches and open symbols are experimentally enlarged clutches.
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more detail at those females (n = 5) that had a short latency (less than 15 minutes). Daily energy expenditure of birds with only short latencies to return followed the same pattern and their mean expenditure was similar to that of the
mean of the population (75.0 kJ day-1). These females spent a fraction of 0.72 of
the active day on the nest and a fraction of 0.27 away from the nest, fractions also
recorded in undisturbed situations (Deeming 2002). We conclude that the energy
spent per time unit during the time after injection (and before normal incubation)
was equal to the energetic costs per time unit during the time spent away from
the nest in normal incubation.
The high energy costs for incubating females over 24-h originates during the
active day. Even though mean ambient temperatures were higher during the
active day, both the expenditure over the active day (EEday, kJ) and the energy
spent per time unit during the active day (MRday, J s-1) were higher than during
the night. This means that incubating females not only spent more energy during
the active day because it is longer, but also because they spend energy at a higher
rate. These findings support the view that it is not contact incubation itself that is
energetically the most costly activity during the incubation phase.
We used the regression of MRday on the fraction of time spent on the nest to
partition the energetic costs to different activities during the active day; the regression line was extrapolated to either spending all the time away from the nest or
spending all the time on the nest. We standardized the expenditure for a mean
daily ambient temperature of 15 ˚C. This was needed, since ambient temperature
strongly affects energy expenditure (Biebach 1984; Bryan & Bryant 1999; Weathers
et al. 2002; chapter 6 and 7). The metabolic rate during time spent away from the
nest (MRaway from nest) was extrapolated to be 1.58 J s-1, while the metabolic rate
during time spent on the nest (MRon the nest) was estimated to be 0.85 J s-1 (Fig.
8.3.), meaning that energy spent away from the nest was higher than that while
sitting on the nest.
Our measure of energy spent on the nest (MRon the nest) comprises both energy
spent rewarming the clutch after each time the female was away from the nest
(MRrewarming) and energy spent on maintaining egg temperature (MRinc_day). To
get an estimate of the costs of rewarming a clutch to temperature favourable for
embryonic development for female great tits, however, we use a calculation by
Mertens (1977). We calculated for a clutch containing 9 eggs the energy needed
for rewarming it. The mass of a clutch (weight of one egg is 1.77 g) was multiplied with the specific heat of eggs (3.35 J g-1 °C-1 ; Romanoff & Romanoff 1949),
the number of times rewarming during the day (23.1 ± 5.5, n=25) and the difference between temperature of the egg at the start of rewarming with the final temperature (5-10 ˚C; derived from data of temperature loggers) over the time spent
on the nest. The metabolic rate of rewarming the clutch (MRrewarm) would contribute to 0.20 – 0.41 J s-1 of the energy spent while being on the nest during the
active day. This estimate is of similar magnitude as the difference between

MRon the nest and MRnight, when these values were extrapolated to ambient temperature of 15 ˚C (Fig. 8.2), which would mean that energy spent during contact
incubation during the day (MRinc_day) is equivalent to that of contact incubation
during the night (MRnight). This is a discrepancy with the interpretation of
Biebach 1984. He found that MRinc_day was higher than MRnight, which he attributed to the energetic demands of digesting food. Possibly, energy needed for
rewarming eggs is reallocated from other processes (such as the heat increment of
feeding or flight).
During the active day, females are found to spend most energy during the time
away from the nest. The energy is spent on foraging to restore body reserves that
have been depleted during incubation (Deeming 2002). Using a measure of DEE
and energy expenditure during time on the nest based on data from several
species – standardised to 8 °C and expressed as multiples of BMR – in combination
with length of the active day and time available for foraging, Tinbergen and
Williams ( 2002) estimated the energetic expenditure during time away from the
nest (MRaway from nest) during both the incubation phase (female-only incubation)
and the nestling phase. They found that females have a higher MRaway from nest
during the incubation phase than during the nestling phase. For comparison, we
also standardised our values to 8 °C, and found a similar value of 5.7*BMR (compared to 4.2*BMR in nestling phase; Fig. 8.3). MRaway from nest could partly be this
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Figure 8.3. Metabolic rate of several behavioural elements; nocturnal incubation (measured), daytime incubation (estimated; value includes energy spent on rewarming the clutch
after each recess and that of incubating the eggs) and foraging (estimated; value includes
all activities outside the nest-box). For comparison with calculations of Tinbergen and
Williams (2002) values are standardised to the ambient temperature of 8 ˚C and expressed
as multiple of basal metabolic rate (BMR). For reference, the calculated value by of the
metabolic rate during time spent away from the nest for females provisioning their
nestlings is given (calculated by Tinbergen and Williams 2002).
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high because of higher flight costs; females are about 3 grams heavier during the
incubation phase (20.2 g) than during the nestling phase (17.6, unpublished data
of females used in DLW measurement in 2004, n = 16). On the other hand, these
costs could be high because females need to work hard during the time away from
the nest to acquire enough energy within a limited amount of time available.
Given the relatively high DEEinc and the limited time available for foraging, the
intake rate per unit time must be high during the time spent away from the nest
to meet parental needs during incubation, thereby assuming body mass to be constant. During the time spent away from the nest (on average 316 min ± 79),
females need to obtain on average 78.8 kJ day-1. Assuming an assimilation efficiency of 0.75 % (following Yom-tov and Hilborn 1981), a gross intake rate of
19.9 kJ h-1 would be required. This is consistent with the intake rate of a female in
uniparental incubation systems calculated by Tinbergen and Williams (2002).
These values for intake rate are remarkable high, as compared to the calculated
intake rate needed for females feeding nestlings (9.8 kJ h-1). How do these incubating females manage to obtain such a high intake rate in a period that food
availability is thought to be less favourable as compared to the nestling phase
(Perrins 1970; Nager & van Noordwijk 1995)? A high intake rate may be achieved
by an increase in foraging efficiency (energy gain per time spent foraging), which
they could achieve by adapting a different foraging strategy (eat less preferred,
but easier available prey) or by accepting more risk during foraging (Lima & Dill
1990). Alternatively, the male could have a substantial contribution, either by
bringing food to the incubating female or by taking her to food patches. Clutch
size manipulations during three years in the same population found that both
incubating females as their partners are affected by experimentally enlargement of
clutches (chapter 2). This hints that the role of the male is more important during
the incubation phase than till this far is assumed.
In conclusion, this study reveals that during a 24-h period of incubating, females
spent more energy during the active day than during the night. During the active
day, the time spent away from the nest is energetically twice as expensive as the
time spent on the nest. Daily energy expenditure during incubation is relatively
high, and an incubating female must balance her expenditure in her limited time
available away from the nest, which would result in a high intake rate. Such a
high energy intake can be accomplished by high foraging efficiency of the incubating bird or by the help of their partner in case of the great tit.
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Costs of avian incubation: a synthesis of how fitness,
energetics and behaviour impinge on
the evolution of clutch size
Maaike E. de Heij

INTRODUCTION
The number of eggs in a clutch can be seen as a ‘behavioural decision’ of the
female bird or the pair. In most species the clutch size is not fixed and individuals
have the option to stop laying early resulting in a small clutch or to lay more eggs
resulting in a large clutch. Given such a set of options, the female or the pair has
to ‘decide’ to lay a particular number of eggs. In this thesis I have been interested
in the question how such clutch size ‘decisions’ affect selection on clutch size. To
answer this question, I have taken an experimental approach (chapters 2, 3, 6 and
7). By changing the number of eggs I mimicked a change in the clutch size of parents in order to study its consequences. In addition I studied effects of natural
variation in clutch size on selection (chapter 4). In this synthesis, I will highlight
the main findings of this thesis in three different sections.
To begin with, I will highlight the findings that have increased our general
knowledge on energetics and behaviour during the incubation phase itself. Within
this section, I will put forward three topics that deserve more attention in future
work. These topics are 1) the effect of ambient temperature on the energetic costs
of incubation and why this is important, 2) the energetic costs of foraging during
the incubation phase for the attending female, and 3) the role of the male during
the incubation phase and its importance for the female.
In the second section, I discuss the causal effects of clutch size on energetics,
behaviour and fitness using clutch size manipulations during the incubation
phase. I discuss the behaviour and energy expenditure of the incubating females,
several offspring fitness components within the same breeding attempt (i.e. short
term) fitness consequences in terms of both offspring and parental local survival
(i.e. long term). At the start of the study I expected that with increasing clutch
size, an incubating female would need to change her behaviour, and consequently
would increase her energy expenditure. The increase in expenditure would lead to
a reduction in fitness, either via the offspring or via the parents themselves. In this
section, I will summarize and integrate the actual findings.
Finally, I discuss the implications of our findings for selection on clutch size in
our own and in other populations of the great tit, Parus major. In this last section,
I will also present several points that deserve further consideration.
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DAILY ENERGY EXPENDITURE DURING THE INCUBATION PHASE
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Daily energy expenditure in perspective
The incubation phase has long been ignored in studies estimating selection on
clutch size. The reason for this is that the act of rearing nestlings was thought to
be energetically considerably more costly than incubating and laying eggs. Egg
laying was assumed to be less costly than rearing nestlings, because females were

GENERAL DISCUSSION

found to replace removed eggs seemingly without costs. Keeping eggs warm was
thought to be energetically less costly, especially because the nests in which birds
incubated the eggs would create a favourable environment (Walsberg and King
1978). The only empirical data available at that time were in disagreement with
this theoretical expectation (Drent 1975). It was not until the 1990’s that the controversy was settled by refined empirical results (Williams 1996; Ward 1996;
Monaghan and Nager 1997; Tinbergen and Williams 2002).
The results in this study are at variance with King’s idea that the energetic costs
during the incubation phase are low. In chapter 6, my co-workers and I found that
the metabolic rate during nocturnal incubation (MRinc) was 2.0 times BMR (basal
metabolic rate), while in chapter 7 I found that the daily energy expenditure during the incubation phase (DEEinc) was 2.4 times BMR. In a review on the energetic costs of incubation, Tinbergen and Williams (2002) compare the existing
body of data on daily energy expenditure for birds incubating eggs and for birds
provisioning nestlings with food. They show that birds expend about the same
amount of energy during both phases. Particularly, for small species of passerines,
and for uniparental incubators the daily energetic cost of incubation is equivalent
to that of females rearing nestlings.
The incubation phase may be energetically costly for several reasons. One
potential reason is that birds have limited food at their disposal to balance the
expenditure; food is generally assumed to peak later during the nestling phase
(Perrins 1970; van Balen and Cave 1970; Nager and van Noordwijk 1995). For
species with uniparental incubation, the low food availability may specifically be
demanding for the attending sexes, since they have limited time – often only 25%
of active day (Deeming 2002) – available for foraging (i.e. investment in selfmaintenance) due to the requirement to incubate the eggs (i.e. investment in current reproduction).
Another reason why the incubation phase is energetically costly – and in my
view a point of main importance – is the influence of ambient temperature. A
comparison of the metabolic rate during nocturnal incubation (MRinc) standardised to 8 ˚C with the metabolic rate of a resting bird at 8 °C (MR8°C) and BMR for
several passerine species showed that MRinc was relatively high (chapter 6). This
was especially so for the smaller passerines, which could be explained by their
extra costs of thermoregulation. In line with this idea, ambient temperature had a
strong impact on the energetic costs of incubation (chapter 6 and 7; Bryan and
Bryant 1999; Weathers et al. 2002). In this study, a fall in ambient temperature of
10 °C resulted in a 43 % – 49 % increase in metabolic rate of incubating females
during nocturnal incubation (chapter 6), while over a 24-h period, such a change
in temperature resulted in about 50 % increase in daily energy expenditure (chapter 7). Accepting that lower temperature is causing high energy expenditure during the incubation phase, then in seasonal environments the high costs of incubation may be the rule due to the fact that the incubation phase precedes the
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nestling phase, and ambient temperatures generally increase throughout the
breeding season. Since the egg laying phase precedes incubation, and thus also
the nestling phase, the same reasoning may hold for this reproductive phase.
To investigate the actual energetic costs throughout the reproductive phase, my
aim was to compare the daily energy expenditure of female great tits during the
three consecutive phases (the egg laying, the incubation and the nestling phase)
in the same population to limit the confounding effects of uncontrolled factors.
Because such a data set was not available for the great tits in the Lauwersmeer, I
collated data for those populations in which the daily energy expenditure of
female great tits was measured during at least two of the three reproductive phases. The data set is based on data from three populations; two Dutch populations;
Hoge Veluwe and Lauwersmeer, and one Scottish population; Stirling (Fig. 9.1;
for details about these studies see figure legend). This dataset may provide a first
insight in the question whether the costs during the egg laying and the incubation
phase are energetically high.
In support of the above reasoning that in a seasonal environment temperatures
increases, figure 9.1 shows that the range of ambient temperatures during the
three reproductive phases was only partly overlapping. Ambient temperatures
were indeed lowest during the egg laying phase and mostly below 10 °C. During
the incubation phase, ambient temperatures were intermediate and around 10 °C,
while during the nestling phase ambient temperatures were highest and mostly
above 10 °C. In the Scottish population, mean ambient temperatures during both
the egg laying and the incubation phase were lower than in both the Dutch populations, due to the difference more northern location.
In all the three reproductive phases, a negative relation between daily energy
expenditure and ambient temperature was found. The correlation between daily
energy expenditure and ambient temperature was stronger in both the egg laying
and the incubation phase than in the nestling phase. In the two earlier reproductive phases, the variation in ambient temperature was also largest during these
two phases, which may also influence the energy expenditure (Pendlebury et al.
2004). The regression between daily energy expenditure and ambient temperature
was not demonstrably different between the populations in the egg laying and the
incubation phase. In the Scottish population, however, the DEEinc of females tended to be more strongly related to the mean ambient temperature than those in the
Lauwersmeer population (interaction temperature times population; F1,33 = 3.3,
p = 0.08). Nevertheless, some of the females in the Scottish population experienced extremely low minimum ambient temperatures of around freezing point
during incubation, and these females had extreme high DEEinc, affecting the mean
value of DEEinc for the population. DEEinc of female experiencing the same range
of ambient temperatures during the incubation phase were overlapping. The relation between daily energy expenditure and ambient temperature was different
between the populations in the nestling phase. For the sake of simplicity in the
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Figure 9.1. Daily energy expenditure (kJ day-1) of female great tits from three populations
during either the egg laying (DEEegg), the incubation (DEEinc) or the nestling phase
(DEEnestling) in relation to mean ambient temperature. Circles represent individual measurements, while squares represent the mean energy expenditure (± SE) for a specific population. For reference, a vertical line is given at 10 °C and a horizontal line at an expenditure of
100 kJ day-1. Data used were either original (Hoge Veluwe: egg laying phase, unpublished
data P.Gienapp, M.E. Visser and G.H.Visser; nestling phase, Tinbergen and Dietz 1994;
Lauwersmeer: incubation phase, chapter 7; nestling phase Wiersma and Tinbergen 2003,
Sanz and Tinbergen 1999) or derived data (i.e. values were read from graphs; Scottish population; egg laying phase, Stevenson and Bryant 2000; incubation phase, Bryan and Bryant
1999). Data on daily energy expenditure in the Scottish population were given in relation to
either the maximum ambient temperature or the minimum ambient temperature; I converted these values to mean ambient temperature using correlations between mean, minimum
and maximum ambient temperatures obtained for the Lauwersmeer area. DEEegg was negatively related to mean ambient temperature (F1,60 = 12.0, p < 0.001), and did not depend
on the population in which the measurement took place(F1,60 = 0.3, p = 0.60). DEEinc was
negatively related to mean ambient temperature (F1,34 = 42.7, p < 0.001), and did not
depend on the population in which the measurement took place (F1,34 = 1.9, p = 0.17).
Note that for the females in the Scottish population the slope of DEEinc in relation to the
mean ambient temperature tended to be steeper than for those in the Lauwersmeer population (interaction temperature times population; F1,33 = 3.3, p = 0.08). DEEnestling was negatively related to mean ambient temperature (F1,42 = 16.9, p < 0.001), and differed
between females of the two populations (F1,42 = 9.6, p < 0.001); females in the Hoge
Veluwe population had higher DEEnestling than those in the Lauwersmeer populations.
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analyses, I assumed that all individuals of the different reproductive phases were
belonging to one and the same population.
Controlling for ambient temperatures (F1,142 = 55.5, p < 0.001), the daily
energy expenditure of females did indeed depend on the reproductive phase.
Females providing nestlings with food had higher daily expenditure than those
incubating eggs (F1,80 = 14.3, p < 0.001, controlled for temperature), while
females incubating eggs had higher daily expenditure than those laying eggs
(F1,97 = 16.5, p < 0.001, controlled for temperature). At a mean ambient temperature of 10 °C, for instance, females spent more energy when rearing nestling than
when incubating, while females spent more energy when incubating then during
the egg laying phase. However, under the ambient regime prevailing locally, daily
energy expenditure of females during the egg laying phase, the incubation phase
and the nestling phase were roughly equivalent (F2,143 = 0.4, p = 0.68).
The analysis reveals that the nestling phase is not energetically more costly that
either the egg laying or the incubation phase, and as a consequence both the egg
laying phase and the incubation phase may be of importance for clutch size decisions. These latter phases are relatively demanding due to their timing in the season, and consequently lower food availability and lower ambient temperatures.
Especially in populations with strong seasonality, the energetic costs of early
reproduction may prevent early breeding due to low ambient temperature (Bryan
and Bryant 1999). Ambient temperature early in the season thus likely puts a
selection pressure towards later egg laying. In addition, the findings support the
idea first formulated by West (1968) that birds behave in such a way that their
daily energy expenditure is relatively constant over the annual cycle (referred to
as the reallocation hypothesis).
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Costs of foraging versus contact incubation
The measurements on daily energy expenditure (chapter 7) and nocturnal incubation (chapter 6) in combination with data on the time budget of incubating
females made it possible to couple the behaviour of the female to her energy
expenditure and provided an estimate of the energetic costs during the three main
activities of an incubating female over a 24-h period; foraging, rewarming the
clutch and contact incubation (chapter 8). During the incubating phase, one of
the main activities of the female great tit is providing favourable developmental
conditions for embryos (i.e. contact incubation). Yet, contact incubation turns out
to be energetically the least demanding activity, while foraging was estimated to
be energetically the most demanding activity during that phase (chapter 8). When
the value of energy spent per time unit is extrapolated to the total amount of
energy females spent during that particular activity, females spent on average
54% of their energy during the active day outside the nest-box on foraging activities and 46% of that inside the nest-box while incubating the clutch (including all
activities in the nest-box).

The role of the male during the incubation phase
Calculations on the daily energy expenditure and the time available for foraging
provided an estimate on the intake rate females need to obtain during foraging
(chapter 8). This intake rate was twice that of a female during the nestling phase.
This value is high, even inconceivably so, and the question arises how females are
able to obtain such a high intake rate. One possible explanation is that the female
is forced to change her foraging behaviour by foraging on different prey types.
Such a change may appear in the condition of the female. Alternatively, the
female could take more risk while foraging by spending less time on being vigilant
(Lima and Dill 1990), which can be measured directly by a reduction in the probability to survive during the incubation phase. Also, the female could be assisted by
her partner. Even though the male does not incubate the eggs, he can assist by
providing food at the nest (Lyon and Montgomerie 1985; i.e. incubation feeding;
Halupka 1994; Martin and Ghalambor 1999; Pearse et al. 2004).
A few studies have tried to determine the importance of the incubation feeding
of the male for the female. Pearse et al. (2004) provided supplementary food in
the nest-box of female wrens and found that females spent on average a longer
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There are two main reasons why foraging may be so energetically demanding.
Firstly, foraging may be energetically costly, because in species with uniparental
incubation – as in the great tit – the incubating bird has limited time available for
foraging. During the absence of the incubating female, the eggs cool towards
ambient temperatures, which in temperate zones are well below temperatures
that are favourable for embryonic development. Unfavourable temperatures may
slow down embryonic development or even be lethal (Webb 1987). This poses a
constraint on the female; she has to trade-off incubation of the clutch – and thus
the fitness of the offspring of the current clutch – with foraging – and thus selfmaintenance and future clutches. At the same time, food availability is thought to
be relatively low during the incubation phase and peaks later during the nestling
phase (Perrins 1970; Nager and van Noordwijk 1995). Low food availability limits
an individual’s opportunity to balance its expenditure. The female may compensate for this low food availability by working relatively hard during her time away
from the nest to obtain the required intake rate within a limited amount of time.
A second reason why foraging may be energetically demanding during the
incubation phase is the high body mass of the female. Females are typically heavier during the egg laying and the incubation phase, and drop in weight when rearing nestlings. In our population, females weighed around 20 g at day 9 of the
incubation period (12 -13 days), while they weighed around 17 g when feeding
nestlings of about 7 days old. Several studies have found that flight costs are related to body mass (Wiersma et al. 2005; Engel et al. 2006), therefore, the flight
costs are probably higher during the incubation phase than during the nestling
phase and this may add to the increased foraging costs.
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period on the nest, and consequently the total time the female spent on the nest
during the day was longer. In a empirical study by Halupka (1994) on the relation
between incubation feeding and nest attentiveness, a similar positive relation was
found. Although this finding does not say directly something about the role of the
male, it reveals the trade-off between foraging and contact incubation for the
female, and thus the nutritional need of the female during the incubation phase.
In the same experimental study, Pearse et al. (2004) found that the male reduces
his feeding frequency to his partner, when she received supplementary food
(Pearse et al. 2004). Thus, the male seemed to tune the amount of provisioning to
the nutritional need of the female. Also at lower ambient temperature, and thus at
higher energetic costs for the incubating female, the male increased its feeding frequency (Pearse et al. 2004). Lyon and Montgomerie (1985) removed the male at
the start of the incubation period, and found that females spent more time away
from the nest, when males were removed. As a consequence, eggs of widowed
females had a prolonged developmental time and a reduced probability to hatch
(Lyon and Montgomerie 1985). This finding suggests more strongly than the two
previous studies that males indeed contribute to the intake rate of females, and
thereby may influence her incubation behaviour.
In the population of great tits in the Lauwersmeer, I have tried to gain more
insight in the role of the male during incubation. I expected the nutritional need
of incubating females to increase with the clutch size they are incubating.
Therefore, I examined the contribution of the male in relation to the manipulated
clutch size the female was incubating. With use of video camera’s that were located outside the nest-box, I recorded the incubation behaviour of the female and the
frequency of incubation feeding of the male for those nests that participated in
clutch size manipulations in the breeding season of 2002. The data did not reveal
that the amount of incubation feeding of the male depended on the experimental
treatment during the incubation phase. Nevertheless, there was large variation in
the frequency of incubation feeding between males; some males were not feeding
in the nest-box, while others came twice during the incubation bout of their partner. Based on the sound track on the video observations, males most often seem
to use a specific call when they were in the vicinity of the nest-box. After this call,
the female would leave the nest-box. Occasionally, the male was observed to feed
the female outside the nest-box. More often, however, the male and the female
flew away from the nest-box together. This led to the idea that the male leads the
female to good foraging patches. By doing so, the intake rate of the female may
increase because of she does not have to spend much time on searching for good
foraging locations. At the same time, the male may assist the female even more by
being on the look out for predators, so that the female can continue foraging
and/or the male can continue feeding its partner. If this is indeed the task of the
male during the incubation phase, the importance of the male for the female will
be hard to capture in detail.

CLUTCH SIZE RELATED COSTS DURING THE INCUBATION PHASE

Energy and behaviour
In chapter 6, I determined the energetic costs of incubation in relation to clutch
size by measuring the oxygen consumption of incubating females at night, while
they were incubating either a reduced, enlarged, or control clutch size. All experimental females received all treatments in consecutive nights. This set-up enabled
me to study the effect of clutch size within individuals. This is important, because
there is large variation between individuals. During nocturnal incubation, females
spent energy at a significantly higher rate when incubating experimentally
enlarged clutches compared to control or reduced clutches (chapter 6). The
absolute difference, nevertheless, was relatively small.
In chapter 7, I used the doubly labelled water (DLW) – technique to measure
the daily energy expenditure of females incubating either experimentally enlarged
clutches or control clutches, and thus could compare the effect of clutch size
manipulation between individuals. I could not detect a significant difference
between females incubating enlarged or control clutches. The females of the two
treatment groups also did not differ in their incubation behaviour (i.e. the number
of recesses and time spent on the nest during the active day; chapter 7).
Two main explanations may account for this contradiction in findings between
the two studies. One explanation is that there was an effect of clutch enlargement
on the daily energy expenditure, but that I could not detect it. This could be due
to large between-individual variation in behaviour, and thus expenditure or to
measuring error (5 - 10% ; Tatner and Bryant 1989; Speakman 1997). To get
some insight whether this between-individual variation could explain the difference between the studies, I performed a simple test. Of the data set on the energy
spent during nocturnal incubation in the year 2004, I randomly chose for each
individual one of the two observations; thus either the energy spent while incubating control or enlarged clutch. Subsequently, I analysed whether in this data
set, the metabolic rate of nocturnal incubation was still depending on the experimental treatment, as in the previous test with within individual comparison (chapter 6). No effect of clutch enlargement on energy expenditure could be detected
between females of the two treatment categories (F1,15 = 2.1, p = 0.17). This
simple test suggests that between-individual variation may mask small effects of
clutch size. In addition, a power test revealed that a much larger sample size was
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What can we conclude from the findings presented in this thesis in light of the
original question whether selection on clutch size during the incubation phase is
important for clutch size decisions? I will first present and discuss the findings of
clutch size related costs in terms of energy and behaviour, then the costs in terms
of fitness and thereafter I will integrate the different results.
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needed to be able to find the small effect of clutch enlargement on DEEinc as was
found during nocturnal incubation (chapter 7).
An alternative explanation is that there was no effect of clutch enlargement on
daily energy expenditure, because birds compensated their daily energy expenditure by lowering expenditure in another activity, such as self-maintenance (chapter 7). A reduction in the allocation of energy to processes of self-maintenance
means less investment in repair (oxidative stress) or in immune function.
Consequently, an individual becomes more vulnerable for diseases, and this may
influence survival probability. Several studies reveal a trade-off between investment in reproduction and immune function (Hanssen et al. 2003; Hanssen et al.
2005).
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Fitness consequences
In chapters 2 & 3, I manipulated clutch sizes for the duration of the incubation
phase to determine the fitness consequences of incubating manipulated clutch
sizes in the short and the long term (chapter 2 and 3). The measure of fitness has
two components; the parental component – the probability that parents survived
locally until the next year and were found reproducing again – and an offspring
component – the probability of offspring to survive and recruit in the local breeding population. Like previous studies, I have determined the effect of clutch size
manipulation on both parents and offspring. Nevertheless, I also have realised that
effect on post-hatching performance could be achieved via the parents – as a
result of a change in ability of parents to provide nestlings with food due to the
experimental treatment during incubation – or via the eggs – as a result of detrimental effects due to developmental conditions experienced during incubation.
As explained in chapter 3, I used a rather specific manipulation scheme, which
deviated from schemes used by previous studies. The specific manipulation
scheme that I used, see chapter 3, has several advantages. First, the effects of
clutch size manipulation on pre-hatching performance (i.e. developmental time
and hatching probability) could be determined, while taking into account the
parental origin of the egg, and hence the inherited egg quality (chapter 3).
Second, the scheme enabled me to distinguish between effects via eggs and effects
via parents. The effects of clutch size manipulation on post-hatching performance
could be determined via the eggs by comparing the performance of offspring with
known egg treatment (chapter 3). The effect of clutch size manipulation on offspring performance via the parents could be determined (chapter 2), because parents of different treatment category reared offspring with on average the same egg
treatment (for further explanation see chapter 3).
I will first consider the effects found of clutch enlargement via the eggs and
than those via the parents, before synthesizing them.

Effects via parents
Offspring of first clutches did not differ in their probability to hatch, fledge or
recruit with treatment (chapter 2), indicating that parents of the three treatment
categories could care equally well for their offspring. Offspring of second clutches
that were raised by parents that received enlarged first clutches during the incubation phase, on the contrary had a lower fledging probability than offspring reared
by parents with either reduced or control first clutches during incubation (chapter
2). These findings suggest that parental ability to successfully rear a second clutch
of nestlings was affected by their treatment during incubation of the first clutches.
Parents that received experimentally enlarged clutches during the incubation
phase had a reduction on the probability to survive locally to the subsequent
breeding season in two out of three years (chapter 2). This finding implies that
there is a cost of incubation for parents, but that these costs are not apparent
every year. Note that clutch enlargement negatively affected the local survival
probability of both female and male parents. Possibly, females can shift costs on
their partners. They may do so either during the incubation phase itself, for
instance, by demanding a larger contribution of incubation feeding of the male,
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Effects via eggs
I could not detect any significant of egg treatment in terms of the probability of an
egg to hatch, but eggs incubated in enlarged clutches had longer developmental
time in one of the two years (chapter 3). This result indicates that the clutch size
manipulation during incubation, and thereby potentially the developmental conditions of the embryos during incubation, could affect the performance of the offspring. Nevertheless, the effect of clutch size on developmental time was not a
general pattern in both years, suggesting the influence of year-to-year variation in
the environmental conditions.
In both years, offspring that hatched from eggs that experienced the enlarged
treatment during incubation, had shorter tarsi during the nestling phase (chapter
3). This implies that the clutch size during incubation had consequences on the
growth of offspring. Despite this effect on tarsus length, egg treatment did not
affect the performance of offspring in terms of the probability to fledge and the
probability to recruit. Although egg treatment had no detectable effect on these
two fitness components, the effect on growth is expected to induce a difference in
fitness. Birds with relatively larger tarsus length have been found to have better
access to food, and to have more success in obtaining a breeding territory (Drent
1983), and mate preference in males is found to be related to tarsus length
(Blakey 1994, Kempenaers et al. 1992, Verboven and Mateman 1997). Thus, it
might be that if I had used a measure of reproductive success in the year after the
clutch size manipulation (rather than merely the measure of recruitment probability), I might have detected an effect of egg treatment on the post-hatching performance of offspring.
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but also or during the nestling phase, for instance, by shifting a larger share of the
required care for offspring to their partner.
The clutch size manipulations revealed some effects of clutch enlargement on
fitness of either offspring or parents in the short term (i.e. within the current
breeding attempt). In the long term, however, clutch size manipulations reveal a
strong effect on the probability to survive to the subsequent breeding season of
parents that received enlarged clutch during the incubation phase. The consequences of clutch enlargement were more apparent for the parents than for the
offspring, which suggests that the trade-off between investment in current breeding attempt and self-maintenance of parents is more biased towards the offspring.
Given that the great tit is a short lived species, such a balance is not surprising.
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What is the mechanism that underlies the fitness costs of clutch
enlargement during the incubation phase?
There is little data revealing the underlying mechanism explaining the reduced
survival probability of parents that had to care for enlarged clutches during the
incubation phase. The effect of egg treatment on the developmental time of eggs
suggests that females were either not able or not willing to efficiently incubate
enlarged clutches. Since females incubating experimentally enlarged clutches
behaved similarly to females incubating control clutches, the most plausible scenario might be that it was the intensity of incubation (i.e. the amount of heat provided per egg within the clutch) that was different between the enlarged and control treatment groups. Clutch enlargement had little consequences within the season in terms of behaviour, energy or fitness components on eggs or chicks, but
had fitness consequences on the parents in the subsequent breeding attempt within the same season and in the subsequent breeding season. This suggests that parents can bare the costs of incubating enlarged clutches after the actual breeding
phase. To give an example of one possible scenario; if parents reduced their investment in immune function when rearing first clutches, this may have increased the
chance on infections and this may thus have reduced their condition when breeding/ rearing second clutches (Siikamäki et al. 1997; Hanssen et al. 2005).
As an aside, I have made a first step to look into this idea. I have collected
blood samples of some of the individuals (both males and females) involved in the
clutch size manipulations during the breeding season of 2003. Blood smears of
these samples indicate that great tits in the Lauwersmeer are infected with three
types of blood parasites: Haemoproteus, Plasmodius, and Hepatozoon. The number of birds that were infected was relatively high (about 35 %). I could not detect
a difference in the probability of being infected of birds from the three different
treatment groups. However, I did find that females that had incubated enlarged
clutches had a higher number of blood parasites (number of blood parasites in 10
000 red blood cells), and that if multiple infections occurred, this always concerned females from the ‘enlarged’ category (de Heij unpublished data). These

results support the idea that birds from the enlarged category may have invested
less in immune defence, thereby running a higher risk of (multiple) infection. Yet,
the year 2003 was the year in which no effect of clutch enlargement on the survival probability of parents was found. Further investment in this direction seems
worthwhile.

CLUTCH SIZE DECISIONS IN GREAT TITS

Year-to-year variation
In this thesis, several findings (chapter 2 and 3) indicate that temporal variation
in selection pressure on clutch size in this population was considerable. The causes of these differences between the years remain unknown. Differences in environmental conditions between years (like the amount of precipitation, ambient temperature and food availability) are likely to play a role. Ambient temperature early
in the season is expected to play an important role not only because low temperatures increase energy expenditure, but also reduce the food availability and hence
the input of energy to balance the expenditure.
To avoid year-to-year variation, the costs of incubation and that of rearing
nestlings should be measured in the same year. This can be achieved by using an
experimental approach used by, for instance, Heaney and Monaghan (1995), and
Visser and Lessells (2001) (see chapter 3 for a more detailed explanation). This
approach has, however, also a disadvantage. To obtain a reliable estimate of the
effect of the manipulation treatment, a certain number of nests per treatment category are needed and this requirement limits the number of categories possible.
Most studies then only use two treatment categories per reproductive phase (control and enlarged clutches). As a result of omitting the third category (the reduced
category in this example), the shape of the fitness curve over clutch size can not

GENERAL DISCUSSION

The Lauwersmeer population
To estimate the overall fitness costs of caring for experimentally enlarged clutches
from incubation onwards (i.e., during both the incubation and the chick rearing
phase), the quantitative effects of both clutch size manipulations (i.e., during the
incubation phase: chapter 2) and brood size manipulations (i.e., during the chick
rearing phase: Tinbergen and Sanz 2004) were combined (for calculations: see
chapter 2). These calculations revealed that the fitness consequences of incubation an enlarged clutch could be strong enough to change the positive selection on
clutch size during the nestling phase into stabilising selection in the two years that
there were clutch size related costs of incubation for the parents (Fig. 9.2, panel I).
This means that in those years, clutch size decisions in the Lauwersmeer can be
regarded as adaptive, i.e. the natural clutch size that maximize fitness. In the next
section, I will present several points that deserve further consideration.

151

be estimated. Thus, there is a trade-off between collecting knowledge on a more
complete fitness curve and on avoiding possible confounding effects of year-toyear variation.
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Costs of egg laying
In the calculations on overall fitness, the costs of egg laying was assumed to be
low, and unrelated to clutch size (Fig. 9.2, panel I). Nevertheless, several studies
reveal that there are fitness consequences related to laying extra eggs (Heaney
and Monaghan 1995; Visser and Lessells 2001; Kalmbach et al. 2004). Visser and
Lessells (2001), who performed a study on great tits in the Hoge Veluwe population have shown that the survival probability of female great tits that laid additional eggs was reduced in both years in which the experiment was performed
(1998 and 1999). Depending on the costs of laying larger clutches, the inclusion
of these costs in the calculations of the overall fitness for the Lauwersmeer population does not change the shape of the fitness curve over clutch size, but does
affect the strength of stabilizing selection on clutch size (Fig.9.2, panel II). Few
studies have tried to measure the benefits of egg laying less eggs than planned. If
the costs of egg laying is linearly related to clutch size, laying smaller clutches
should result in a fitness benefit for the parents. Depending on the strength of the
fitness benefit, the selection on clutch size may change from stabilizing to negative selection (Fig.9.2, panel III). It is worthwhile to include estimates of the costs
of egg laying in the study on clutch size decisions for the great tit population in
the Lauwersmeer. Potentially, the costs of egg laying may also provide insight in
the year-to-year variation in the selection on clutch size.
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How to combine the costs of different reproductive phases?
When calculating the overall fitness for parents that took care of additional eggs
from incubation onwards, the question arises how costs of the different reproductive phases interact. Costs of different reproductive phases may be independent of
each other, so that the costs of the two reproductive phases can simply be added.
Alternatively, the costs of different phases may interact with each other, in which
case the costs of reproductive phases cannot be combined without empirical estimates. The latter scenario is actually quite likely, given that the allocation of
resources to one phase will reduce the opportunity to invest resources in another
phase. Thus, the costs of different reproductive phases may well interact with each
other. As discussed in chapter 3, there are two general approaches to determine
the costs of incubation. Either the costs of incubation are determined by comparing the performance of parents that incubated extra eggs and reared additional
nestlings with that of parents rearing only additional nestlings (Heaney and
Monaghan 1995; Visser and Lessells 2001) or the performance of parents that
incubated extra eggs with those incubating control clutches (e.g. Heaney and
Monaghan 1996; chapter 2). These two approaches may differ in the costs they
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measure. The former approach may identify the costs of incubation and that of the
nestling phase in interaction with each other, while the latter determines the costs
of incubation in isolation. The number of studies available is still too low to compare the performance of these two approaches in any detail. An experiment in
which the two approaches are combined may reveal whether the costs of different
reproductive phases are independent of each other additive or whether they interact. In such an experiment, at least three experimental categories are needed; parents of the first two categories would receive additional eggs at the start of the
incubation period, of which parents in one of the categories would have to care
for the additional eggs from incubation onwards, while those in the other category
would only have to care for the additional eggs for the duration of the incubation
phase. Parents in the third category would then receive additional chicks at the
beginning of the nestling phase.

GENERAL DISCUSSION

Figure 9.2. Estimated overall fitness for the great tit population in the Lauwersmeer based
on the fitness consequences of three reproductive phases; the egg laying phase (Visser and
Lessells 2001), the incubation phase (chapter 2) and the nestling phase (Tinbergen and
Sanz 2004) in relation to clutch size manipulation (R, reduced; C, control; E, enlarged). In
the first panel (I), overall fitness is determined on the basis of the costs of incubation and
that of rearing nestlings; the costs of egg laying are assumed to be unrelated to clutch size
(like in our study, see discussion chapter 2). In panel II, overall fitness is determined on
basis of clutch size related costs during all the three reproductive phases; only a cost of laying larger clutches are assumed on basis of the work of Visser and Lessells 2001 for great
tits in de Hoge Veluwe, the Netherlands. In panel III, overall fitness is determined on the
basis of clutch size related costs during all three reproductive phases; the costs of egg laying
are assumed to be negatively related to clutch size; the fitness benefits in relation to laying
smaller clutches is purely deductive, and therefore the line is dotted.
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Figure 9.3. Estimated overall fitness based on the fitness consequences of three reproductive phases; the egg laying phase (Visser and Lessells 2001), the incubation phase (chapter
2) and the nestling phase (Tinbergen and Sanz 2004) in relation to clutch size manipulation (R, reduced; C, control; E, enlarged) for those populations of great tit in which brood
size manipulations already revealed that birds lay the clutch size that maximise their fitness
(for instance, the Hoge Veluwe). In the first panel (I), overall fitness is determined on the
basis of the costs of incubation and that of rearing nestlings; the costs of egg laying are
assumed to be unrelated to clutch size. In panel II, overall fitness is also determined on the
basis of the costs of incubation and that of rearing nestlings only; in this panel the possible
effect of a fitness benefit related to incubating reduced clutches is expressed.
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Implications for other studies
Given that brood size manipulation in other populations (e.g. Perrins and Moss
1975; Pettifor et al. 1988; Lindén 1990; Tinbergen and Daan 1990; Pettifor et al.
2001) found that birds lay the clutch size that maximize their fitness, the findings
in this study with regard to the strong effect of clutch enlargement on the reduction in survival probability of parents is not expected to effect the results of these
studies (figure 9.3, panel I). Only if clutch reduction during the incubation phase
results in a strong fitness benefit, the form of the fitness curve changes such that it
would affect the clutch size maximizing fitness (figure 9.3, panel II). In this thesis,
I did not find experimental evidence that parents with reduced clutches had fitness benefits; neither in terms of energy expenditure during nocturnal incubation
nor in terms of fitness. Nevertheless, in the study on the fitness consequences
related to clutch size manipulation, parents with reduced clutches were more likely to abandon their nest directly after manipulation (chapter 2), and therefore,
extrapolation of these data should be done with caution, because the remainder
group may not be a random selection of the population (chapter 2).
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Conclusion
To conclude, the costs of incubation could be strong enough to change the positive
selection detected on basis of brood size manipulations in the same population to

GENERAL DISCUSSION

stabilizing selection. However, the costs of incubation were not apparent in all
years. This discrepancy takes a long term experiment to judge the year effect in
detail.
My findings for the Lauwersmeer population open the question whether costs
and benefits originating from other reproductive phases will affect the conclusions
from other studies that relied on brood size manipulations alone. One can imagine
that in populations that experience strong seasonality, the fitness costs of egg laying may have a stronger impact on clutch size decisions than that of the nestling
phase. Especially if laying and incubating smaller clutches increases parental survival substantially, the clutch size that maximizes fitness will change by shifting
downwards.
The prime importance of ambient temperature in determining the energetic
costs of reproduction poses the question how far we can unravel clutch size decisions separately from decisions on the timing of reproduction. Given seasonal
temperature profiles, choosing a certain laying date implies certain energetic costs
for all the three reproductive phases. Hence, clutch size and laying date decisions
need to be studied in combination. Early breeding with a small clutch size may for
instance be as costly as late breeding with a large clutch size. Obviously, combining the study of the decisions on both the timing and the intensity of reproduction
in different reproductive phases would complicate matters; nevertheless, I believe
that we should follow such an experimental approach if we really want know how
selection shapes reproductive decisions.
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Dutch summary – Nederlandse samenvatting

“In mei leggen alle vogels een ei”.
Is dit nu wel zo?
Leggen alle vogels in mei een ei?
Leggen alle vogels alleen in mei een ei?
Leggen alle vogels één ei?

Het moge duidelijk zijn; voor ecologen houden de vragen niet op bij deze volkswijsheid. Integendeel! Hier beginnen de vragen pas. Wat bepaalt of een vogel een
broedpoging begint? Wat bepaalt de dag waarop een vogel het eerste ei legt? En
wat bepaalt het aantal eieren dat een vogel legt? Dit zijn allemaal vragen die van
belang zijn voor het leven van iedere vogel; voor ecologen behoren ze tot de
levensgeschiedenis van een vogel. Soorten variëren in hun levensgeschiedenis.
Ecologen zijn geïnteresseerd in deze variatie. Ze willen begrijpen hoe deze variatie
tot stand is gekomen. In dit onderzoek richt ik me op één van deze vragen: wat
bepaalt het aantal eieren dat een vogel legt? Deze vraag houdt ecologen al lang
bezig, maar blijft een interessant fenomeen dat we nog niet volledig begrijpen.

DUTCH SUMMARY

Natuurlijke selectie
Ecologen zien het aantal eieren dat een vrouwtje legt als een ‘beslissing’ van haar
of het ouderpaar. Gegeven een bepaalde set aan mogelijkheden, besluit een
vrouwtje een bepaald aantal eieren te leggen. Ze had meer of minder eieren kunnen leggen, maar hier heeft ze niet voor gekozen. Nu is het niet zo dat ecologen
denken dat vogels dergelijke beslissingen weloverwogen maken. Ecologen denken
dat vogels gedragsregels gebruiken waarmee ze op hun omgeving kunnen reageren; ze kiezen niet bewust. Een bepaalde ‘beslissing’ van een dier is de uitkomst
van evolutie door het proces van natuurlijke selectie. Ecologen gaan ervan uit dat
door natuurlijke selectie díe individuen overblijven die het beste zijn aangepast
aan hun omgeving. Deze individuen produceren namelijk de meeste nakomelingen en hebben dus de grootste bijdrage aan de volgende generatie; anders gezegd
ze hebben het hoogste broedsucces of in vakjargon hoogste ‘fitness’. Als nakomelingen de gedragsregel van hun ouders erven, zal de beste gedragsregel gaan
overheersen in de populatie. De eigenschappen van individuen die minder goed
zijn aangepast zullen langzaam verdwijnen.
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Legselgroottebeslissingen
In termen van legselgroottebeslissingen betekent dit dat we verwachten dat een
ouderpaar het aantal eieren legt dat hen het grootste aantal nakomelingen zal
opleveren. Hierbij geldt niet per se dat hoe meer eieren het ouderpaar legt, hoe
meer nakomelingen ze produceren. Veel vogels leven namelijk meerdere jaren en
reproduceren dus ook meerdere keren in hun leven. Bij het beslissen over het leg-

gen van meer of minder eieren moet een ouderpaar dan ook een keuze maken
tussen investeren in het huidige legsel en investeren in hun eigen toekomst. Hoe
minder ze investeren in zichzelf, hoe lager de kans dat ze overleven naar het volgende jaar en hoe lager dus de kans dat ze nog een keer reproduceren.
Om de legselgrootte van een individu te begrijpen, moeten we op zoek gaan
naar de kosten en de baten van een bepaald gedrag. In dit geval de kosten en de
baten van het hebben van een grotere of kleinere legselgrootte.

Broedselmanipulaties
Om te onderzoeken of een ouderpaar inderdaad het aantal eieren legt dat is afgestemd op het aantal jongen dat ze kan grootbrengen, hebben ecologen experimenten uitgevoerd; zogenaamde ‘broedselmanipulaties’. Om de legselgroottebeslissing
van een ouderpaar te onderzoeken, wil je het liefst hetzelfde ouderpaar meerdere
malen onder dezelfde omstandigheden bestuderen; elke keer met een ander aantal jongen in het nest om groot te brengen. Aangezien dit niet mogelijk is, zoek je
drie ouderparen bij elkaar die ogenschijnlijk dezelfde beslissing hebben gemaakt
wat betreft legdatum en legselgrootte. Zodra alle jongen van de drie nesten uit het
ei zijn, verander je het aantal jongen in het nest; een van de drie ouderparen geef
je meer jongen (vergroot), de ander minder jongen (verkleind) en de laatste geef
je het zelf gekozen aantal jongen om groot te brengen (controle). Vervolgens volg
je de jongen en hun ouders tijdens de rest van het seizoen en het jaar erna. Als
een ouderpaar inderdaad het aantal eieren legt dat de meeste nakomelingen oplevert, verwacht je dat de ouderparen die hun zelfgekozen aantal jongen moeten
grootbrengen de meeste nakomelingen zullen produceren. De ouderparen die
minder jongen moeten grootbrengen zullen minder nakomelingen produceren dan
ze gekund hadden (want ze hadden minder jongen gekregen). De ouderparen die
meer jongen moeten grootbrengen zullen minder nakomelingen produceren
(meer jongen gaan dood).

NEDERLANDSE SAMENVATTING

David Lack
Het onderzoek naar legselgrootte beslissingen heeft een belangrijke impuls gekregen door het werk van de Engelse ornitholoog David Lack in 1947. Het was hem
opgevallen dat legsels over het algemeen klein waren. Als ouders zoveel mogelijk
nakomelingen wilden produceren voor hun bijdrage aan de volgende generatie,
waarom legden ze dan zo weinig – soms slechts één – ei(eren)? Daarnaast merkte
hij dat als je eieren uit het nest haalde in de periode dat de vrouw eieren produceerde, deze eieren gewoon vervangen werden. Schijnbaar was het produceren
van een ei niet zo duur. Naar aanleiding van deze twee waarnemingen, kwam
David Lack met het idee dat het leggen van eieren niet de beperkende factor was.
In plaats daarvan stelde hij voor dat het aantal jongen dat een ouderpaar kon voeren, de legselgrootte bepaalde. Met andere woorden, een ouderpaar moest zijn
legselgrootte afstemmen op het aantal jongen dat ze kon grootbrengen.
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Resultaten broedselmanipulaties
Over de jaren heen hebben onderzoekers broedselmanipulaties uitgevoerd bij verschillende soorten en in verschillende populaties van dezelfde soort. In Nederland
hebben onderzoekers onder andere broedselmanipulaties uitgevoerd in twee koolmeespopulaties: de Hoge Veluwe en de Lauwersmeer. In de Hoge Veluwe hebben
ze gevonden dat de ouderparen die hun eigen aantal jongen mochten grootbrengen de meeste nakomelingen produceerden. In deze populatie lijken ouders dus
inderdaad het aantal eieren te leggen dat afgestemd is op het aantal jongen dat ze
kunnen voeren. Onderzoekers in de koolmeespopulatie in de Lauwersmeer hebben echter andere resultaten gevonden. In dit gebied bleken niet de ouders die
hun eigen aantal jongen moesten grootbrengen, maar de ouders die meer jongen
moesten grootbrengen de meeste nakomelingen te produceren. Deze resultaten
hebben de vraag naar voren gebracht waarom koolmezen in de Lauwersmeer niet
een groter legsel hebben; ze zijn immers in staat om extra jongen groot te brengen
zonder nadelige gevolgen.
Op deze vraag zijn een aantal antwoorden mogelijk. Eén ervan – waar ik me op
gericht heb – is dat mogelijk niet alleen het aantal magen dat gevuld moet worden, maar ook het aantal eieren dat warm gehouden moet worden een beperking
vormt voor legselgrootte. Als dit zo is, dan moeten ecologen ook de kosten tijdens
de broedperiode meenemen om legselgroottebeslissingen te kunnen begrijpen.

DUTCH SUMMARY

Mijn project
In mijn onderzoek ben ik ingegaan op de volgende vragen: “Wat zijn de kosten
van het bebroeden van eieren?” en “Zijn deze kosten bepalend voor het aantal eieren dat ouders leggen?“. Mijn proefschrift bestaat uit twee delen. In het eerste
deel bespreek ik wat de kosten zijn van het bebroeden van eieren in termen van
het aantal nakomelingen dat een ouderpaar kan grootbrengen. In het tweede deel
van mijn proefschrift heb ik in meer detail gekeken naar het gedrag en de energiebesteding van vrouwtjes koolmezen. Ik wilde weten hoe eventuele effecten van
legselgrootte op de fitness van een individu tot stand zijn gekomen, en heb me
daarom gericht op de energetische kosten van broeden in relatie tot legselgrootte.
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De koolmees in de Lauwersmeer
Laat ik voordat ik verder ga eerst kort iets vertellen over de koolmees; het studieobject. Koolmezen zijn holtebroeders; om te nestelen gebruiken ze holtes in
bomen die gemaakt zijn door andere vogels – zoals spechten. Ze gebruiken ook
graag nestkasten, die mensen hebben opgehangen. Een paartje koolmezen begint
in april met het bouwen van een nest; dit doen de man en de vrouw samen. Het
nest bestaat voor een groot deel uit mos, maar bevat ook haren en/of pluis van
andere dieren. Als het nest klaar is, begint de vrouw met leggen; de ‘eilegperiode’.
Ze legt precies één ei per dag, net zolang tot ze het genoeg vindt. In ons studie gebied - de Lauwersmeer – bevat een legsel gemiddeld negen eieren; de ‘eilegperiode’

duurt dus negen dagen. Vervolgens begint de vrouw met het bebroeden van de
eieren. De ‘broedperiode’ duurt ongeveer 12 dagen. Het bebroeden van de eieren
doet de vrouw alleen; de man helpt op zijn hoogst door voedsel te brengen naar
de vrouw. Tijdens het bebroeden van de eieren, brengt de vrouw warmte over
naar de eieren; ze zorgt zo voor gunstige omstandigheden (temperatuur, luchtvochtigheid, etc) voor de ontwikkeling van embryo’s in het ei. Als de jongen uit
het ei zijn, voeren beide ouders ze. Gedurende de ‘jongenperiode’ vliegen ouders
af en aan met voedsel voor de bedelende jongen. Na ongeveer 18 dagen vliegen
de jongen uit. Nadat de jongen zijn uitgevlogen, kan een ouderpaar een tweede
legsel beginnen afhankelijk van de tijd binnen dat broedseizoen. Als de vogels de
winter overleven kunnen ze een jaar later een nieuwe broedpoging doen.
In de Lauwersmeer hebben wij – de onderzoekers – in het bos nestkasten opgehangen; in totaal 200. Elk jaar nestelt een heel aantal koolmezen in deze nestkasten. Wij volgen ieder jaar nauwgezet de broedpogingen van deze koolmezen.
We houden van elke koolmees bij in welke nestkast ze nestelt, het aantal eieren
dat ze legt en het aantal jongen dat ze grootbrengt. Ieder jong dat geboren wordt
in deze populatie krijgt om zijn poot een ring met een unieke code. Iedere broedvogel krijgt kleurringen om de poten voor herkenning. Met andere woorden: elk
jaar houden we de burgerlijke stand bij van de koolmeespopulatie.

In hoofdstuk 2 beschrijven we de resultaten van een legselgrootteexperiment. In
dit experiment hebben we precies dezelfde aanpak gebruikt als andere onderzoekers gebruikt hebben in de jongentijd. Dit keer hebben we niet het aantal jongen
dat ouders moesten grootbrengen gemanipuleerd, maar het aantal eieren dat ze
moesten bebroeden. In de broedperiode hebben ouderparen meer (vergroot),
minder (verkleind) of hun zelfgekozen aantal eieren (controle) gekregen om te
bebroeden. Voordat de jongen uit het ei kwamen, hebben we de eieren weer
teruggelegd. Deze ouderparen en hun jongen hebben we vervolgens gevolgd
gedurende de rest van hun leven. Om een idee te krijgen hoe herhaalbaar onze
bevindingen waren, hebben we het experiment in drie jaren uitgevoerd. Dit is een
goede beslissing geweest, want een van de drie jaren bleek duidelijk verschillend
van de andere twee jaren. In dat jaar begonnen de vogels later met leggen, legden
ze kleinere legsels en investeerden ze niet in een tweede legsel.
Tijdens de eerste broedpoging brachten ouders evenveel overlevende jongen
groot, ongeacht het aantal eieren dat we ze lieten bebroeden. Dit suggereert dat er
geen duidelijke fitness kosten verbonden zijn aan het bebroeden van meer of minder eieren. In de twee jaar dat ouderparen aan een tweede broedpoging begonnen, echter, hadden ouders van de vergrote groep minder jongen laten uitvliegen.
Zijzelf werden een jaar later minder vaak teruggezien; voor koolmezen in onze
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populatie betekent dat dat ze hoogstwaarschijnlijk dood zijn. Deze resultaten
laten zien dat er wel degelijk fitness kosten verbonden zijn aan het bebroeden van
meer eieren. Als we de fitness kosten van het bebroeden van extra eieren integreren met de baten van het grootbrengen van meer jongen, dan kunnen we de legselgroottebeslissingen van de koolmezen in de Lauwersmeer begrijpen. Het zelf
“gekozen” aantal eieren leverde de hoogste fitness op! Dit gold in twee van de drie
jaren.
Verder is nog interessant om te noemen dat van de vergrote groep zowel de
overleving van de man als van de vrouw negatief beïnvloed was. Aangezien bij
koolmezen alleen de vrouw broedt, is het verrassend om te zien dat de man ook
beïnvloed werd door de te verzorgen legselgrootte. Het is mogelijk dat de vrouw
een deel van haar kosten weet af te wentelen op de man. Hij kan zijn aandeel tijdens de broedperiode vergroten door de vrouw te voeren in de nestkast of door in
de jongentijd een groter aandeel te hebben in het voeren van de jongen.
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In hoofdstuk 3 heb ik in detail gekeken naar de gevolgen van het bebroeden van
extra eieren voor de conditie van de jongen. De conditie van de jongen kan op
twee manieren beïnvloed worden door legselgrootte. Als gevolg van de extra eieren in het nest tijdens de broedperiode, kunnen de omstandigheden voor de ontwikkeling van de eieren minder goed geweest zijn. Deze slechtere ontwikkelingsomstandigheden kunnen doorwerken op de conditie van de jongen – dit heb ik
effecten via de eieren genoemd. De extra eieren in het nest kunnen ook tot gevolg
hebben gehad dat ouders meer hebben moeten investeren in het warm houden
van de eieren. Als gevolg van deze extra investering in de broedperiode, kunnen
de ouders minder investering in het grootbrengen van de jongen; dit zal ook de
conditie van de jongen beïnvloeden – ik heb dit effecten via de ouders genoemd.
In dit hoofdstuk doe ik een voorstel voor een methode om de eieren te verwisselen tussen de verkleinde, vergrote en controle nesten zodat de effecten via de
ouders en via de eieren van elkaar te onderscheiden zijn.
In de twee jaren dat ik deze methode gebruikte, vond ik dat jongen een kortere
pootlengte hadden als ze tijdens de broedperiode in een vergroot nest hadden
gelegen. Pootlengte is een structurele maat voor een vogel en kan het succes van
een individu later in zijn leven bepalen. Vogels die kleiner zijn verliezen vaker een
gevecht met degene die groter zijn. Daarnaast hebben vrouwen een voorkeur voor
grotere mannen. Hierdoor hebben kleinere mannen minder kans op een partner
en dus op nakomelingen. Met andere woorden, kleinere vogels zouden een lagere
fitness kunnen hebben. De resultaten in deze studie wijzen erop dat de omstandigheid tijdens de ontwikkeling van de eieren nadelige effecten kan hebben op het
latere leven van een jong.
Het onderzoek aan de koolmezenpopulatie in de Lauwersmeer is begonnen in
1993. Vanaf dat jaar is de burgerlijke stand van de mezen bijgehouden. In hoofd-

stuk 4 hebben we deze gegevens van alle niet gemanipuleerde koolmezen van
1994 tot 2004 gebruikt om op basis van natuurlijke variatie selectiedruk op legdatum en legselgrootte te schatten. We hebben gekeken naar de variatie in het aantal geproduceerde nakomelingen (genaamd broedsucces) in relatie tot natuurlijke
variatie in legdatum en legselgrootte. Ten eerste bleek dat in sommige jaren vroeg
geboren jongen en in andere jaren laat geboren jongen het beter deden. Deze verschillen in broedsucces hingen samen met de groei van de jongen. Verder bleek
dat ouders met grotere legsels relatief vroeg in het voorjaar en ouders met kleinere legsels juist relatief laat in het jaar het hoogste broedsucces hadden. Ook dat
hing samen met de groei van de jongen. Het feit dat de verschillen in broedsucces
samenhingen met verschillen in groei van de jongen suggereert dat voedsel een
belangrijke rol speelt bij het tot stand komen van deze patronen.
Het resultaat van de experimentele studies (de combinatie van legselgrootte en broedselgrootte - manipulaties) verschilt met de in dit hoofdstuk beschreven
patronen. Naar aanleiding van de experimentele studie concluderen we dat de
legselgrootte in de koolmeespopulatie in de Lauwersmeer is aangepast; ouders
met grotere en kleiner legsels doen het duidelijk slechter. De analyse van de niet
gemanipuleerde koolmezen laat echter helemaal geen duidelijke stabiliserende
selectie zien, maar laat zien dat in sommige gevallen grootte legsels en in andere
gevallen kleine legsels een hogere fitness hebben. Mogelijk heeft dit te maken met
het feit dat de koolmezen hun legselgrootte hebben aangepast aan lokale verschillen binnen het onderzoeksgebied.

Wat bepaalt de dag waarop vrouwtjes beginnen met broeden?
In hoofdstuk 5 beschrijven we een interessant fenomeen dat we in het broedseizoen van 2002 waarnamen. Meestal beginnen vrouwtjes met het bebroeden van
de eieren op de dag dat ze het laatste ei leggen. In het tweede veldseizoen (2002)
ontdekten we echter dat een aantal vrouwtjes het begin van broeden uitstelden;
soms met slechts één dag, maar in een aantal gevallen met maar liefst acht dagen.
Dit verschijnsel intrigeerde ons. De dag van broeden zou – net als de eerste dag
van eileg - een strategische beslissing van de vrouwtjes kunnen zijn. Het begin van
broeden is daarbij de uitkomst van de afweging tussen de kosten en de baten van
het bebroeden van de eieren. In de literatuur doen over dit verschijnsel twee verklaringen de ronde. Een aantal onderzoekers heeft gesteld dat vogels het begin
van broeden uitstellen om ervoor te zorgen dat hun jongen later uit het ei komen
om synchroon met de voedselpiek te geraken (verklaring 1). Andere onderzoekers
hebben gesteld dat vogels het broeden uitstellen vanwege de hoge energetische
kosten die gepaard gaan met het bebroeden van eieren als het nog koud is (verklaring 2).
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Tijdens het broedseizoen hielden we nauwkeurig het begin van broeden en het
succes van het nest bij. Daarnaast maten we ook de afmetingen van het nest. Deze
afmetingen bleken een goede maat voor de isolatiewaarde van het nest. Dikkere
nesten hielden langer de warmte van het nest vast. We vonden een verband tussen het begin van broeden en de dikte van het nest. Vrouwtjes met dikkere nesten
stelden het begin van broeden minder vaak en minder lang uit dan vrouwtjes met
dunnere nesten. We vonden tevens een negatief verband tussen het uitstellen van
broeden en het uitkomstsucces van de eieren. Hoe langer de vrouwtjes wachtten
met broeden, hoe lager de kans dat de eieren in het nest uitkwamen.
In dit hoofdstuk leggen we uit dat we deze resultaten zien als ondersteuning
voor de tweede verklaring. De kosten van broeden spelen mogelijk een belangrijke
rol in de beslissing om het broedbegin uit te stellen, waarbij nestdikte een belangrijke rol speelt.

DUTCH SUMMARY

Wat zijn de kosten van het warm houden van eieren gedurende de nacht?
In hoofdstuk 6 bespreken we de energie-uitgaven van koolmeesvrouwtjes, die we
hebben gemeten terwijl de vrouwtjes een experimenteel vergroot, verkleind of
zelfgekozen legselgrootte hadden om te bebroeden. De energie-uitgaven hebben
we geschat door het zuurstofverbruik van de vrouwtjes te meten met behulp van
een zuurstofmeter. Degelijke metingen worden vaak in het laboratorium gedaan,
vanwege de logheid van de zuurstofmeters. Wij hebben echter metingen in het
veld gedaan met behulp van twee draagbare zuurstofmeters. Hierbij gebruikten
we de nestkast als meetkamer. We deden de metingen ‘s nachts. Gedurende de
nacht heeft de vrouw als voornaamste taak de eieren warm te houden.
Vrouwtjes gaven meer energie uit als zij een experimenteel vergroot legsel
bebroedden. Dit suggereert dat de verslechterde overleving (hoofdstuk 2) een
direct gevolg kan zijn van de extra kosten van het warm houden van een vergroot
legsel. Verder vonden we dat vrouwtjes met dikkere nesten lagere energie-uitgaven hadden. Dit ondersteunt ons idee in hoofdstuk 5 dat nestdikte de kosten van
broeden kan beïnvloeden. Een belangrijk resultaat van deze studie is dat de omgevingstemperatuur zo’n sterke invloed had op de variatie in energie-uitgaven. In
koude nachten hadden vrouwtjes duidelijk meer energie uitgegeven dan in warme
nachten. Temperatuur zou daardoor wel eens een belangrijke rol kunnen spelen in
de selectie op de timing van de reproductieperiode in het voorjaar. Immers te
vroege vrouwtjes hebben meer kans op koudere en dus energetisch duurdere
nachten.

176

Wat zijn de dagelijkse energiekosten in de broedperiode?
In hoofdstuk 7 hebben we de energie-uitgaven van vrouwtjes gemeten over 24
uur om te kijken of de legselgrootte gerelateerde kosten die we gedurende de
nacht hebben gevonden ook doorwerkten over een gehele dag. De energie-uitgaven van vrouwtjes die hun zelfgekozen aantal eieren bebroedden hebben we ver-

Welk gedrag is bepalend voor de hoge kosten?
Overdag broedt de vrouw niet aan een stuk door, maar gaat ze regelmatig van het
nest om eten te zoeken. De koolmeesvrouw heeft namelijk niet genoeg reserves
om een periode van 12 dagen achtereen te broeden. Aangezien bij koolmezen de
man niet helpt met broeden, zullen de eieren in haar afwezigheid afkoelen. Een te
sterke afkoeling van de eieren kan de ontwikkeling van de eieren vertragen of
zelfs schade toebrengen. De vrouw kan dus niet onbeperkt lang van het nest zijn.
Voor de vrouw is het dus een kwestie van een balans vinden tussen beide activitei-
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geleken met dat van vrouwtjes die op meer eieren broedden. Om de energie-uitgave te bepalen hebben we vogels ingespoten met zogenaamd “zwaar water”. Dit
water bevat zuurstof en waterstofatomen, die gemerkt zijn door ze zwaarder te
maken. Tijdens activiteit verbruikt een individu zuurstof en voedsel en produceert
koolstofdioxide en water. Bij dit proces worden gemerkte zuurstof en waterstofatomen vervangen door nieuwe, ongemerkte atomen. Omdat zuurstofatomen het
lichaam verlaten als koolstofdioxide en water, terwijl de waterstofatomen het
lichaam alleen als water verlaten is de verdwijningsnelheid van zuurstofatomen
hoger dan van waterstofatomen. Het verschil in verdwijningsnelheid tussen
gemerkte zuurstofatomen en gemerkte waterstofatomen is een maat voor de koolstofproductie, en dus de energie-uitgave van de vogel.
Naast de metingen van de energie-uitgave, hebben we het broedgedrag van de
vrouw gemeten met behulp van temperatuurmeters. De temperatuur in het nest is
gemeten met behulp van een temperatuursensor tussen de eieren. Bij aanwezigheid van de vrouw zijn de temperaturen hoog. Zodra ze het nest verlaat, daalt de
temperatuur snel om vervolgens bij terugkomst weer te stijgen. Aan de hand van
deze temperatuurswisselingen kan het gedrag van de vrouw worden afgelezen.
Net als in het vorige hoofdstuk, vonden we dat de energie-uitgave sterk beïnvloed werd door de omgevingstemperatuur. We vonden echter geen verschil in
energie-uitgaven tussen vrouwtjes van de twee experimentele groepen (controle
versus vergroot legsel). Dit was tegen onze verwachting in. Een mogelijke verklaring is dat we een te grove meetmethode hebben gebruikt, of dat individuen te
sterk van elkaar verschillen in gedrag en daardoor in energie-uitgaven. Een alternatieve verklaring is dat individuen die meer eieren krijgen om te bebroeden niet
meer energie ‘willen’ besteden. In plaats van hun energie-uitgave te verhogen,
gebruiken ze energie die ze voor andere activiteiten nodig hadden. Ze kunnen bijvoorbeeld minder energie besteden aan onderhoudsprocessen in hun lichaam,
waardoor ze meer vatbaar zijn voor ziektes. Gezien de eerdere gevonden gevolgen
van het bebroeden van een vergroot legsel (hoofdstuk 2, 3 en 6), ligt deze laatste
verklaring voor de hand. Dit resultaat laat de vraag open hoe precies de effecten
op overleving (hoofdstuk 2 en 3) tot stand komen, maar we suggereren dat het tot
stand komt door een herverdeling van de energie-uitgave van een individu, en
daardoor een verminderde investering in de eigen gezondheid.
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ten; eten zoeken is belangrijk voor haar eigen overleving en het bebroeden van de
eieren is belangrijk voor haar nakomelingen. In hoofdstuk 8 hebben we de gegevens uit de twee voorafgaande hoofdstukken (6 en 7) gecombineerd om een
schatting te maken van de energie-uitgave tijdens de drie belangrijke activiteiten
van broedende vrouwtjes. Dit zijn de kosten van eieren warm houden gedurende
de nacht, de kosten van eieren warm houden overdag en de kosten van foerageren
buiten de nestkast.
Vrouwtjes gaven overdag meer energie uit dan ’s nachts. Dat suggereert dat het
warmhouden van de eieren zelf niet de kostbaarste activiteit is. Dit idee werd verder versterkt doordat we vonden dat vrouwtjes minder energie uitgaven als ze een
groter deel van de dag op het nest doorbrachten. Dit betekent dat vrouwtjes de
meeste energie uitgeven in de periode dat ze van het nest zijn. In een berekening
laten we vervolgens zien dat de hoeveelheid voedsel die vrouwtjes nodig hebben
om de energie-uitgaven te kunnen bekostigen erg hoog is. Met andere woorden
vrouwtjes moeten heel hard werken om genoeg voedsel – zeg energie – binnen te
halen in een korte periode. De vraag voor een volgende studie is hoe de vrouw dit
allemaal voor elkaar krijgt. Neemt ze bijvoorbeeld meer risico’s tijdens het foerageren om zo meer tijd te kunnen besteden aan het zoeken van voedsel of heeft de
man een groter aandeel in het verzorgen van de vrouw tijdens de broedperiode?
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Wat zijn de voornaamste bevindingen in dit proefschrift?
In het laatste hoofdstuk (hoofdstuk 9) geef ik een overzicht van de gevonden
kosten (in termen van fitness en energie) van broeden, en zet ik de nieuwe inzichten van deze studie op een rij. Dit proefschrift laat zien dat er fitness kosten verbonden zijn aan het bebroeden van meer eieren (hoofdstuk 2 en 3). Deze fitness
kosten zijn enerzijds een verminderde overleving van ouders met een vergroot legsel, anderzijds een slechtere conditie en daardoor slechtere uitgangspositie voor
jongen uit een vergroot legsel. Deze fitness kosten zijn zodanig dat ze legselgroottebeslissingen kunnen beïnvloeden. Als we rekening houden met deze fitness
kosten kunnen we de legselgrootte in de koolmeespopulatie in de Lauwersmeer
begrijpen.
Dit geldt niet voor alle jaren. Het zou kunnen dat we in bepaalde jaren ook de
kosten van het leggen van eieren mee moeten nemen om legselgrootte beslissingen te begrijpen. Als we de verschillen tussen de jaren willen begrijpen, zullen we
nog een flink aantal jaren de legselgroottemanipulaties moeten herhalen of zelfs
manipulaties uitvoeren waarbij alle drie de reproductieperioden – eileg-, broed- en
jongenperiode – aan bod komen. Zulke experimenten kunnen mogelijk ook de
verschillen in resultaten tussen populaties verklaren.

Dankwoord
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een meetsessie met de Russen in Heteren en Gerard, die uiteindelijk onmisbaar
bleek voor het oplossen van het probleem. Daarnaast wil ik Roelie, Wim, Dirk en
Frits van de houtwerkplaats, Edzo, Leo en André van electronica en Ger van de
instrumentmakerij bedanken voor hun jarenlange inzet. Het is goed om mensen te
hebben die niet alleen specifieke kennis van zaken hebben op hun eigen terrein,
maar die deze kennis ook weten toe te passen op veldsituaties. Daarnaast waren
de mensen van de houtwerkplaats de lijm van de dierecologie groep; elke ochtend
opnieuw verzorgden zij het hoognodige kopje koffie, en in vele jaren namen zij
ook de organisatie van de welgewaardeerde kerstborrel op zich. Suus, bedankt
voor alle regelzaken; ook jij bent een van de drijvende krachten achter de dierecologie groep. Dick Visser, bedankt voor je mooie vormgeving van dit boekje en
Marc, bedankt voor je handige knutselvaardigheden met grafische programma’s in
de late uurtjes.
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De dierecologie groep heb ik als een zeer stimulerende werkomgeving ervaren,
met name dankzij de vele discussiebijeenkomsten. In het bijzonder wil ik Richard,
Karen, Peter, Irene, Kim en Marion bedanken; zij zorgden niet alleen op het werk
voor een fijne sfeer, maar juist ook daarbuiten. Het was een suggestie van Irene
me ertoe gebracht om een maand in het lab te gaan werken van Bob Ricklefs,
University of Missouri, in St Louis. Bob, thanks for allowing me to work in your
lab, where I learned a lot about molecular techniques to determine the presence of
blood parasites in avian blood. It was an outstanding experience to interact with
your group and to discuss my work with them. Thanks! I also have special memories of the meeting with David Winkler and of the discussions with Joe Williams,
each time he visited Groningen. Daarnaast vond ik het fijn dat ik ook altijd bij
Simon, Henk V. en Franjo binnen kon stappen om over mijn onderzoek te praten.
Marcel V. heeft me uit de brand geholpen in het eerste jaar toen vlak voor het
veldseizoen het onderzoeksgebied werd afgesloten in verband met mond en
klauwzeer in het Friese Anjum en Ee. Ik ben hem daar zeer dankbaar voor. In de
jaren erna hebben onze wegen zich menigmaal gekruist en vooral de leuke, prikkelende discussies zijn me bijgebleven. Daarnaast wist Marcel V. me te betrekken
bij het samenwerkingsproject met de Russen. Net als de Populatiebiologie groep in
Heteren, heb ik me steeds zeer welkom gevoeld in de Marine Ecology and
Evolution afdeling van het NIOZ. Op Texel was het altijd leuk om bij te kletsen
met Tanya, Piet en Bernard.

Met Piet, mijn ene paranimf, zou ik graag nog meer stukken willen schrijven. Hij
weet het geven van commentaar tot een ware kunst te verheffen: “[..] op p.16, r.
22 convergeert het betoog naar een slotsom om daarna weer te divergeren in een
uitgesponnen analyse van studies (zo pesterig kan een symfonie van Mahler ook
zijn…). Zonder te zeggen dat die literatuur niet relevant zou zijn (quod non) zou
het mooier zijn als het geheel in een dragend crescendo zou uitlopen.” Piet, je bent
geweldig. Karen, mijn andere paranimf, bedankt dat ik altijd bij je kon aankloppen. Je was een van mijn grootste steunpunten op het Biologisch Centrum en ik
heb goede herinneringen aan onze gezamenlijke activiteiten, niet in de laatste
plaats de trektocht in Finland.
Chris en Carien; ik heb goede herinneringen aan het discussieweekend met elk
van jullie en Wouter. Daarnaast zorgden Sylwia, Jan Willem, Chris, Femke, Kobus,
Marc, Riek, Marja, Wouter, Irene, Kim en Anna voor de nodige afleiding door
middel van verhuizingen, werkweekenden, excursies, en vakanties; vooral in de
laatste periode werden deze uitjes steeds belangrijker. Mijn buuv Nynke, Marina
en ook Karen waren vooral in de laatste paar maanden geweldige bliksemafleiders; ik heb de avonden met elk van jullie bijzonder gewaardeerd.
Tot slot, wil ik mijn ouders, ‘schoonouders’, zussen en ‘broers’ bedanken voor hun
continue aanmoediging vanaf de zijlijn.

Groningen, september 2006

DANKWOORD

Maaike Elisabeth de Heij
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