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Manuscript

Abstract
We studied variation in phenotypic selection on brood size over time by comparing the
fitness consequences of brood size manipulations in two distinguished periods (1995-
1998 vs. 2005-2007) in one population of the great tits (Parus major). Selection on the
offspring component was positive in period 1 but non-existent in period 2. Selection on
the parental component was non-existent in period 1 and negative in period 2. Overall
phenotypic selection on brood size was therefore positive in period 1 and negative in
period 2. Variation in selection within the periods was small compared to the variation
between periods implying a consistent change over time perhaps related to increased
competition or decreased resource availability. This consistent temporal variation in
directional selection on brood size is relevant to understand how temporal and spatial
variation in ecological circumstances may interact with the microevolution of reproduc-
tive rates.  

Chapter7
Brood size under changing phenotypic selection 

Marion Nicolaus, Christiaan Both and Joost M. Tinbergen



INTRODUCTION

Life-history theory assumes that selection maximizes some measure of fitness and
that the existence of reproductive trade-offs limits variation in life-history traits
(Roff 1992). Extended to avian clutch size, theory predicts that birds produce the
number of eggs that maximizes their fitness by trading-off investment into current vs.
investment into future reproduction (Charnov & Krebs 1974; Williams 1966). The
amount of energy allocated into the current reproduction is expected to affect the
outcome of the trade-off between the number and the quality of young produced
(Lack 1947; Lack 1966). At an individual level, the number of eggs produced may be
tuned to the local circumstances and to the phenotypic quality of the parents and
therefore be individually optimized (Perrins & Moss 1975). Overall it is thus expect-
ed that selection on clutch size should be stabilizing at the local population or at the
individual level, implying that clutch size could evolve at the individual, population
or meta-population level.  

Among the different approaches possible to measure the action of natural selec-
tion on avian life-history traits, the experimental change of parental breeding choice
provides a way to quantify the fitness consequences of variation in these traits
(reviewed in Dijkstra et al. 1990; Parejo & Danchin 2006). The outcome of the clutch
size or brood size manipulations is inconsistent among populations, implying that
avian populations do not always produce a clutch size that maximises fitness. Within
the same species, the fitness benefits associated with brood size can be higher for
reduced broods (negative selection, Rytkönen & Orell 2001; Verhulst 1995), for con-
trol broods (stabilizing selection, Lindén 1990; Tinbergen & Daan 1990) or for
enlarged broods (positive selection; Tinbergen & Sanz 2004). At an individual level,
there is some experimental evidence that individual optimization of clutch size
occurred (e.g. Gustafsson & Sutherland 1988; Högstedt 1980; Perrins & Moss 1975;
Pettifor et al. 2001; Smith et al. 1989) but not in all populations (e.g. Both et al. 1998;
Tinbergen & Both 1999; Visser & Lessells 2001; Tinbergen & Sanz 2004). These dis-
crepancies among populations are important for the development of life-history the-
ory in an ecological context because they question the notion of optimality at a local
population and urge us to understand the origin of this lack of local adaptation. 

Several explanations have been proposed for the mismatch between the most
common clutch / brood observed in the population and the one associated with the
highest fitness gain. First, if selection on clutch size fluctuates in space, optimal
clutch size may differ in the different habitats and therefore gene flow between pop-
ulations that are under different selective pressures prevents local adaptation
(Dhondt et al. 1990; Dias & Blondel 1996). Second, if selection on clutch size fluctu-
ates between years (e.g. selection towards large clutches in “good” years and toward
small clutches in “bad” years), the variance in fitness for birds producing large
clutches will increase and will slow down the expected evolution of clutch size (e.g.
Boyce & Perrins 1987). Hence, the ecological settings of populations (e.g. stability of
the environment or connectivity between populations facilitating exchanges) may

Chapter 7

140



play an important role in understanding the absence of optimization. It is also
acknowledged that conclusions regarding clutch size or brood size related fitness and
the action of natural selection on these traits are limited to the breeding phase in
which they are manipulated. Selective forces acting on clutch size and brood size
may differ between the different phases of the breeding cycle. The existence of costs
related to eggs production (Visser & Lessells 2001) or incubation (de Heij et al.
2006; Monaghan & Nager 1997; Visser & Lessells 2001) may for instance explain
why birds lay smaller clutches than those that maximize fitness as measured via
brood size manipulation in the nestling phase. 

In the Lauwersmeer great tit population (Parus major), selection on brood size
was found to be positive in an early period (period 1: 1995-1998; Tinbergen and Sanz
2004) and negative in the current years (period 2: 2005-2008; Nicolaus et al submit-
ted). In this population breeding density increased and breeding success decreased
over years, a reason to study whether these changes could induce a significant shift
in selection on brood size over time. With that aim we compared the fitness conse-
quences of the brood size manipulations performed in the two distinguished periods
and examined which components of fitness were affected. We aimed at documenting
temporal variation in selection on brood size, relevant to understand how temporal
and spatial variation in ecological circumstances may interact with the microevolu-
tion of reproductive rates. We also discuss how our findings relate to the optimality
approach to explain clutch size variation.  

MATERIAL AND METHODS

Study area and study species
The study was carried out on a great tit population in a mixed deciduous forest in
the Lauwersmeer area in the north of the Netherlands (see details in Tinbergen &
Sanz 2004). This great tit population is monitored since 1993 and the number and
position of the nest boxes in the study has changed according to the experiments per-
formed over the study years. We distinguish 3 phases: First, from 1994 onwards 200
nest-boxes were unevenly spread over 8 nest-box areas (plots) so that plots carried
high or low number of boxes (period 1). Second, in 2004, 200 nest boxes were added
in 4 additional plots, offering in total 400 available nest sites. Third, before the 2005
breeding season, we reorganised the existing study area by establishing 12 new plots.
Each plot consisted of 50 boxes offering thus 600 nest sites available for the tits
(period 2). The 8 plots of period 1 located in a northern and southern area (means
plot surface±SD: 34.17±18.24 ha) and the 12 plots of period 2 located in the north-
ern area only (means plot surface±SD: 10.39±1.39 ha) were not physically the same
(see maps in Appendix A). Few natural cavities were available in the study area so
that all the breeding attempts occurred in the nest-boxes. 
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Data collection-standard measurements
From the beginning of April, nest-boxes were checked weekly and parameters such
as laying date (back-calculated assuming that one egg was laid per day) and clutch
size were monitored. Before the expected hatching date nest-boxes were checked
daily to determine hatching date (day 0). In the period 2, nestlings were weighted
(mass ±0.1g) and ringed with an aluminium ring at day 6 which was done at day 7 in
the period 1. At day 7, both parents were caught with a spring trap in the nest-box,
weighted, measured and ringed for identification if necessary. At day 14, growth
measurements of the juveniles were taken. From day 19 onwards, boxes were
checked every two days to determine the fledge date, nests were emptied and
checked for dead chicks. Further weekly checks gave information about the inci-
dence of second clutches and their breeding success. We did not perform any experi-
ment on the second broods but the standard measurements of juveniles and adults
were taken. Local survival probability of adults (or return rate) and recruitment
probability of juveniles were estimated on the basis of recaptures of breeding birds
in the study area the next year. Overall natural breeding parameters are presented in
Table 7.1. 

Brood size manipulations
PERIOD 1 (1995, 1997 AND 1998)

In this first period, brood size manipulations were performed at day 2 among nests
with similar hatching date and clutch size. These brood manipulations were spread
among the 8 plots carrying either low or high breeding densities (see details concern-
ing the plot manipulation in Nicolaus et al. 2009a). Reduced and enlarged broods
were created by adding or removing 3 young from the original brood size. Control
broods were left with their natural brood size. All nests including the control nests
were visited at the same frequency, meaning that they have all experienced the same
level of disturbance (see details in Tinbergen & Sanz 2004). We defined experimental
brood size as the number of nestlings present in a nest after manipulation at day 2.

PERIOD 2 (2005, 2006 AND 2007)
In the second period, brood size manipulations were performed within the frame of
a large experiment that aimed at studying the effect of competition within and
between the sexes at the scale of the plot. For three years, the social environment
(offspring density and offspring sex ratio) of the plots were manipulated via simulta-
neous brood size and brood sex ratio manipulation at large scale (for details see
Nicolaus et al. 2009b). Because sexes of the nestlings needed to be known, brood size
and brood sex ratio manipulations were performed later, at day 6, among nests with
similar hatching date. We assigned all the nests to become “small”, “intermediate”
or “large” broods. The “small” and “large” categories differed by ± 3 nestlings from
the “intermediate” category. The intermediate broods were created such that they
equalled the average brood size in a given year, meaning 7 or 8 nestlings in 2005
(7.69±1.71, n=243), 9 nestlings in 2006 (8.97±1.38, n=165) and 7 nestlings in 2007
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(7.29±1.56, n=247). Final brood sizes (e.g. 6, 9 and 12) were thus created independ-
ently of the original brood size of the parents. Simultaneously, the same nests were
also assigned to become “female biased”, “control” or “male biased”. Female and
male biased broods were manipulated to ca 25% or 75% male nestlings respectively,
whereas control broods were created with ca 50% male nestlings. In this paper, we
controlled statistically for the sex ratio manipulation but we will not quantify its fit-
ness consequences because we concentrated on the difference in the fitness effects
of the brood size manipulation between the periods. All nests have experienced the
same level of disturbance. We defined experimental brood size as the number of
nestlings present in a nest after manipulation at day 6. 

Fitness components
For first broods, we analyzed the fledgling mass (at day 14), the number of fledglings
per nest (number of nestlings present in the nest at day 14), the fledging probability
(probability to be alive at day 14 given that the nestlings were alive at day 2 or 6), the
number of recruits per nest (number of offspring per nest that bred in our population
the next year), the recruitment probability (probability to recruit into the population
after day 14), the probability of producing a second brood (given that the first brood
was successful) and the adult return probability (probability to be recaptured in our
study area the subsequent breeding season) in relation to the brood size manipula-
tion and its differential effect between the two periods (see details the “analyses”
part). For the second brood, we analyzed the variation in  the number of recruits per
nest in relation to the manipulation performed on the first broods (see details the
“analyses” part) so that we could test for carry over effects of the early manipulation
on the subsequent breeding attempt in the same year. 

Data selection 
Our experiment was performed over 6 years spread between two periods during
which we manipulated the first broods (defined as clutches started within 30 days of
the earliest clutch in that year) and monitored breeding traits of the second broods
(defined as broods from which we knew that the female had successfully fledged a
first brood). Thus repeat clutches of known females after failure were left unmanip-
ulated as were nests with a clutch size smaller than 3 eggs or with very high mortality
rate (>50%) before manipulation because they often reflect a disturbed situation.
Those nests were excluded from further analysis. Broods that failed after manipula-
tion were kept in the analyses.

In period 2, we manipulated brood sizes relative to the mean annual brood size.
Therefore to reach the final brood sizes that differed from ± 3 young from the annual
mean brood size, we reduced and increased broods in rare cases until –6 and +7
nestlings. To compare the fitness effects of brood size manipulation of period 1
(n=168 broods) with period 2 (n=586 broods), we restricted the data set of the peri-
od 2 to the nests that have been enlarged or reduced by maximum 3 nestlings. We
did so because the extremely manipulated broods may affect the pattern by
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reinforcing the positive or negative fitness effects of the brood size manipulation and
we do not know how these broods would have affected the pattern in the period 1.
Some adult females bred repetitively in two or more of the study years. To account
for age effects and inter-dependence between the measurements, we selected one
random breeding event for each female. The final sample sizes were 150 broods for
the period 1 and 433 broods for the period 2.

Checking for experimental artefacts 
In the two periods, breeding densities (period 1) or nestling density and sex ratio
(period 2) were manipulated at a plot level. We know that experimental local breed-
ing densities did not affect components of fitness in the period 1 (Nicolaus et al.
2009a). Yet, to check for potential effects of the plot manipulation in period 2 that
may confound the experimental effect of brood size, we tested the effects of the plot
treatments fitted as factors in the main analyses (for density: reduced density=1,
unchanged=2 or increased density=3; for sex ratio: female biased=1,
unchanged=2, males biased=3). The “unchanged” treatments were used as refer-
ence category. For the period 1, the plot treatments were entered as “unchanged”
because of the absence of plot nestling manipulation. The results showed no addi-
tional significant effect of the plots treatment on the components of fitness studied
(mixed model with plots, cohort and broods included as random effects: effect of
density manipulation on: the number of fledglings per nest: χ2

2=0.31, P=0.854;
number of recruits per nest: χ2

2=0.46, P=0.796; adult return probability: χ2
2=2.70,

P=0.259; effect of plot sex ratio manipulation on: the number of fledglings per nest:
χ2

2= 0.90, P=0.638; the number of recruits per nest: χ2
2= 0.55, P=0.759 and adult

return probability: χ2
2= 2.94, P=0.229). Therefore, we did not keep the plot manip-

ulations in further analyzes. 
We also checked whether the outcome of the brood size manipulations was

affected by the nest-boxes being located either in the northern or the southern area
in the period 1 (Appendix A). This was not the case (mixed model with plots, cohort
and broods included as random effects: effect of location x change of brood size on:
the number of fledglings: –0.225±0.257, χ2=0.77, P=0.381; number of recruits: -
0.115±0.141, χ2=0.67, P=0.413; adult return probability: -0.171±0.279, χ2=0.37,
P=0.541).

In period 1 the brood size manipulation took place at day 2 while in the period 2
it took place at day 6 because the sex of the nestlings was needed. This difference in
experimental set-up may leave more time for early mortality to occur in the period 1
because parents may use it as an adjustment to the ecological situation. Hence, we
checked for the period 1 when nest mortality related to the brood size manipulation
occurred, by comparing the number of chicks dead between day 2 and day 7 and
between day 7 and day 14 (which is comparable to the manipulation of period 2).
For that we analyzed the number of dead chicks before and after day 7 in the nest
using a mixed model with a Poisson distribution and a log link function that included
plots and broods as random effects. The analyses were controlled for the original

Chapter 7

144



brood size of the nest and the number of days over which nest mortality was meas-
ured (in case the nest was not visited exactly at day 7 or day 14). We found that for
1995 and 1997, mortality induced by brood size enlargement was higher after day 7
than before day 6 (phase (before/after day 7) x final brood size2: 1995: -0.121±0.038,
χ2=10.10, P=0.001; 1997: -0.233±0.188, χ2=3.91, P=0.048). For 1998, the interac-
tion between “phase” and “final brood” was not significant but more chicks died
after than before day 7 (phase: 1.386±0.342, χ2=16.45, P<0.001). In conclusion, the
negative effects of the brood size manipulation on nestling mortality occurred in
majority after day 7 (See figure in Appendix B).

Analyses of fitness components
To account for sources of inter-dependence between measurements, we used gener-
alized linear mixed models (MLwiN version 2.02; Rasbash et al. 2004) distinguishing
between variance on 3 levels: plots, cohorts, and nests. For the analyses of fledgling
mass, fledgling probability, recruitment probability and adult return probability, a
fourth level of variation “individual” was added to the model. We defined cohort the
level corresponding to the re-samplings of a plot for every study year. We have thus 3
cohorts (re-sampling of 1995, 1997 and 1998 or of 2005, 2006 and 2007) nested with-
in each plot. Variation in fledgling mass and number of fledglings per nest was stud-
ied using normal response models. Variation in the probability of producing a sec-
ond brood, fledging probability, recruitment probability and adult return probability
were studied using a binomial response model with a logit function. The number of
recruits per nest for the first and second broods was analyzed using a Poisson
response model with a log link function. Because mean population brood size pre-
sented important year difference, the original brood size and the final brood size
included in the models were centred on the annual means. For fledgling mass the
standardized values were used by subtracting the mean trait value of the population
calculated for all the years together from the individual trait value and by dividing
this difference by the standard deviation.  

To test for a change of selection on brood size over time, we tested whether the
components of fitness were affected by the brood size manipulation (∆BS) and this
differentially between the two periods. ∆BS was calculated as the difference between
the original brood size and the final brood size after manipulation (at day 2 or 6).
The full models included the experimental changes in brood size (∆BS and ∆BS2),
the original brood size of the parents (original BS), the periods and the two and
three way interactions among the variables. For the analyses of fledging mass, age of
the nestling was also included in the model because some nests were not exactly vis-
ited at day 14. For adult return probability, the adult sex and the two- or three-way
interaction with sex were fitted in the model. Period (1 or 2) and sex (female=0,
male=1) were fitted as factors with respectively period 1 and female chosen as refer-
ence categories. All the other variables including the experimental effects were fitted
as continuous variables. We also performed all the analyses using the final experi-
mental brood size instead of the experimental change to check whether the final
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number of offspring centred per year rather and the change affected bird fitness. We
will only report these last results if they differ from the analyses using the change in
brood size. Model selection was performed using backwards elimination of the non-
significant terms in the order of their significance assessed by its Wald statistics. The
level of significance was set at P=0.05. We will also report the non-significance of
the most important parameters (re-tested in the final models after elimination).

Testing the occurrence of individual optimization
Individual optimization hypothesis predicts that the parents produce a brood size
that maximizes their fitness (Perrins & Moss 1975; Pettifor et al. 1988). Following the
procedure given by Tinbergen and Sanz (2004), we first tested whether the number
of recruits per nest of the 1st broods differed with original brood size (i.e. occur-
rence of individual optimization). For that, we included in the models the final
experimental brood size (BS centred per year) and its square (BS2) to model the fit-
ness maximum in relation to final brood size and subsequently included the brood
size manipulation (∆BS) in interaction with the brood size and/or its square to judge
whether the fitness maximum differed between reduced, control and enlarged cate-
gories. If it is the case the interaction ∆BSxBS or ∆BSxBS2 should be significant. If
the fitness maximum associated with reduced, control and enlarged broods differed
between the periods, the interaction periodx∆BSxBS or periodx∆BSxBS2 should be
significant. 

Further, if the analysis of adult return probability revealed the existence of costs
of reproduction (e.g. if ∆BS or ∆BSxoriginal BS is significant), adult survival should
be combined with the recruits in one fitness measure, estimated as (the number of
recruits per nest + number of surviving parents per nest)/2 see Tinbergen and Sanz
(2004). 

RESULTS

Change of population density and breeding traits over time
Population breeding density (first broods only) significantly increased over the years
(1994-2008: F1,14=24.35, P=0.001; Appendix C) changing from 0.33 to 1.95 pairs/ha
which is consistent with the addition of nest-boxes in the area. The mean breeding
densities were 0.38±0.02 pairs/ha in the period 1 and 1.84±0.38 pairs/ha in the peri-
od 2. The breeding densities significantly differed between the two periods (1995-96-
98 versus 2005-06-07: t-test: t=–6.573, df=4, P=0.003). In period 1, birds laid on
average 2.7 day later and produce on average 1.3 eggs and chicks more per nest than
in period 2 (see t-test in Table 7.1). Fledglings of period 1 were on average 1 g heavier
and their wing 0.3 cm longer than fledglings in period 2 (see results of general linear
model where age at measurement and period were fitted in the model in Table 7.1).
Therefore we considered that the brood size manipulations in the two periods were
conducted under different ecological circumstances. 
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Brood size manipulations
FLEDGLING MASS (N=4100 INDIVIDUALS)

Brood enlargement had a negative effect on fledgling mass and this significantly
stronger in period 2 than in period 1 (periodx∆BS, Table 7.2A; Fig. 7.1A). Fledgling
mass was positively related to the age of the nestling and negatively to the original
brood size of the foster parents (Table 7.2A). This last effect did not differ between
the periods studied (periodxoriginal BS: –0.036±0.043; χ2

1=0.72, P=0.397). The
effect of original brood size was positive when tested with the final experimental
brood (0.092±0.021; χ2

1=18.52, P<0.001) and reflected probably an effect of
parental or territory quality. 

NUMBER OF FLEDGLINGS PER NEST – 1ST BROODS (N=583 BROODS)
The number of fledglings per nest was positively associated with brood enlargement
indicating that parents were able to raise extra nestlings successfully (∆BS; Table
7.2B). This pattern levelled-off for large broods (∆BS2, Table 7.2B). In period 1, the
number of fledglings per nest was higher and more juveniles fledged from enlarged
broods than in period 2 (periodx∆BS, Table 7.2B, Fig. 7.1B, mean number of fledg-
lings (±SD): period 1=8.26±3.07, n=150; period 2=7.75±2.54, n=433). The num-
ber of fledglings per nest was positively related to the original brood size of the foster
parents (Table 7.2B). This positive effect of original brood size did not differ between
the periods studied (periodxoriginal BS: –0.022±0.049; χ2

1=0.21, P=0.651).

FLEDGING PROBABILITY – 1ST BROODS (N=4714 INDIVIDUALS)
In period 1, nestlings had a higher chance to fledge (period: –1.903±0.569;
χ2

1=11.20, P<0.001, mean fledging probability (±SD): period 1=0.95±0.22,
n=1349; period 2=0.84±0.37, n=3365). The effect of brood size enlargement on
the fledging probability was non linear and differed between the two periods (∆BS:
–0.176±0.090; χ2

1=3.79, P=0.051; periodx∆BS: –0.164±0.110; χ2
1=2.23, P=0.136,
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Table 7.1 Overview of the breeding parameters of the first broods of a great tit population in the
two study periods (period 1: 1995-98; period 2: 2005-07). In period 1 clutch size, brood size and
fledgling body condition (mass and wing length at day 14) of the early fledglings were all signifi-
cantly larger than in period 2. Birds in period 1 laid later than in the period 2.   

Period 1 Period 2 1 vs. 2
mean SD n mean SD n test

lay date (April date) 25.36 7.20 147 22.69 5.02 434 t1, 579=4.96**
clutch size 9.93 1.28 149 8.66 1.49 434 t1, 581=9.23**
brood size 9.03 1.50 149 7.80 1.64 434 t1, 581=8.04**
mass (g) 16.88 0.06 1277 15.89 0.04 2823 F1, 4099=188.12**
wing length (cm) 3.36 0.01 1260 3.04 0.01 2819 F1, 4078=480.52**

** P<0.001



∆BS2: –0.114±0.057; χ2
1=3.93, P=0.047; periodx∆B2: 0.144±0.068; χ2

1=4.55,
P=0.033, Fig. 7.1C). An analysis per period revealed that this non-linear effect came
from the fact that in period 1 young from control and reduced brood had a higher
probability to fledge than young from enlarged broods (∆BS: –0.179±0.076;
χ2

1=5.58, P=0.018; ∆BS2: -0.1122±0.051; χ2
1=5.78, P=0.016). In contrast, in the

period 2, the effect of brood size enlargement on fledging probability was linear and
negative (∆BS: –0.346±0.063; χ2

1=30.11, P<0.001; ∆BS2: 0.041±0.036; χ2
1=1.26,

P=0.281). Fledging probability was independent of original brood size of foster par-
ents (original BS: –0.040±0.071; χ2

1=0.31, P=0.575) and this effect did not differ
between the two periods (periodxoriginal BS: 0.065±0.179; χ2

1=0.13, P=0.715). 
The analysis performed with the final experimental brood size revealed lower

fledging probability in period 2 and a linear negative effect of final brood size (BS:
–0.181±0.04; χ2

1=17.01 P<0.001) that did not differ between the periods
(periodxBS: -0.019±0.100; χ2

1=0.04; P=0.847, Fig. 7.1C).

NUMBER OF RECRUITS PER NEST – 1ST BROODS (N=583 BROODS)
The number of recruits per nest did not differ between the periods (Table 7.2C,
mean number of recruits (±SD): period 1=0.74±1.11, n=150; period 2=
0.83±0.1.12, n=583). Overall, the number of recruits per nest was positively associ-
ated with brood enlargement (∆BS; Table 7.2C). Yet, the positive pattern, strong in
period 1, debilitates in period 2 (periodx∆BS Table 7.2C; Fig. 7.1D). In both periods,
parents with natural large broods recruited significantly more young (Table 7.2C;
periodxoriginal BS: 0.007±0.083; χ2

1=0.01, P=0.933). 

RECRUITMENT PROBABILITY – 1ST BROODS (N=4714 INDIVIDUALS)
Juveniles recruitment probability did not differ between the periods (period:
0.166±0.242; χ2

1=0.36, P=0.550, mean recruitment probability (±SD): period
1=0.84±30.22, n=1349; period 2=0.86±0.28, n=3365). Yet, the brood size manipu-
lation had a positive effect in period 1 but a negative effect in period 2 (∆BS:
0.064±0.048; χ2

1=1.09, P=0.297; periodx∆BS: -0.197±0.060; χ2
1=8.22, P=0.004;

Fig 7.1E). Recruitment probability was not related to the original brood size of fos-
ter parents (original BS: 0.009±0.042; χ2

1=0.045, P=0.832) and this similarly for the
two periods (period_original BS: 0.016±0.097; χ2

1=0.03, P=0.867).

PROBABILITY OF PRODUCING A SECOND CLUTCH (N=583 BROODS)
Brood size enlargement reduced the probability of producing a second clutch (Table
7.3A). In period 1, birds were more likely to initiate a second clutch than in period 2
(Table 7.3A, mean second brood probability (±SD): period 1=0.37±0.48, n=150;
period 2=0.15±0.35, n=433). Although not significant, there was a trend for the
brood size manipulation effect to be stronger in period 2 than in period 1
(periodx∆BS: -0.204±0.118; χ2

1=2.98, P=0.084, Fig. 7.1F). We further analysed the
two periods separately to check the origin of this trend. Brood size manipulation did
not have a significant effect in period 1 (∆BS: 0.006±0.078; χ2

1=0.01, P=0.938)
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whereas brood enlargement significantly reduced the probability of producing a sec-
ond brood in period 2 (∆BS: –0.187±0.071; χ2

1=6.99, P=0.008). The probability of
producing a second clutch was not related with the original brood size of the parents
(original BS: 0.075±0.089; χ2

1=0.71, P=0.398) and this was so for both study peri-
ods (periodxoriginal BS: 0.123±0.181; χ2

1=0.46, P=0.497). 
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Table 7.2 Model summary of hierarchical models where variation in fledgling mass (A), in the
number of fledglings per nest of the 1st broods (B) and in the number of recruits per nest of the 1st

broods (C) are analysed in a great tit population in relation to the original brood size of the parents
(original BS centred per year), the experimental change of brood size (∆BS or ∆BS2) for the two
study periods (period 1: 1995-1998; period 2: 2005-2007). Significant values are shown in bold.  

Parameter level β s.e. (β) χ2
df=1 P

A. fledgling mass 1st broods
intercept -3.313 1.815
period plot -0.494 0.144 11.75 <0.001
age indiv 0.261 0.126 4.25 0.039
original BS nest -0.102 0.019 31.12 <0.001
∆BS nest -0.096 0.021 21.18 <0.001
periodx∆BS nest -0.137 0.026 27.13 <0.001

random effects σ2plot 0.039 0.027 2.12 0.146
σ2cohort 0.064 0.025 6.24 0.012
σ2nest 0.314 0.023 179.2 <0.001
σ2indiv. 0.365 0.009 1178.32 <0.001

B. number of fledglings 1st broods
intercept 0.599 0.125
period plot -0.642 0.138 21.77 <0.001
original BS nest 0.257 0.021 150.98 <0.001
∆BS nest 0.236 0.024 95.85 <0.001
periodx∆BS nest -0.097 0.030 10.47 <0.001
∆BS2 nest -0.020 0.008 5.69 0.017

random effects σ2plot 0.024 0.027 0.79 0.375
σ2cohort 0.086 0.033 6.61 0.010
σ2nest 0.500 0.031 265.67 <0.001

C. number of recruits 1st broods
intercept -0.502 0.186
period plot 0.243 0.216 1.26 0.262
original BS nest 0.120 0.034 12.11 <0.001
∆BS nest 0.168 0.042 16.21 <0.001
periodx∆BS nest -0.204 0.051 16.27 <0.001

random effects σ2plot 0.000 0.000 - -
σ2cohort 0.324 0.092 12.37 <0.001
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Figure 7.1 Overview of the fitness effects of the brood size manipulations for great tits of the
Lauwersmeer population. The fledgling mass (A), the number of fledglings per nest (B), the fledg-
ing probability (C), the number of recruits per nest (D) the recruitment probability (E) and the
probability of producing a second brood (F) are presented in relation to the brood manipulations
performed in the in the period 1 (1995-1998; black dots; n=150 broods) and in the period 2 (2005-
2007; white dots; n=433 broods). Averages are presented with standard errors (raw data) against
the change in brood size and against the final brood sizes after manipulation. For graphical pur-
pose, final brood sizes ≤ 5 and ≥ 12 were pooled together (dotted ines=non significant trend).   



The analysis performed with the final experimental brood size revealed no effect
of brood size on the probability of producing a second clutch (final BS: –0.061
±0.051; χ2

1=1.42, P=0.233) and this similarly between the periods (periodxBS:
–0.096±0.102; χ2

1=0.88, P=0.348, Fig. 7.1F).

NUMBER OF RECRUITS – 2ND BROODS (212 BROODS)
For both periods, we did not detect any carry over effects of the brood size manipu-
lation performed in the 1st broods on the number of recruits of the 2nd broods (peri-
od: –0.104±0.572; χ2

1=0.03, P=0.856; ∆BS: 0.041±0.116; χ2
1=0.12, P=0.727; peri-

odx∆BS: –0.290±0.196; χ2
1=2.19, P=0.139). The number of recruits of the 2nd

broods tended to relate to the original brood size produced by the parents in the 1st

brood (original BS: –0.325±0.174; χ2
1=3.51, P=0.061) and this similarly between

the periods (periodxoriginal BS: 0.289±0.239; χ2
1=1.45, P=0.227). The analysis per-

formed with the final experimental brood size showed a similar pattern.

PARENTAL RETURN PROBABILITY (N=1137 INDIVIDUALS)
Adult return rate was lower in period 2 than in period 1 (Table 7.3B, mean adult
return probability (±SD): period 1=0.36±0.48, n=290; period 2=0.28±0.45,
n=847). We found a sex-specific effect of the brood manipulation on adult return
probability that differed between the two periods (periodxsexx∆BS, Table 7.3B, Fig.
7.2A). To understand the pattern, we analysed the data-sets of periods 1 and 2 sepa-
rately. It appeared that brood enlargement did not have sex-specific effect on sur-
vival in period 1 (sexx∆BS: 0.134±101; χ2

1=1.75, P=0.185, Fig. 7.2A) but affected
significantly and negatively males in period 2 more than females (sexx∆BS: –0.176
±0.076; χ2

1=5.39, P=0.020, Fig. 7.2A). Moreover, we also found sex-specific effects
of the original brood size of the parents on their return probability (sexxoriginal BS;
Table 7.3B). Female survival was negatively related to original brood size whereas
male survival tended to be positively related to original brood size (Table 7.3B, Fig.
7.2B). This pattern was similar for the two periods (periodxsexxoriginal BS:
0.084±0.208; χ2

1=0.165, P=0.684, Fig. 7.2B). 

Individual optimization
We modelled the fitness maximum in relation to final brood size (BS and BS2 cen-
tred per year) and subsequently included the change in brood size (∆BS) in interac-
tion with the final brood size and/or its square. We did this to detect whether the
original brood size of the parents explained fitness variation on top of the squared
brood size effect, an indication for parental quality differences or even, depending
on the exact outcome, of individual optimisation. 

The number of recruits was positively related to the final brood size but did not
present any “peak” which we would expect if selection would be stabilizing on this
fitness component (BS: 0.143±0.042; χ2

1=11.93, P<0.001; BS2: 0.009±0.013;
χ2

1=0.46, P=0.498). The interaction between period and final brood size was signifi-
cant meaning that the slope of the linear relationship between the number of
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recruits and final brood changed over time (periodxBS: –0.0122±0.049; χ2
1=6.27,

P=0.012). Furthermore, the interaction between period and ∆BS was significant on
the number of recruits indicating the existence of parental quality differences in the
period 2 (periodx∆BS: –0.204±0.093; χ2

1=4.88, P=0.027). The change of brood size
square was not significant also not in interaction with period (not shown).
Concerning adult survival, a linear survival cost associated with brood enlargement
was found in period 2. In their study Pettifor et al. (2001) tested the occurrence of
individual optimization by analyzing the effect of the original clutch size of the par-
ents, ∆BS and ∆BS2 on the number of recruits. Tested in a similar way, the number
of recruits positively related to the original brood size of the parents (0.123±0.035,
χ2

1=12.53, P<0.001) in the two periods but not to ∆BS and ∆BS2 (not shown).
Hence our results showed that individual optimization did not occur in the
Lauwersmeer population although difference in parental qualities exists. 
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Table 7.3 Model summary of hierarchical models where variation in the probability of producing a
second brood (A) and in the adult return probability (B) are analysed in a great tit population in
relation to the original brood size of the parents (original BS centred per year), the experimental
change of brood size (∆BS or ∆BS2) for the two study periods (period 1: 1995-1998; period 2: 2005-
2007). Significant values are shown in bold.   

Parameter level β s.e. (β) χ2
df=1 P

A. p(second clutch)
intercept –0.832 0.409
period plot –1.186 0.503 5.56 0.018
∆BS nest –0.116 0.059 3.92 0.048

random effects σ2plot 0.000 0.000 - -
σ2cohort 1.88 0.575 10.77 <0.001

B. p(adult return)
intercept –0.571 0.281
period plot –0.558 0.336 2.77 0.096
original BS nest –0.201 0.067 8.86 0.003
∆BS nest –0.124 0.075 2.77 0.096
periodx∆BS nest 0.717 0.095 3.25 0.071
sex indiv. –0.545 0.263 4.30 0.038
sexxperiod indiv. 0.564 0.309 3.32 0.068
sexxoriginal BS indiv. 0.355 0.094 14.32 <0.001
sexx∆BS indiv. 0.174 0.106 2.69 0.101
sexxperiodx∆BS indiv. –0.362 0.133 7.45 0.006

random effects σ2plot 0.095 0.128 0.55 0.457
σ2cohort 0.400 0.170 5.54 0.019
σ2cohort 0.160 0.178 0.81 0.368



DISCUSSION

We examined whether directional phenotypic selection on brood size changed over
time within the Lauwersmeer great tit population. We found that the fitness conse-
quences of the brood size manipulations differed significantly between the two study
periods. Selection on the offspring component was positive in period 1 but non-exis-
tent in period 2. Selection on the parental component was non-existent in period 1
and negative in period 2. Overall phenotypic selection on brood size was therefore
positive in period 1 and negative in period 2. We found no evidence for individual
optimization of brood size in the two periods. Variation in selection within the peri-
ods (not shown) was small compared to the variation between periods implying a
consistent change over time rather than annual fluctuations (Boyce & Perrins 1987).
We will discuss the possible mechanisms behind the shift of selection on brood size.
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Figure 7.2 Overview of the fitness effects of the brood size manipulations for the adult return
probability in the Lauwersmeer great tit population. A change of brood size has a sex-specific
effect on adult return probability in period 2 (2005-2007; n=433 broods) but not in period 1 (1995-
1998; n=150 broods) (A). The relationship between adult return probability and original brood
size also differ between males and females but in the same way between the periods (B). Averages
are presented with standard errors (raw data).  For graphical purpose, original brood sizes ≤ 5 were
pooled together.   



1. Methodological artefact
The fitness consequences of the brood size manipulations changed over time.
Because we performed the brood size manipulations at different nestling ages in the
two periods (day 2 in period 1 and day 6 in period 2), this may be the cause of the
differential effect between the periods. Nestlings that are swapped early may cope
better with a change in their nest environment because they would have more time
to adjust their growth strategy accordingly via e.g. reallocation of limited resources
or change of behaviour such as begging (Neuenschwander et al. 2003). As a result,
brood enlargement performed at an earlier stage (i.e. day 2) could have a less dele-
terious effect on nestling development and future survival than if performed at a
later stage (i.e. day 6). Additionally, parents that experienced a brood size change at
an early stage may compensate for the manipulation and find the strategy that will
minimize their costs of reproduction (e.g. change of provisioning strategy or reduc-
tion of brood size in early phase). 

Comparing the outcome of brood size manipulation in great tit studies revealed
that there is no clear pattern regarding the consequences of brood size enlargement
performed at different nestling age on the number of fledglings or the number of
recruits, contrasting the ‘growth adjustment’ hypothesis (Table 7.4). However, the
only studies that detected a survival cost of reproduction are those where brood size
manipulations were performed late at day 5 or 6 (Table 7.4). This supports the idea
that parents that are forced to raise extra day 5 or day 6 old nestlings cannot adjust
their reproductive strategy and pay higher reproductive costs. Yet, the analysis of
nest mortality within the period 1 showed that most of experimental effects on nest
mortality occurred after day 7 (see also Appendix B). This suggests that the experi-
mental effects induced by brood size change in period 1 and 2 are likely to take place
around the same period (after day 6 or 7) and thus a difference in the experimental
set-up could not explain the difference in the fitness consequences. Further brood
size manipulations performed at different nestling age in the same year should be
conducted to discard the hypothesis that fitness consequences of brood enlargement
differ with the time of manipulation.

2. Change in ecological settings
Our results showed that selection on brood size has shifted over time favouring large
broods in the period 1 and small broods in the period 2. When looking at the popu-
lation breeding traits, we observed that birds in period 2 bred earlier, laid smaller
clutches and produced smaller and lighter fledglings while population breeding den-
sity increased over time (see also Appendix C). This indicates that food situation
may have deteriorated with time and/or that an increase of population density may
have increase the level of intra-specific competition for resources. Although we do
not have any quantitative data about these environmental changes, we will discuss
the possibility that they could underlie the shift of selection.   

In territorial species, the acquisition of a territory is a crucial step for individual
fitness because it is a pre-requirement to access reproduction (Begon et al. 1990). As
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population density increases, it may become harder for the juveniles to recruit into
the natal population as old birds benefit from a prior residency advantage (Sandell
& Smith 1991) and are dominant over yearlings for resource acquisitioning (Hogstad
1989; Sherry & Holmes 1989). Moreover, juveniles originating from enlarged broods
are known to be in lower condition (Nicolaus et al. 2009b) and therefore when over-
all competition increases they are expected to be less likely to win territorial fight
(Gosler & Carruthers 1999; Drent 1984), less likely to survive (Tinbergen & Boerlijst
1990) or more likely to disperse (Tinbergen 2005). If local competition increased
over time, natural selection may have favoured the most competitive offspring, i.e.
those from small broods, explaining why juvenile recruitment chance decreased with
brood enlargement in period 2 but not in period 1. This negative relationship may
have counter-balanced the increased productivity of brood enlargement, resulting in
an apparent lack of selection on the number of recruits per nest in period 2. The fact
that numbers of recruits per nest were on average similar between the periods is
consistent with the idea that the number of recruits is determined by the number of
open places in the population, thus by parental mortality if populations are roughly
stable. Parents may thus adjust their clutch size to the number of vacancies for their
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Table 7.4 Overview of the studies that quantified the fitness consequences of brood manipulations
in great tits in terms of number of recruits, fecundity and survival costs of reproduction (0 indicate
no experimental effect, -, + and 2 indicate respectively negative, positive or quadratic effect of
brood size enlargement; 0/+ or 0/- indicate that the experimental effects are found only in some
years). Conclusions made regarding the existence of individual optimization (IO) is indicated.

population manip age F R Ft mS fS Ft+1 IO references

Wytham, UK - 0 + 0 2 0 0 0 yes (no) 1, 2, 3 (4)
Hoge Veluwe, NL - 0 + 1-3 2 - 0 0 0 yes 5 ,6 ,7
Hoge Veluwe, NL - 0 + 1-4 0 0 -/0 0 0 no 8
Hoge Veluwe, NL 0 + 2 + -/0 0 +/0 0 no 9
Lauwersmeer, NL - 0 + 2 + + 0 0 0 0 no 10, 11
Tartu, E - 0 + 2 0 2 0 0 + 0 no 12
Gotland, SE - 0 + 2-3 - 2 - 0 0 0 yes 13
Buunderkamp, NL - 0 + 2-4 0 no 14
Revinge, SE - 0 + 5 + 2 0 - - yes ? 15, 16, 17
Lauwersmeer, NL - 0 + 6 + 0 - - - 0 no 18

1 Perrins and Moss 1975; 2 Pettifor et al. 1988; 3 Pettifor et al. 2001; 4 Boyce and Perrins 1967; 5 Tinbergen
and Daan 1990; 6 Both et al. 2000; 7 Tinbergen et al. 1987; 8 Tinbergen and Both 1999; 9 Visser and Lessells
2001; 10 Tinbergen and Sanz 2004 and this study (period 1); 11 Sanz and Tinbergen 1999;  12 Hõrak 2003; 13
Lindén 1990; 14 Both et al. 1998; 15 Smith et al. 1987, 16 Smith et al. 1988, 17 Smith et al. 1989, 18 this study
(period 2) 

manip= experimental categories (- reduced 0 control + enlarged); age=age at which chicks were swapped;
F=number of fledglings; R=number of recruits, Ft=probability of producing a second brood; mS=adult male
survival, fS=adult female survival; Ft+1=fecundity the next year



offspring in the population as suggested in an earlier study in this population
(Nicolaus et al. 2009b).

A change of ecological circumstances over time may also elicit higher competi-
tion for the access to resources among parents. We showed that pairs with an
enlarged brood were less likely to produce a second brood and paid higher survival
costs in period 2 than in period 1, especially true for males. We discussed in another
study (Nicolaus et al. submitted) the possibility that costs of reproduction may be
expressed only if birds with increased parental effort experience a high level of com-
petition. Because rearing activity can be energetically demanding (Nilsson 2002 but
see Tinbergen & Verhulst 2000; Sanz & Tinbergen 1999), adults with increased
parental effort may loose phenotypic quality (Lindén 1990; e.g. reduced body mass;
Nur 1984; delayed moult; Svensson & Nilsson 1997) and thereby become less good
competitors. This may reduce their fitness under high levels of competition. It has
been shown that in natural “bad” years (i.e. with low winter seed stock) associated
with a high level of competition for food, great tits paid a higher survival cost of
reproduction (Tinbergen, Vanbalen & Vaneck 1985). Hence in period 2, an overall
increase of competition may have affected selection on the parental fitness compo-
nent in this period negative, resulting in a directional selection towards small broods.
If high reproductive effort indeed reduces competitiveness, reproductive costs linked
to male territorial behaviour may explain the differential survival effect of brood
manipulation between the sexes in period 2. Males usually stay all year around in the
area to defend their territory which may imply costs (e.g. energetic costs or preda-
tion risk) especially if the number of candidate settlers is high (Drent 1984). 

No optimal brood sizes detected
In both periods studied, birds produced a brood size that neither maximized fitness
at the population nor at the individual level. The brood sizes produced in period 1
were too small and in period 2 too large. We can therefore conclude that in this pop-
ulation great tits produced brood sizes that were locally maladaptive during the
nestling period. We did not detect individual optimization but the significant positive
effect of original brood size on the number of recruits indicated that bird or territory
“quality” matters.  

The lack of local adaptation may have several origins: First of all, fitness effects
in other periods may matter, (de Heij et al. 2006; e.g. costs of egg production and/or
incubation, Monaghan & Nager 1997; Visser & Lessells 2001). In period 1 of our
population the existence of incubation costs associated to large clutches explained
why birds produced too small broods that did not maximize fitness during the
nestling phase (see discussion in de Heij et al. 2006). Second, if birds use environ-
mental cues to take breeding decisions, any abnormal variation in the environment
could prevent birds to produce the adequate brood size (e.g. Blondel 1998; Török et
al. 2004). Third, in the absence of competition for food during the nestling phase
(Nicolaus et al. 2009a) birds may not be selected to produce a clutch size tuned to
the local food situation. Fourth, the presence of gene flow may prevent local adapta-
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tion (Dhondt et al. 1990; Postma & Van Noordwijk 2005). In our subsets, the per-
centage of immigrants (i.e. non-locally born birds) represented 41% of the breeding
birds in period 1 and 46% in period 2. Hence the presence of immigrants leaves the
opportunity for genetic mixing that could prevent genotypes to respond to selection. 

Sex-specific survival patterns
In the two periods, female survival was negatively related to the original brood size
while males were not affected. This suggests that producing large broods entailed
larger fitness costs for females than for males as expected if there exist a fitness cost
of egg production (Visser & Lessells 2001) and/or incubation (de Heij et al. 2006;
Monaghan & Nager 1997; Visser & Lessells 2001) that females have to pay.
Moreover, we found for period 2 a differential cost of reproduction between the
parental sexes such that brood enlargement reduced the survival of the males but
not of the females. In great tits where parental care is shared between the sexes, a
sexual conflict over the brood size to produce may appear if the costs of brood care
are higher for males than for females (Trivers 1972). A differential cost of reproduc-
tion between the sexes may thus indicate that the optimal brood size for males is
smaller than for females. Hence a sexual conflict over the number of offspring to
produce could result in a compromised brood size that did not optimize individual
fitness. The fact that we found no effect of the brood size manipulation on the num-
ber of recruits per nest in period 2 (Nicolaus et al. unpublished) makes the existence
of a sexual conflict over brood size unlikely.

Conclusive remarks
Our study provides evidence for consistent temporal variation in directional selec-
tion on brood size. General conclusions regarding the existence of directional or sta-
bilizing selection on population life-history traits based on data collected in a specific
time period should therefore be considered with caution. Reproductive decisions of
birds may not track the environment where resources and competition are changing
over time and where a lot of genetic mixing is occurring. 
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Appendix A. Maps of the Lauwersmeer study area where brood size manipulations were per-
formed in a great tit population (Parus major). In the period 1 (1995-1998), 200 nest-boxes were
spread over 8 plots distributed in a northern and southern area (A). In the period 2 (2005-2007),
600 nest-boxes were spread among 12 plots distributed in the northern area only (B). 
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Appendix B. In great tit population where brood size manipulations were performed at day 2,
most of the nest mortality (% of dead chicks per nest) related to brood size occurred between day
7 and fledging (late) rather than between day 2 and day 7 (early). Time differential mortality was
tested for 3 years 1995 (n=48 broods), 1997 (n=58 broods) and 1998 (n=41 broods). Means are
presented with standard errors (raw data).
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Appendix C. Significant increase over time of the natural breeding densities of a great tit popula-
tion located in the Lauwersmeer in the Netherlands. The black stars indicate the years when the
brood size manipulations were performed. These manipulations were carried out within two distin-
guished periods (period 1: 1995-1998 and period 2: 2005-2007). Between 1994 and 2003, 200 nest-
boxes were available in the study area. In 2004 the number of boxes raised to 400 and from 2005
onwards to 600.
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