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Abstract The reproductive trade-off hypothesis predicts
that the investment made in current reproduction deter-
mines the breeders’ future fitness as a consequence of
intra-or inter-generational reproductive costs. Long-lived
species are expected to favour their own reproductive
value at the expense of their offspring, hence incurring in
inter-generational costs, whereas short-lived species are
expected to invest in the current breeding attempt even at
the expense of their own survival, thus incurring in intra-
generational costs. We tested whether intensity of current
reproductive effort has intra-or inter-generational costs in a
short-lived bird, the blue tit Parus caeruleus, with a brood
size manipulation experiment. We expected more intra-
generational (parental reproduction and/or survival) than
inter-generational (offspring quality and survival) repro-
ductive costs. We found that parental effort, measured as
the hourly rate of parental visits to nests, increased grad-
ually with experimental manipulation. Brood size manip-
ulation resulted in a gradual increase in the number of
fledglings per nest from reduced to increased treatments.
We found an effect of the manipulation on the probability
of making a second clutch, with adults rearing enlarged
broods being less likely to undertake such a second re-
production during the season compared to those rearing
control or decreased broods. We found no evidence of other
reproductive costs; neither as adult weight after manipu-
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lation, apparent parental local survival, apparent offspring
local survival or local recruitment. Although the results
seem to support the a priori expectations, alternative ex-
planations are discussed.
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Introduction

Resource allocation for each reproductive episode over the
lifetime is one of the main paradigms of life-history evo-
lutionary theory (Roff 1992; Stearns 1992). Whenever
reproductive costs exist, parents face a compromise be-
tween current and future reproductions and survival in
order to maximise fitness (Willians 1966; Roff 1992;
Stearns 1992). One of the crucial periods influencing this
balance is the rearing period (Drent and Daan 1980) when
breeders must decide how to allocate their resources be-
tween themselves and their offspring, with implication on
their future fitness. The resolution of this trade-off may
depend on life history strategies. For instance, long- lived
species are expected to favour their own reproductive value
at the expense of their offspring (Drent and Daan 1980),
hence incurring in inter-generational costs (paid by the
offspring). On the contrary, short-lived species are ex-
pected to invest in the current breeding attempt even at the
expense of their own survival (Stearns 1992), thus mainly
incurring in intra-generational costs (paid by the parents),
although offspring of short-lived species might also pay the
costs under food shortage conditions.

Costs incurred by parents having a certain brood size
may be studied by experimental manipulations of brood
size (Lessells 1991; Stearns 1992). Such imposed costs
may be detectable as intra- or inter-generational costs.
Surprisingly, experimental evidence often does not support
the expectations in relation to the kind of life history strat-
egies. For instance, the existence of a positive relationship
between parental effort, and inter-generational costs has
been shown both for short- and long-lived birds in terms



of offspring recruitment rate, quality and future fitness
(Table 1). However, in other populations of the same
species, or in other species, this relationship was either
negative or inexistent (Table 1). Furthermore, intra-gen-
erational costs of reproduction have also been demonstrat-
ed for both short- and long-lived birds in terms of reduced
probability of laying a second clutch, increase in the in-
terval between the first and the second brood, adult weight
loss during the nestling period, and parental survival or
depression of the immune system (Table 1). Other studies
have failed to find any such costs (Table 1).

There are some reasons for this variability. In particular,
some intra-generational costs of reproduction may not be
easily studied and compared among populations. Envi-
ronmental quality may affect parental effort differentially
(Tammaru and Horak 1999). For instance, in double-
brooded species, second clutches do not occur at high
latitudes, thus other reproductive costs are expected there.
In addition, the magnitude of the experimental manipula-
tion could affect reproductive costs directly or in interac-
tion with environmental quality (Tammaru and Horak
1999).

The aim of this study is to test whether the intensity of
current reproductive effort has intra- or inter-generational
costs in a short-lived bird, the blue tit, in a temperate
region. Blue tits are small hole-nesting passerines. In our
study area, some individuals undertake a second clutch
every year. Other studies have focused on costs of repro-
duction in this species (see Table 1). In our study, we used
experimental brood size manipulations to modify parental
effort along a gradient. We investigated both intra-gen-
erational (occurrence of second clutches, parental weight
after manipulation and parental apparent survival) and
inter-generational costs (offspring quality and probability
of producing locally recruiting young) caused by the in-
tensity of current reproduction, expecting intra-genera-
tional more than inter-generational costs. Our goal was to
assess many potential costs for the same individuals simul-
taneously, as the sensitivity to the imposed costs may differ
among phenotypes as well as life history parameters.
Furthermore, some external factors may affect the sensi-
tivity to our manipulations differentially. For instance, the
negative effects of increased reproductive effort on adult
survival or offspring quality may occur preferentially under
stressful circumstances (Bell and Koufopanou 1986). Our
main prediction was that blue tits should show more intra-
generational than inter-generational costs because they are
short-lived birds.

Materials and methods
Study system

The study was conducted in 2002 and 2003 in a 500 ha
mixed deciduous forest of the Parc Régional de la Forét
d’Orient, in central France. The main tree species are oaks
(Quercus petraea) and hornbearns (Carpinus betulus).
About 1,000 nest boxes were scattered over the forest in
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1999. Blue and great tits (Parus major) commonly use
such nest boxes.

The blue tit is an 11 g, hole nesting passerine, common
in the woodlands in Europe (Cramp and Simmons 1988). It
usually breeds monogamously and although only the fe-
male incubates the eggs and broods the young, both sexes
feed and clean the young. The nestling period is ap-
proximately 19 days. In the study area it is a resident bird,
and a small proportion of the population makes a second
breeding attempt after successfully raising a first brood [the
percentage of second clutches in 2002 was 7.08% (rn=8) for
broods of unchanged size]. Occurrence of second clutches
is not limited by nest-box availability because the mean
occupation rate in the forest was 44.91% for both years
(including other bird species and small mammals) during
the first clutch and less than 20% at the time of the second
clutch.

Each year, nest boxes were visited regularly from nest
building (early April) to fledging to determine laying dates,
clutch sizes, incubation and hatching dates and fledging
success. Adults and chicks were captured in the nest box
when chicks were between 8 and 13 days old. Adults were
ringed with aluminium and plastic colour rings, whilst only
aluminium rings were used for chicks. Subsequent move-
ments of adults were recorded later in the 2002 season and
during the 2003 season. In 2002, we captured 335 adult and
2,594 juvenile blue tits through all the breeding season,
corresponding to 57.6% of the breeders and 81.1% of the
juveniles. In 2003, we captured 206 adult blue tits, which
correspond to 76.9% of the breeders. In spite of these high
figures, we only obtained 24 locally recaptured adult birds.
At ringing we measured: (1) body mass with a Pesola
spring balance with a precision of 0.1 g and (2) wing and
tarsus length with a sliding calliper to the nearest 0.1 mm.
Adults were sexed according to the presence or absence
of a brood patch. In most cases, wing plumage character-
istics allowed us to distinguish between yearlings and older
breeders.

The probability of having a second brood was deter-
mined by catching the parents during the second nesting
phase. Annual apparent local survival was estimated on the
basis of recaptures of birds during the following breeding
season in the study area (see above for recapture rates). The
probability of producing locally breeding offspring by a
pair in a single breeding event is termed local recruitment
rate. The last two estimates, which we term “apparent local
survival” and “local recruitment rate”, are in fact the prod-
uct of four differential parameters: survival rate, return
rates to the study area, breeding probability, as well as the
probability to be recaptured.

Brood size manipulations

Brood size manipulations were carried out in 2002 at two
nested scales: the scale of a patch and that of a nest. We
later call the treatment at the scale of the patch as “Patch-
Treatment”, and that at the scale of the nest as “Nest-
Manipulation”. Although in this paper we concentrate on
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Table 1 Review of the results of experimental clutch or brood size manipulations as a way to modify the reproductive effort to study intra-
or inter-generational reproductive costs in birds

Intra-generational costs

Cost Species Effect Sex Reference

Short-lived birds

Second broods probability Parus major - F+M Tinbergen (1987), Tinbergen and Both (1999)
Parus major 0 F+M Sanz and Tinbergen (1999)
Motacilla 0 F+M Klemp (2000)
cinerea
Time between two clutches Parus major - F+M Sanz and Tinbergen (1999)
in the season Motacilla 0 F+M Klemp (2000)
cinerea
Duration of post-fledging care Parus major 0 F+M Verhulst and Hut (1996)
Parental inmune system Ficedula - F Moreno et al. (1999)
hypoleuca
Parus major - F+M Horak et al. (1998)
Adult weight during Ficedula -0 FEM Moreno et al. (1995)
the nesting phase hypoleuca
Parus major - F+M Tinbergen and Verhulst (2000)
Parus major 0 F+M Sanz and Tinbergen (1999)
Parus caeruleus - F+M Nur (1984a), Merild and Wiggings (1997)
Parus caeruleus - F Fargallo and Merino (1999)
Parus montanus 0 F+M Orell et al. (1996)
Iridoprocne 0 F+M De Steven (1980)
bicolour
Time of moult Ficedula 0 F+M Sanz (1997)
hypoleuca
Parental blood infection Parus caeruleus - F Fargallo and Merino (1999),

Merild and Andersson (1999),
Stjernman et al. (2004)

Parental survival Hirundo rustica - Saino et al. (1999)
Iridoprocne 0 F De Steven (1980)
bicolour
Ficedula - M Askenmo (1979)
hypoleuca
Ficedula 0 F+M Gustaffson and Sutherland (1988)
albicollis
Parus major - F+M Kluyver (1951), Lindén (1988)
Parus major + 0 F, M Horak (2003)
Parus major 0 F+M Boyce and Perrins (1987), Pettifor et al. (1988),
Tinbergen (1987), Tinbergen and Both (1999)
Parus caeruleus -0 F, M Nur (1984a)
Parus caeruleus 0 F+M Pettifor (1993b)
Parus montanus 0 F+M Orell and Koivula (1988)
Corvus 0 F+M Reskaft (1985)
frugilegus
Passer 0 F+M Hegner and Wingfield (1987)
domesticus
Parental survival and subsequent Ficedula 0 F Sanz (1997)
breeding success hypoleuca
Parental future fecundity Parus caeruleus - F+M Nur (1988)

Long-lived birds
Second broods probability Tyto alba 0 F+M Roulin et al. (1999)




Table 1 (continued)
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Intra-generational costs

Cost Species Effect Sex Reference
Adult weight during Puffinus puffinus 0 F+M Harris (1966)
the nesting phase Sula capensis 0 F+M Jarvis (1974)
Sula nebouxii -0 F, M Velando and Alonso (2003)
Falco -0 F, M Dijkstra et al. (1990)
tinnunculus
Rissa tridactyla -0 F, M Jacobsen et al. (1995)
Larus - F+M Reid (1987)
glaucescens
Larus furcatus 0 F+M Harris (1970)
Aegolius 0 F+M Korpiméki (1988)
funereus
Parental survival Falco - M Daan et al. (1996), Dijkstra et al. (1990)
tinnunculus
Larus - F+M Reid (1987)
glaucecens
Rissa tridactyla - Jacobsen et al. (1995)
Creagrus 0 F+M Harris (1970)
furcatus
Aegolius 0 F+M Korpiméki (1988)
Sfunereus
Inter-generational costs
Short-lived birds
Local recruitment rate Parus major + Horak (2003), Perrins and Moss (1975),
Pettifor et al. (1988), Tinbergen and Daan (1990)
Parus major 0 Tinbergen and Both (1999)
Parus major - Verhulst (1995)
Offspring survival Parus caeruleus + Pettifor (1993a)

after 3 months
Offspring quality
Offspring future fitness
Long-lived birds
Offspring quality

Parus major -
Parus caeruleus -

Byto alba -

Rytkdnen and Orell (2001)
Blondel et al. (1998)

Roulin et al. (1999)

Positive, negative and non-significant effects of the experimental manipulation are indicated by +, — and 0, respectively. When possible,
we show two different effects representing females on the left and males on the right

M male parent; F' female parent

the effect of Nest-Manipulations we controlled for the
effect of Patch-Treatment. Breeding patches were ran-
domly assigned to one of the four following Treatments (10
replicates of each): decreased (D, n=32 nests), non-manip-
ulated control (no manipulation at all; C1, n=56 nests),
manipulated control (leaving brood size unchanged by
swapping one or two nestlings between two nests of those
patches; C2, n=14 nests), or increased (I, n=35 nests). In
each manipulated patch, we only performed manipulation
in a portion of the nests. One or two nestlings younger than
two-day old were moved from D to I patches between nests
matched by hatching dates. Nestlings were also moved
between C2 nests. Each patch had approximately the same
dimensions and they included a mean number of 25 nest
boxes.

Thus, we created brood sizes deviating from their orig-
inal sizes by —2, —1, 0, +1 and +2 nestlings (Nest-

Manipulation values). All plots contained non-manipulated
nests. Experimental manipulations were carried out be-
tween the first hatching date (+ 2 days) and the end of the
hatching peak. Differences in sample size in complemen-
tary experimental categories were due to predation. We
excluded from the analyses three nests that were known to
have polygynic males. Neither laying dates (one-way
ANOVA: Nest-Manipulation effect, Fs,3,=0.46, P=0.81)
nor natural clutch size (one-way ANOVA: Nest-Manipula-
tion effect, F’s 13,=0.51, P=0.77) differed among treatments.
Furthermore, none of the morphological measurements dif-
fered among treatments (Wing length, one-ANOVA: Nest-
Manipulation effect, Fis195=0.75, P=0.59 and F’;,,=0.15,
P=0.98 for males and females, respectively; Tarsus length,
one-ANOVA: Nest-Manipulation effect, F’s ;¢s=0.57, P=0.72
and Fs ;;,=0.52, P=0.76 for males and females, respec-
tively). Female age did not differ among treatments (one-
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way ANOVA: Nest-Manipulation effect, Fs;4=3.18,
P=0.67) either, which is an important result because
female age is an important variable likely to affect
reproductive parameters.

Behavioural observations

During the nestling period of 2002, we observed nest boxes
from a distance (about 50 m) in order to estimate parental
effort. We recorded the number of parental visits to the nest
during random 30-min periods. Because the time when
provisioning is maximal occurs in the late nestling period
(Deerenberg et al. 1995; Moreno et al. 1995; Verhulst and
Tinbergen 1997), we started observations at day 9 of the
nestling period at the earliest. We recorded any kind of
parental visits in order to account for every aspect of pa-
rental effort, which includes food provisioning as well as
brooding or cleaning (Sanz and Tinbergen 1999).

Nest observations involved nests of the different Nest-
Manipulation treatments. When more than one observation
per nest was available, we only considered the first ob-
servation after ringing to avoid pseudo-replication. The age
at which broods were observed did not differ among Nest-
Manipulation categories (one-way ANOVA: Fs5;=0.68,
P=0.64). From each observation we calculated the number
of parental visits per hour, number of parental visits per
hour and young and the total amount of time spent by the
parents in the nest per hour. Period of day (day hours from
8 to 20 h grouped by 4 h classes) did not affect the rate of
parental visits to the nest (one-way ANOVA: F; 5,=0.65,
P=0.52), the rate of parental visits per chick (one-way
ANOVA: F, 5,=1.87, P=0.16) or the rate of time spent by
parents on the nest (one-way ANOVA: F,5,=2.28, P=
0.11). Thus, we used all the observations in analyses ir-
respectively of the hour of sampling. As identification of
parents was not always possible due to their fast entrance in
nests, we calculated all variables for both parents together.

Statistical analyses

Each nesting attempt was used as a statistically indepen-
dent observation in the analyses of effects of Nest-Manip-
ulation on chick number and condition per nest, parental
investment, and local recruitment rate. We performed
ANOVA or analysis of covariance (ANCOVA) models
with the GLM procedure of SAS [SAS 1999] for contin-
uous dependent variables and logistic regression models
with the GENMOD procedure of SAS for binary dependent
variables. However, in the analyses on the probability of
having a second brood and of being a local breeder the
following season, we introduced the nest box nested in the
patch and the patch as random effects to account for the fact
that adults and chicks from the same nest and patch were
not independent. Then, analyses were performed for indi-
viduals (generalized linear mixed models (GLMMs), using
SAS Macro program GLIMMIX (Littell et al. 1996) for
these binary dependent variables). The significance of

square of manipulation terms was also tested in all models.
When analysing the effect of the experiment on the
probability of having a second brood, we also introduced in
models the laying date of first clutches as a co-variate to
account for its effect.

Habitat copying has been shown to be a widespread
strategy in animal breeding habitat selection (please see
review in Danchin et al. 2001, 2004). Therefore, the Patch-
Treatment performed in breeding plots is likely to influence
both intra- (dispersal between first and second clutch) and
inter-seasonal dispersal decisions (dispersal between two
consecutive reproductive seasons). Because dispersal is
likely to be one of the parameters determining some of our
study variables, Patch-Treatment was thus tested as a fixed
continuous explanatory variable to control for its effect in
analyses on the probability of making a second clutch and
apparent local survival. Because Nest-Manipulation and
Patch-Treatment were highly correlated (+=0.889, P<
0.0001) we could not input them simultaneously in the
statistical models. We thus test them separately. In all
analyses, the Nest-Manipulation was introduced as a con-
tinuous effect to account for its gradual intensity. The
experimental Nest-Manipulation performed included two
control groups (non-manipulated control, C1 and manip-
ulated control, C2). Thus, to account for the possible
effect of the actual Nest-Manipulation, before every anal-
ysis we tested for differences between these two controls
and later grouped them as they never showed any statistical
differences.

Finally, we introduced sex in analyses of adult apparent
local survival because this variable is known to influence
dispersal decisions (Greenwood 1980). For each analysis,
we specify the starting model. Model selection was carried
out by removing, one by one, the effects that were furthest
from statistical significance, starting with the highest-order
interactions down to the main effects. We used body mass
as chick condition in conjunction with wing length and
chick age as co-variables in the model.

Results

Effects of nest-manipulation on chick number
and condition

There were no differences between the two control groups
(nests from C1 and C2 breeding plots) either in the number
of fledglings per nest (one-way ANOVA: Nest-Manipula-
tion effect, F; 43=0.01, P=0.92) or in their body condition
(ANCOVA: Nest-Manipulation effect, F3=0.07, P=
0.80). Chick body condition was only affected by the
interaction between chicks’ wing length and age (ANCO
VA: interaction term wing length *age, F'| c4=13.06, P<
0.001). No other interaction or main effect affected body
condition (in ANCOVA the P values were all higher than
0.30). We thus grouped the two control treatments.
Nest-Manipulation significantly affected the number of
chicks alive at ringing per nest (ANOVA with ordered
expectations: Nest-Manipulation effect, F; ;35=25.86, P<



0.0001, Slope+SE=0.9740.19): the number of chicks in the
nest increased gradually from the —2 to the +2 Nest-
Manipulation. These differences were maintained at fledg-
ing (ANOVA with ordered expectations: Nest-Manipulation
effect, /'y 135=17.55, P<0.0001, Slope+SE=0.99+0.24,
Fig. 1). The squared term of manipulation did not affect
either to the number of chicks alive at ringing (ANOVA
with ordered expectations: Squared Nest-Manipulation
effect, ' 134=0.49, P=0.47) or to the number of fledged
chicks (ANOVA with ordered expectations: Squared Nest-
Manipulation effect, F; 134=0.01, P=0.91).

Chick body condition on capture day did not differ
among Nest-Manipulation categories (ANCOVA: Nest-
Manipulation effect, F; ;2,=0.02, P=0.90). The squared
term of manipulation did not affect to chick body condition
on capture day either (ANCOVA with ordered expecta-
tions: Squared Nest-Manipulation effect, £} 153=0.27, P=
0.59). Body condition was only related to the interaction
between chicks’ wing length and age (ANCOVA': interac-
tion term wing length *age, F 1,4=23.14, P<0.001). No
other interaction or main effect affected body mass (in
ANCOVA the P values were all higher than 0.24).

Effects of nest-manipulation on parental investment

The two control groups did not differ in the global fre-
quency of parental visits (one-way ANOVA: F ;,=0.44,
P=0.52), the frequency of parental visits per nestling (one-
way ANOVA: F'; ,,=0.70, P=0.41) or the rate of time spent
by parents in the nest (one-way ANOVA: F 5,=1.95, P=
0.18). We thus grouped the two control treatments.

The global frequency of parental visits was positively
related to the experimental brood size groups (ANOVA
with ordered expectations: Nest-Manipulation effect,
F154=5.49, P=0.02, Slope+SE=4.59+1.96, Fig. 2): Nest-
Manipulation affected parental number of visits, with
increased broods receiving more visits. The squared term
of Nest-Manipulation did not affect to this variable
(ANOVA with ordered expectations: Squared Nest-Manip-
ulation effect, F;53=0.84, P=0.365). The frequency of
parental visits per nestling was not affected either by Nest-
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Manipulation (ANOVA with ordered expectations: Nest-
Manipulation effect, F; 5,=0.50, P=0.48) or by the squared
term of Nest-Manipulation (ANOVA with ordered expecta-
tions: Squared Nest-Manipulation effect, /' 53=0.20, P=
0.65). However, the rate of time spent by parents in the
nests was not related to the Nest-Manipulation (ANOVA
with ordered expectations: Nest-Manipulation effect,
F1.54=0.16, P=0.69), but it was negatively related to the
squared term of Nest-Manipulation (ANOVA with ordered
expectations: Squared Nest-Manipulation effect, F s4=
5.81, P=0.019, Estimate+SE —46.2+19.2, Fig. 2). This
result means that parents of control broods invested more
time in their nests than parents having broods modified in
one nestling and these ones more than the parents of highly
modified broods (two nestlings moved).

Effects of nest-manipulation on probability
of a second clutch

The two control groups did not differ in the probability of
producing a second clutch (GLMM: F'; 44=0.0, P=1.0), and
in both cases, there was a significant nest effect (GLMM:
random effect of the nest nested in the patch, Z=3.96,
P<0.0001). We thus grouped the two control treatments.

The probability of producing a second clutch during the
season was inversely related to the intensity of the ex-
perimental Nest-Manipulation and also to laying dates of
the first clutch (Table 2, Fig. 3), with the lowest prob-
abilities for individuals from nests with increased brood
sizes and later laying dates and higher ones for those in
decreased and control nests and with earlier laying dates.
The experimental Patch-Treatment significantly affected
this probability too, as well as laying dates (Table 2). Fur-
thermore, there was a Nest effect nested inside the Patch
effect on the probability of producing a second clutch, i.e.
this probability was not independent for the members of a
same pair (Table 2). This is because the two pair members
did not breed independently, a result supported by the fact
that the divorce rate between first and second clutch in the
population is only of 20%.

Fig. 1 Mean (+SE) number of 14
fledglings per breeding blue tit N=20
pair in the experimentally re- 5~ 12 N1 T
duced, enlarged and control = 3:: N=70 = T
broods. Experimental Nest- % i 10 s E
Manipulation involved the ad- Z g N 1'-1
dition or removal of zero, one o E 8 T T
or two hatchlings. ANOVA with et L
Nest-Manipulation as a fixed 2 'i 6 -
continuous effect and number E o
of fledglings per breeding pair g £ 4
as the dependent variable g3
(P<0.0001) § 2 5]
0 r r r
-2 -1 0 1 2

Experimental categories
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Fig. 2 Mean (+SE) hourly

[ Hourly parental visits —e— Rate of parental time spent at nests

parental visiting frequency 70 600
(summed feeding frequency of
both sexes) and mean (£SE) 60 T 1 500
rate of time spent by both 2 T T 2
parents inside nests to experi- g 50 - L €2
mentally reduced, enlarged = T 740 ¢ 3
and control nests. Significant € 40 1 L /{ : £
Nest-Manipulation effect on % l /f \{// 130 g :
frequency of parental visits o 30 - / <€
per breeding pair (P=0.02) and > ¢ Lo © 2
Nest-Manipulation squared 5 20 28
effect on rate of time spent as 2 <
the dependent variable (P=0.02) 10 4 T 100

0 t t 0

-2

Effects of nest-manipulation on parental mass,
apparent local survival and recruitment

Male or female weight was not related to the Nest-Manip-
ulation variable (one-ANOVA: Nest-Manipulation effect,
Fs5.105=1.13, P=0.35 and F’5 ;;,=0.45, P=0.81 for males and

-1 0 1 2
Experimental categories

females, respectively), thus indicating no short-term effect
of the manipulation in the mass of parents. Apparent local
survival (recorded as birds breeding in one of our patches
in 2003 following our 2002 Nest-Manipulation) did not
differ between the two control groups (GLMM, F| 707=
0.05, P=0.82). In the control group only birds’ age

Table 2 Summary of results of the effects of the brood size manipulation on variables measuring intra- and inter-generational reproductive

costs in blue tits

Starting models Results
Dependent variable Fixed Random Selected Test Statistic P Estimate+SE
effects effects effects
Probability of a second  NM Nest (patch) NM GLMM F 85=5.00 0.03 —2.03+£0.91
clutch NM? Patch Laying date Fy g5=7.37 0.008 —1.44+0.53
Laying date Nest (patch) 7=3.89 <0.0001
PT Nest (patch)  PT GLMM F\5=4.23 0.043 —1.57+0.76
PT? Patch Laying date F 35=7.04 0.0095 —1.48+0.56
Laying date Nest (Patch) Z=5.71 <0.001
Adult local survival NM Nest (patch) Sex GLMM Fy90=38.87 <0.001
Sex Patch Nest (patch) 7=4.56 <0.001
NM*Sex
NM?
PT Nest (patch)  Sex GLMM F\39=38.96 <0.001
Sex Patch Nest (patch) 7=4.57 <0.001
PT*Sex
PT?
Juvenile local survival NM Nest (patch)  Nest (patch) GLMM Z=4.75 <0.001
NM? Patch
PT Nest (patch)  Nest (patch) GLMM 7=4.73 <0.001
PT? Patch
Probability of local NM NM Logistic X3=3.37 0.0662 0.34+0.19
recruitment NM? regression
model
PT - Logistic - -
PT? regression
model

*Nest-Manipulation (NM) is included in models as a continuous variable taking integer values from —2 to +2. Similarly, Patch-Treatment
(PT) is also considered as a continuous variable taking values from 1 to 3 (decreased to increased patches). Starting models are
specified. Only effects with P values lower than 0.1 are shown. Slopes of continuous selected effects are shown
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Fig. 3 Mean probability (+SE) 0,3
to undertake a second repro- N=22
duction during the season
for individuals rearing experi- ®
mentally reduced, enlarged 23
and control broods. For Zt
significance of the effect and g S
starting model, see Table 2 = & 0,15
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(GLMM, F, 707=17.28, P<0.0001) and nest of origin
(GLMM, random effect of the nest nested in the patch
7Z=2.14, P=0.02) affected apparent survival. We thus
grouped the two control treatments.

Adult apparent local survival depended on sex, with
higher apparent local survival for males (mean+SE, N
0.13£0.03, 111) than females (mean+SE, N 0.08+0.02,
117; Table 2). The Nest effect nested inside the Patch
effect was also significant on (Table 2). No other tested
effect significantly affected adult apparent local survival.
Juvenile apparent local survival was only affected by the
nest of origin: Nest effect nested inside the Patch effect
(Table 2).

Local recruitment rate in 2003 was not influenced by the
experimental Nest-Manipulation performed in the nest or
the Patch-Treatment in 2002, although a near to signif-
icance positive relationship between local recruitment rate
and Nest-Manipulation appeared (Table 2), involving that
increased broods had higher probabilities of recruiting off-
spring than control or decreased broods. Nest- or Patch-
Manipulation squared did not significantly affect these
probabilities (Table 2). Mean (+SE, N=number of nests)
numbers of recruits per brood and Nest-Manipulation
category were 0.13 (£0.09, 15), 0.12 (£0.08, 17), 0.31
(£0.07, 70), 0.27 (£0.18, 15), 0.40 (£0.11, 20), respec-
tively, for =2, —1, 0, 1, and 2 categories.

Discussion
Effect of our nest-manipulations

The experimental Nest-Manipulation affected offspring
number positively. In fact, every time we added one hatch-
ling, we got one fledging more (slope=0.99+0.24, Fig. 1).
This shows that added hatchlings had a normal survival in
the nest, implying that our Nest-Manipulations were not
too strong so that adults could buffer it. Furthermore, body
condition and number of parental visits per chick did not
vary along our Nest-Manipulation gradient, showing that in

Experimental categories

spite of our Nest-Manipulation, each chick received, on
average, the same amount of parental care. Additionally,
there was no significant relationship between our gradient
of manipulation of parental effort and recruitment rate,
which supports the idea that breeders managed to maintain
the quality of their offspring in spite of our Nest-Manip-
ulations. These results suggest that parents compensated
the effect of experimental Nest-Manipulation by increasing
their investment in increased brood sizes and decreasing it
in decreased nests. As expected, parental effort, measured
as the frequency of parental visits, increased gradually with
the intensity of our Nest-Manipulation. Also, the quadratic
relationship found between time spent by parents inside
nests and the Nest-Manipulation suggests that whilst
parents of control broods devote the optimal time to their
offspring, in decreased and increased broods, parents rest
less time inside nests. The causes of this result in parents of
decreased and increased broods are likely to differ: in
decreased broods, parents probably do not need to stay
many time inside nests because they have few offspring
whilst in increased broods parents cannot devote many
time to stay inside their nests because they responded to the
manipulation increasing their number of visits to their
nests, and thus, decreasing their free time to make other
activities (Fig. 2). Thus, these results show that our brood
size manipulation was effective and it did impose some real
cost to breeders, though previous authors have questioned
the efficiency of brood size manipulation in manipulating
reproductive effort directly (Lessells 1991).

In testing predictions of the reproductive trade-off hy-
pothesis by our Nest-Manipulation of blue tit brood size,
we found that parental effort and fitness within the season
were affected by that Nest-Manipulation. Parents of ex-
perimentally increased broods seem to pay the cost of an
increased reproductive investment immediately after the
end of the first breeding attempt because Nest-Manipulation
decreased the occurrence of second clutches in increased
relative to control or decreased groups, once controlled by
the effect of laying date of the first clutch. We found no
evidence supporting the existence of other intra-genera-
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tional costs in a two-year period because adult weight and
apparent adult local survival did not differ among
treatments. Additionally, Nest-Manipulation did not imply
any inter-generational costs because neither chicks’ quality
before fledging nor the probability of being recruited the
next year in the population differed among Nest-Manipu-
lation categories. Thus, we only found intra-generational
costs of reproduction in blue tits, which agree with our
expectations for such a short-lived bird.

Intra-generational costs of reproduction

We found that birds rearing enlarged broods were less
likely to start a second clutch than those rearing control or
decreased broods. Second clutches were relatively success-
ful, with 5.11 fledglings on average. Thus, the benefit of a
second brood exceeded that of raising two extra-chicks.
Therefore, the “decision” of not doing a second clutch was
probably not based in the trading of these two benefits. The
observed effect could be caused either by some mechanism
of physical exhaustion such as tissue damage due to high
workload or by other of energy recovering such as the lack
of energy to undertake a second reproduction by parents of
increased broods compared to control or decreased broods.
However, this second possibility seems less feasible be-
cause short-lived birds are not able, by definition, to store
much energy. Similar results to ours were found in the
closely related great tit Parus major (Tinbergen 1987;
Tinbergen and Both 1999). However, no effects of brood
size manipulations were found in other studies, both in this
species (Sanz and Tinbergen 1999) or in others, either short
(Motacilla cinerea, Klemp 2000) or long-lived (7yto alba,
Roulin et al. 1999) birds.

Although in birds decreases in mass related to the breed-
ing effort are frequently reported (e.g. Nur 1984a; Moreno
et al. 1995; Fargallo and Merino 1999), adult weight after
manipulation was not related to our Nest-Manipulation in
males or females. However, our measure of adult weight
was performed between days 8 and 13 of the nesting period
and perhaps the expected decrease in mass associated with
reproductive effort might appear later in the season.

We found no evidence of long-term intra-generational
reproductive costs in terms of reduced apparent local sur-
vival for parents rearing increased broods. However, our
capacity to detect significant effects was probably weaker
for long- than for short-term costs. The main reason of
this lack of power is that our apparent local survival
resulted from the product of four components that may
vary independently: survival, dispersal, breeding and de-
tection probabilities. It was not possible in our design to
disentangle the effect of these components because many
different scenarios can lead to the same apparent local sur-
vival. For instance, experimental Nest-Manipulation could
affect dispersal decisions with birds rearing decreased
broods being more prone to disperse than birds rearing
increased or control nests as a consequence of their lower
reproductive output. It has been shown that individual

breeding success strongly affects dispersal probability
(e.g., Danchin et al. 1998; Doligez et al. 1999; Schjerring et
al. 2000). This scenario could produce the same apparent
local survival along our gradient of Nest-Manipulation if
survival probabilities diminished in birds with experimen-
tally increased brood sizes. Although we cannot complete-
ly rule this possibility out, it is unlikely in this study
because the study area is well isolated from other possible
breeding areas by a lake and a large area of cultivated
fields. Then, we would expect birds to disperse inside the
same forest, which is large enough to provide many breed-
ing opportunities. Indeed, 23 out of the 24 adult birds
recaptured in 2003 changed nests (the only individual
faithful to its nest had its brood size increased by two
chicks), and four out of 24 changed patches from 2002 to
2003 (one being in the —1 and the other three in the 0 Nest-
Manipulation groups), possibly suggesting some indepen-
dence between dispersal decisions and Nest-Manipulation.
Furthermore, for recaptured birds, dispersal distance be-
tween two reproductive events was not related either to
Nest-Manipulation or to sex (ANOVA with ordered ex-
pectations: Interaction term, £ ;o=1.97, P=0.18; Nest-
Manipulation effect, /| 50=1.59, P=0.22; Sex effect, F'; 1=
1.62, P=0.22), although the experimental manipulation
might affect the dispersal probability and not the dispersal
distance. Moreover, biologically meaningful survival dif-
ferences between brood size manipulation categories might
be so small as to remain undetected even in large samples
(Roff 1992). This restriction seems to be maximal in short-
lived birds because their survival rate is low (Saether 1989).
Thus, although we captured 76.9% of the breeders in 2003,
the demonstration of the effects of the brood size manip-
ulation upon parental survival seems to be difficult with our
low recapture rate (only 24 recaptured individuals) in blue
tits.

Adult apparent local survival was higher in males than
females, in spite of a higher proportion of females captured
on the nest for the 2 years of study. This result probably
reveals higher dispersal proneness in females than males,
which is the usual pattern in birds (Greenwood 1980) and
more specifically in tits (Greenwood et al. 1979). Alter-
natively, this observation may result from a different
incidence of reproductive costs in males than females, with
females investing more in reproduction than males. How-
ever, we could not test this possibility because we did not
record parental investment for the sexes separately.

Inter-generational costs of reproduction

Juvenile apparent local survival was affected by none of the
variables tested, which is consistent with the fact that chick
body condition was not affected by the experimental Nest-
Manipulation. However, we found a significant effect of
the nest of origin, implying that chicks from the same
broods had similar fate.

Nest-Manipulation did not significantly affect the pro-
portion of 2002 young locally recruited in 2003. This result



suggests either the absence or the low importance of inter-
generational effects of our Nest-Manipulation, which was
of relatively small intensity. Alternatively, a differential
proneness to philopatry of the offspring coming from nests
having experienced manipulations of different types and
intensities could also explain the result in conjunction with
differential juvenile survival.

Nur (1984a,b), analysing reproductive costs in the blue
tit, also found intra-generational costs of current reproduc-
tion (Table 1); however Pettifor (1993a,b) analysing his
own data as well as re-analysing Nur’s data, found little
support for the occurrence of reproductive costs in the blue
tit, measured either in terms of parental survival or future
fecundity, and did not find any convincing explanation for
the absence of these costs. Discrepancies with our results
may result from the fact that Pettifor removed individuals
that undertook a second clutch from his analyses (Pettifor
1993b). Other authors have provided evidence for the
existence of both intra- and inter-generational costs of re-
production in the species (Table 1). One explanation of
such discrepancies may be differences in the amplitude of
the brood size manipulation (Tammaru and Horak 1999).
In summary (Table 1), it seems desirable to account for
intra- and inter-generational reproductive costs at the same
time in future studies.

Most studies ignore the importance of non-breeding as a
potential cost of reproduction or other behaviour such as
dispersal (see comments in Danchin and Cam 2002). Only
studies on three species analysed cost of reproductions in
terms of probability of making a second clutch, thus ac-
counting for non-breeding, and no other study accounted
for it (Table 1). Our study is not totally immune to that
question either. The reason is that in most cases, the bi-
ology and the experimental design do not allow the
detection of non-breeders. However, missing one breeding
opportunity constitutes a major cost, particularly in short
lived species. In the present study, we study costs of
reproduction in terms of the second breeding opportunity
during the season and thus account for non-breeding in that
population. However, the fact that only 7.08% of the birds
normally lay second clutches in our population reduces the
importance of non-breeding during the second clutch
because most individuals don’t undertake second clutches
anyway. More generally, it seems important to account for
non-breeding birds in the population because non-breeding
may reveal costs of previous activities. Thus, cavity-nest-
ing birds are unlikely to be the best biological models to
study the costs of reproduction, as long as we cannot detect
the non-breeding fragment of the population (Danchin and
Cam 2002; see however Orell and Belda 2002).
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