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Abstract
The seasonal development of life-history traits is influenced by many environmental factors. The
impact of photoperiodic and non-photoperiodic factors on nest building and egg laying has been
rarely investigated in non-domesticated avian species for which long term field data sets are available.
Former investigations showed that blue tits originating from geographically close populations in the
Mediterranean region do not respond in the same way to photoperiodic factors in semi-natural outdoor
conditions. Here we show experimentally that nest building and onset of egg laying in captive blue
tits is also proximately influenced by non-photoperiodic factors, including aspects related to aviary
characteristics and social interactions between birds of the two sexes originating from different local
Mediterranean study populations. In two successive experiments, we show that 1) increasing the
volume of the aviary advanced the egg laying period of one specific population by almost one month,
and 2) crossing pairs of birds from different origins strongly reduced the nest building and egg laying
behaviours. These results indicate that obtaining biologically relevant breeding results in captivity
with wild birds requires the control and experimental manipulation of a wide array of complex
environmental cues.
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1. Introduction
To adjust the timing of their reproduction with the annual peak of food availability, birds
proximately respond to a specific set of environmental predictive cues (Murton and Westwood,
1977). In temperate zones, where the optimal breeding date is predictable across years,
photoperiod is generally considered to be the key factor triggering the initiation of the seasonal
sexual recrudescence of the gonads (Dawson et al., 2001;Sharp, 2005;Wingfield and Hunt,
2002). The action of photoperiod is then completed by a wide array of additional cues, the
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“supplementary information” (Wingfield and Moore, 1987;Wingfield and Kenagy, 1991) that
are used to fine tune the seasonal activation of the hypothalamopituitary-gonadal (HPG) axis
(Wingfield and Farner, 1993). Numerous studies have demonstrated the determinant role of
ambient temperature, food abundance, previous reproductive experience, phenology of the
vegetation, and social and stress factors on the determinism of the timing of reproduction
(Breuner and Hahn, 2003;Grieco et al., 2002;Moore, 1982;1983;Salvante and Williams,
2003;Visser and Lambrechts, 1999). The degree to which non-photoperiodic factors are
integrated into the physiological control of the timing of breeding depends both of the species
and the environments considered (Hau et al., 2000;Hau, 2001;Wingfield et al., 1992).

In the Mediterranean region, where habitats are highly contrasted, the optimal breeding time
varies from one place to another, even at a micro-geographic scale (e.g. Blondel et al., 1987;
1999). In tits, the optimal time of reproduction is most often defined by the period when
caterpillar abundance is maximal and this factor is supposed to play a key role in the ultimate
control of the reproductive season (Perrins and McCleery, 1989;Perrins, 1991;Visser et al.,
2004; but see Naef-Daenzer et al., 2001). Therefore deciduous habitats promote early egg
laying dates, whereas evergreen habitats promote late egg laying dates (e.g. Blondel et al.,
1987;1993;Clamens and Isenmann, 1989). Different blue tit populations thus show large
between-habitat variation of their egg laying dates and some populations breed at least one
month earlier than others, despite the fact they are only 25 km apart.

Several experiments on captive birds have suggested that these differences in egg laying dates
may have a genetic basis that would specifically mediate a differential response to
photoperiodic cues. When blue tits originating either from a deciduous (Mediterranean-
mainland) or an evergreen (Corsica-Pirio) oak woodland (same latitude and altitude) were
settled in separate aviaries under natural photoperiods, the two populations maintained a
significant difference in their respective timing of breeding, as predicted by corresponding field
data (Lambrechts and Dias, 1993;Lambrechts et al., 1996;1999). However, when these same
populations were directly exposed to very long photoperiods (17L:7D), they bred
simultaneously, suggesting that the two populations have different response threshold to
photoperiodic cues, with birds originating from the evergreen forest having a higher response
threshold to daylenght (Lambrechts et al., 1996;1997). In contrast, another Corsican blue tit
population (Corsica-Muro) originating from a similar deciduous forest as the Mainland
population, showed much more phenotypic plasticity than the two other groups. This Muro
population, which breeds early in the field, showed a two-month delay of egg laying dates
when settled in aviaries under natural photoperiods, and bred even significantly later than the
latest blue tit population originating from the evergreen habitat (Lambrechts et al., 1999). The
exact reasons for this delayed breeding are unknown, but may be related to a different reaction
to the artificial environment. As a consequence, the captive behaviour of this particular
population demonstrates that photoperiod per se is not the only environmental factor that times
the Mediterranean blue tit reproduction, but that other supplemental, non-photoperiodic,
factors are also involved.

Supplemental factors, such as social cues exchanged between conspecifics, were recently
suspected to play a decisive role in the control of the seasonal recrudescence of the reproductive
system in male tits in early spring (Caro et al, 2005a;2005b;2006a). Despite the one month
difference in egg laying period, two adjacent Corsican populations of male tits that live in early
deciduous (Corsica-Muro) and late evergreen (Corsica-Pirio) forests, showed an almost
simultaneous start of sexual development in late winter (Caro et al., 2006a). In contrast, female
gonadal development remained highly asynchronous between these same populations, with
females from the evergreen forest starting their follicle development almost one month later
than in the deciduous population (Caro et al., submitted). It is only later during the pre-breeding
season, in March, that the rates of development of males began to differ, with males from
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Corsica-Pirio showing a slower testis growth that the males from Corsica-Muro (Caro et al.,
2005a,2006a). Based on these observations, it was hypothesized that this slowing down of the
male testis growth in the late evergreen population was caused by the lack of social sexual
stimulation emanating from the non-receptive females during this early spring period.
Similarly, the lack of specific cues or resources may lead to abnormal timing of breeding in
aviaries (Lambrechts et al., 1999) or affects seasonal development of the HPG axis in the field
(Caro et al., 2006a).

To test the specific roles of non-photoperiodic factors on breeding in captivity, we conducted
two separate experiments. In one experiment, we created more natural breeding conditions in
captivity, especially through a change in aviary size increasing opportunities to fly around and
to escape more efficiently from perceived ground predators (e.g. humans visiting feeders)
inside the aviaries. We expected more natural breeding dates in larger aviaries reflecting more
natural conditions (cf. Lambrechts et al., 1999) than in smaller aviaries associated with more
artificial conditions. In the second experiment, we investigated the potential role of male-
female interactions in the expression of nest building and egg laying dates. Captive birds
originating from different study populations in the wild were paired, and the breeding dates
recorded. Lower breeding performance was especially predicted when pair members originated
from populations expressing distinct breeding dates in the wild. The results indicate that the
timing of nest building and egg laying are influenced proximately by a complex array of non-
photoperiodic factors, in addition to the well established role of photoperiod.

2. Materials and methods
Pairs of wild blue tits from the Mediterranean region were placed in standardized conditions
in large outdoor aviaries containing deciduous (Quercus humilis, Ficus carica) and/or
evergreen (Quercus ilex, Ligustrum ovalifolium) vegetation. All birds were fed ad libitum with
the same food and pairs were distributed randomly regarding their origin in similar aviaries
that were located at the same latitude and altitude and exposed to similar lighting conditions
(natural photoperiod). Pairs of birds were housed in adjacent aviaries visually isolated thanks
to opaque canvas covers, in order to limit the potential influence of social information,
exchanged between the different groups of captive birds, on the timing of breeding (i.e. Meijer
and Langer, 1995). Acoustic contacts were however possible across aviaries. Blue tits
originating from early breeding populations on the French Mediterranean mainland
(Mediterranean-mainland, broad-leaved deciduous oak forest in the most part) and from a late
breeding Corsican population (Corsica-Pirio, evergreen oak forest) were studied in captivity
starting in 1986 (see Perret et al., 1989;Blondel et al., 1990;Lambrechts and Dias, 1993); blue
tits from an early breeding Corsican population (Corsica-Muro, broad-leaved deciduous oak
forest) were investigated starting in 1994 (Lambrechts et al., 1999;Lambrechts and Perret,
2000). All breeding data presented here were collected in birds kept under natural photoperiods.
Only first clutches of eggs laid were considered. Birds born in captivity were excluded from
the analyses, and only the first reproduction was considered in birds that bred during several
successive years. In a preliminary set of statistical analyses, birds born in captivity and multiple
reproductions of the same birds in aviaries were included to increase the sample sizes. The
results of these analyses were almost identical to those presented in this manuscript,
demonstrating that the conclusions presented here are robust and reliable. However, to avoid
potential pseudo-replication in the analyses, and to present an easily repeatable set of
experimental procedures, we finally preferred to exclude these birds in this presentation. The
samples used in the present analyses include egg laying data used in former studies (see above)
and additional breeding data collected during two different sets of experiments conducted
between 2001 and 2005.
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2.1. Experiment 1: effect of aviary characteristics
In previous studies, pairs of captive blue tits from the Mediterranean-mainland (early breeding)
and Corsica-Pirio (late breeding) populations housed in 27 m3 aviaries (one pair per aviary)
maintained a significant difference in their respective timing of breeding, as predicted by
corresponding field data (Lambrechts and Dias, 1993;Lambrechts et al., 1996;1999).
Therefore, pairs originating from Corsica-Muro (early breeding population) were expected to
show similar egg laying dates in aviaries as their mainland counterparts originating from the
same type of habitat. However, these pairs showed significantly delayed laying dates in
captivity; they bred almost two months later than in normal field conditions, and more than
two weeks later than the late Corsica-Pirio birds raised in the same conditions (Lambrechts et
al., 1999). Based on these abnormally late breeding dates in captivity, it was hypothesized that
Corsica-Muro birds may have difficulties in coping with new and artificial environments. To
increase the range of environmental cues available, we studied in 2001 and 2002 the breeding
dates of 4 pairs of Corsica-Muro birds that were introduced separately in larger aviaries (3 pairs
in 160 m3 and 1 pair in 320 m3 aviaries; all aviaries were 3 m high). Former investigations
showed that the age (yearlings vs adults) at which birds were put in captivity does not have a
significant impact on egg laying dates (cf. Lambrechts et al., 1999). In the present study,
statistical analysis by two-way ANOVA (age and origin of pairs as factors) of the egg laying
dates did not identified a significant overall effect of age (F1,16 = 1.396, P = 0.254), and the
interaction between the two factors was not significant (F2,16 = 0.157, P = 0.856). This factor
was therefore not considered in the analyses hereafter. We analyzed the nest building and egg
laying success along with the respective egg laying dates of each of the following four groups:
Mediterranean-mainland (further referred as Mainland; n = 7), Corsica-Muro (Muro; n = 26),
Corsica-Muro in >160m3 aviaries (MuroL; n = 4), and Corsica-Pirio (Pirio; n = 14). Except the
MuroL pairs, all other groups were housed in 27 m3 aviaries.

2.2. Experiment 2: role of social interactions
The initiation of late winter/early spring development of the brain song system and HPG axis
in males is approximately simultaneous in the Corsican blue tit populations from Muro and
Pirio, despite an average one-month difference in the egg laying dates (Caro et al., 2005a;
2005b;2006a). Females, however, present a clearly differentiated (site-specific) gonadal
development. Quantitative genetics indicate that the genetic contribution to the egg laying dates
is sex-specific with females playing a much larger role than males (Caro et al., submitted;
2006b). Based on these results, it was hypothesized that females in these populations may drive
both differential timing of egg-laying and male sexual development.

Therefore, in a second set of experiments in captivity performed during the spring in 2004 and
2005 (in the 27 m3 for all pairs except for 3 Pirio/Pirio pairs that were kept in the 160 m3

aviaries), we tested the specific role of females (and males) in the timing of egg laying. Since
no statistical influence of the size of the aviaries (27m3 vs 160m3) could be detected on the
number of Pirio/Pirio pairs that did built a nest (Fisher exact probability test: P = 0.339) or laid
eggs (Fisher exact probability test: P = 0.255), and on the egg laying dates (One-way ANOVA
– aviary size as factor – F1,2 = 0.021, P = 0.898), all available breeding data were combined.

Individual blue tits were trapped in the field (Mediterranean-mainland, Corsica-Pirio and
Corsica-Muro populations) between mid-January and early February in 2004 and 2005, and
three groups of pairs were established in aviaries as follows: one control group made of pairs
of birds from ‘late’ Corsica-Pirio population (called Pirio/Pirio; n = 11), and two crossed groups
where females from the ‘early’ mainland population were crossed with males from either
‘early’ Corsica-Muro (Muro/Mainland; n = 17) or ‘late’ Corsica-Pirio (Pirio/Mainland; n = 13)
populations. If females control the timing of reproduction in Mediterranean blue tits, one would
expect later nest building and laying dates in the control Pirio/Pirio group than in both crossed
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groups in which females come from the early breeding mainland population. In contrast, if
males play a predominant role in the determination of the egg laying dates, we would expect
significantly later laying dates in the Pirio/Pirio and Pirio/Mainland groups, than in the Muro/
Mainland group.

The numbers of pairs engaging in nest building and egg laying were analyzed by Chi Square
tests (or Fisher Exact Probability tests when sample sizes were small). One-way analyses of
variance (ANOVA) were used to compare egg laying dates. Because individual and average
laying dates in captivity are extremely stable from year to year, data from different years were
combined (Lambrechts et al., 1996;1997;1999). Post hoc comparisons were carried out using
Fisher Exact Probability tests (in Chi Square analyses) or Fisher Protected Least Significant
Difference (PLSD) tests (in ANOVA analyses) in order to compare the experimental groups
two by two. Effects were considered significant for P ≤ 0.05.

3. Results
3.1. Experiment 1: effect of aviary characteristics

In captivity, all four groups (Mainland, Muro, MuroL, Pirio) built nests efficiently (Fig. 1),
with on average 82.3% of pairs demonstrating this behaviour. There was no significant
difference in the numbers of pairs building nests between the four groups (χ2 = 6.223; P =
0.101). However, the proportion of pairs that laid eggs varied significantly between groups
(χ2 = 17.518; P < 0.001). Fisher’s Exact Probability tests indicated that egg laying was rarer
in the Muro than in the three other groups (see Fig. 1).

Within pairs that reached the egg laying stage, there was a strong effect of the group considered
on the egg laying dates (F3,26 = 18.435, P < 0.0001). Post hoc tests (see symbols on Fig. 2A)
showed that like in the field, the Mainland group laid significantly earlier than the Pirio group.
The Muro group laid eggs significantly later than all the other groups but MuroL birds
originating from the same population, when placed in large aviaries, laid eggs significantly
earlier. These MuroL birds therefore displayed similar laying dates as their Mainland
counterparts (Fig. 2A).

These results therefore indicate that the Corsica-Muro pairs housed in “small” aviaries
reproduce less and later than in the field, but that this phenomenon disappears when they are
housed in larger aviaries that are more similar to the natural conditions. Overall, the captive
Mainland, MuroL and Pirio groups presented the same breeding order as in the field.

Furthermore, comparison with additional data coming from three mixed pairs (Pirio/Muro; see
Fig. 2B) that were studied as part of another project not described here in detail, suggests that
the late timing of breeding in the Muro group may have been induced by the males specifically.
Indeed, three pairs of blue tits which included a female from Muro associated with a male from
Pirio (Muro/Pirio group) and were housed in 27 m3 aviaries, laid eggs significantly earlier than
the Pirio and Muro groups, but at similar dates as the MuroL pairs (Muro/Pirio vs MuroL vs
Muro vs Pirio: F3,23 = 14.304, P < 0.0001) (see post hoc comparisons on Fig. 2B).]

Because early egg laying dates were observed in Muro birds housed in the “small” aviaries
when the Muro male was replaced by another male from Pirio, we hypothesized that 1) the late
laying date of the Muro pairs in “small” aviaries was induced by a sex-specific phenomenon
concerning males preferentially, and that 2) when disruptive factors are minimized (by
increasing the size of the aviary or replacing the male who is most affected by captivity), the
laying dates were proximately determined by the origin of the female. To test this second
hypothesis and assess the role of each sex on egg laying dates, we conducted a second
experiment where birds from different origins were crossed in mixed pairs.
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3.2. Experiment 2: role of social interactions
During this experiment, very large differences were observed between experimental groups in
the percentage of pairs engaging in nest building and egg laying (Fig. 3). Fisher’s Exact
Probability tests indicated that a significantly larger number of control Pirio/Pirio pairs started
building nests compared to the two other groups (Pirio/Pirio vs Pirio/Mainland, P = 0.007;
Pirio/Pirio vs Muro/Mainland, P = 0.002 ; see also symbols on Fig. 3). Control Pirio/Pirio birds
also reached the egg laying stage significantly more often than the Muro/Mainland (P = 0.016),
but not compared to the Pirio/Mainland (P = 0.101) (Fig. 3). Given that only 5 pairs laid eggs
(4 in the Pirio/Pirio group; 1 in the Pirio/Mainland group, and none in the Muro/Mainland
group), statistical analyses on the respective egg laying dates were meaningless and therefore
not performed.

4. Discussion
Experiments with captive animals in standardized conditions offer the opportunity to test the
relative influence of different environmental cues and resources on the expression of
reproductive behaviours (Visser and Lambrechts, 1999). However, the reduced array of
environmental factors available in captivity, including the drastic reduction in available space,
can also lead to a reduced or abnormal spectrum of reproductive traits (Lambrechts et al.,
1999;Perfito et al., 2005;Wingfield, 1983;Wingfield and Moore, 1987). This is particularly the
case with non-domesticated wild species. For instance, in aviary experiments with wild species,
males often show a complete development of the testis, but the circulating levels of sex steroids
and gonadotropins are lower than in normal field conditions (Wingfield, 1984;Wingfield and
Moore, 1987) and in females, full yolk deposition and egg laying are rarely observed
(Wingfield, 1983). The data presented here indicate that supplementary factors play a
significant role in the complete sequence of reproductive behaviours in Corsican blue tits
maintained in aviaries, specifically in some local populations. They also suggest that one sex
can be more affected by captivity than the other.

Previous work with Mediterranean blue tits has shown that large between-population
differences, which do not exist in the wild (e.g. between Mainland and Muro birds), may appear
in captive animals exposed to standardized conditions (Lambrechts et al., 1999). In particular,
the blue tits from Muro may have more difficulties to cope with new and artificial environments
than birds from Pirio, and this phenomenon may delay the reproductive behaviours observed
in the “small” aviaries. The present study indicates that by increasing the space and
consequently the array of environmental information available in captivity, birds may recover
their population-typical life history trait responses. Captive birds originating from the same
population (Muro) but placed in less restricted environmental conditions (e.g. aviaries with a
much larger volume and a mixture of different vegetation types), showed during the present
study a significant increase in the proportion of pairs laying eggs (Fig. 1) and a significant
advancement in time of egg laying (Fig. 2A). Pairs of Muro birds held in the larger aviaries
had the highest egg laying rates of all groups tested (Fig. 1) and their laying dates were similar
to those observed in the field. Moreover, the fact that Muro females paired with a male from
Pirio in “small” aviaries, laid significantly earlier than when they were kept with males from
their own population (Fig. 2B), suggests that multiple independent modifications can result in
similar improvements of the captive breeding physiology such as a change in the physical (cage
size) or in the social (type of male mate) environment. These data are also consistent with the
idea that, at the proximal level, the laying dates are predominantly determined by the origin of
the female.

The exact mechanisms responsible for impaired and delayed reproduction of the Muro pairs
housed in small aviaries, compared to their breeding behaviour observed in the field or in larger
aviaries, are unknown; but these mechanisms are probably specific to this single population.
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Mainland and Pirio pairs housed in these small aviaries indeed reproduced very well (see Fig.
1) and maintained a significant between-population difference in the egg laying dates (Fig. 2A)
as it is observed in the field, with Mainland birds originating from early deciduous habitat
reproducing earlier than the Pirio birds originating from the late evergreen habitat.
Furthermore, Pirio egg laying dates did not seem to be affected by the change in cage size (see
§2.2 in the methods). The specific behaviour of the Muro birds may originate from fast local
microevolutionary processes in combination with low dispersal on the island of Corsica that
resulted in different genetic blue tit lines (Lambrechts et al., 1999). These different genetic
blue tit lines may have evolved specific adaptation mechanisms to their local breeding habitats,
using different environmental cues or using the same cues but at different thresholds to match
the local optimal breeding time. Some specific environmental cues used by the Muro birds may
either never reach their critical threshold, or even be totally absent in the small aviaries, causing
impairments and delays in the timing of breeding. The two different types of aviaries do not
only differ in their size, but also in the abundance of the vegetation, and, to some extend, by
their vegetation diversity. As a consequence, the larger aviaries offer more opportunities to
assess the phenology of the vegetation, to find natural food preys, to escape potential ground
predators, and even to escape potential aggressiveness of the partner. All these non-mutually
exclusive factors are potential causes of the impaired/delayed reproduction of the Muro birds
in small aviaries.

Many experiments with captive subjects have previously been performed to test the influence
of social factors on the endocrine physiology and reproduction of avian species (reviews in
Ball and Balthazart, 2002;Wingfield et al., 1994). For example, male sparrows and cowbirds
show increases in LH and testosterone plasma concentrations if exposed to a receptive female
implanted with 17β-estradiol, a sex steroid that activates sexual behaviour in the female (Dufty
and Wingfield, 1986;Moore, 1983;Wingfield and Moore, 1987). Conversely, complex male
vocalizations accelerate female nest building behaviour and advance egg laying dates in
canaries (Hinde and Steel, 1976;Kroodsma, 1976). In the present study, reproduction in captive
Mediterranean blue tits was strongly hampered / inhibited in mixed pairs of males and females
originating from different populations. Egg laying occurred so rarely that analysis of egg laying
dates did not allow to test the hypothesis of a sex-specific control of the timing of reproduction.
However this experiment clearly suggests that social signals exchanged between the partners
are crucial for successful reproduction in this species. The exact nature of the social factors
involved is still unknown, but a reproductive genetic isolation of the two sub-species
(Mainland: Parus caeruleus caeruleus; Corsica: Parus caeruleus ogliostrae) can be excluded
since fertilized eggs were laid (this study, unpubl. data). Furthermore, as mentioned above,
results also suggest that the lack of proper environmental stimuli may have mainly affected a
single sex. If males indeed have more difficulties in coping with captive conditions than
females, one could then argue that contrary to the results expected, the lack of reproduction
may have been driven by a disruption specific to males.

The present study demonstrates that the ability to cope with artificial environments may present
large inter-populational differences. It seems also obvious that some life-history traits involved
in the reproduction of Mediterranean blue tits may vary between the sexes. This was first
demonstrated by recent field studies comparing the sexual development of males and females
during the spring (Caro et al., 2006a;b; Caro et al., submitted) and exploring the genetic
contribution of both sexes in the determination of the egg laying dates (subm.), and this is also
suggested by the present study on captive birds (Fig. 2B). Studies of wild bird species
investigating relevant physiological and behavioural responses to specific environmental
factors should thus always be simultaneously conducted in the field and in captivity, with
special attention paid to the sex considered, in order to avoid misinterpretations of the results.
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Fig 1.
Proportion of blue tit pairs that built a nest and laid eggs in captivity between 1986 and 2003.
Mainland, Muro and Pirio pairs were housed in 27 m3 aviaries, MuroL in >160 m3 aviaries.
Total numbers of pairs used in this experiment are indicated in the corresponding bars. Results
of post hoc comparisons are indicated at the top of the bars as follows: * P < 0.05 compared
to the three other groups.
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Fig 2.
Onset of egg laying in captive blue tits (mean ± SE). All experimental groups were housed in
27 m3 aviaries, except the MuroL group that was kept in >160 m3 aviaries. Total numbers of
pairs of birds used in this experiment are indicated in the corresponding bars. Laying dates are
expressed with February 1stconsidered as day 1. Results of post hoc comparisons are indicated
at the top of the bars as follows: Fig. 2A: ●● P < 0.01 compared to the Pirio group, ** P <
0.0001 compared to the Muro group; Fig. 2B: ● P < 0.01 compared to the Pirio group in 2A,
* P < 0.0001 compared to the Muro group in 2A.
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Fig 3.
Proportion of blue tit pairs that built nest and laid eggs in captivity in 2004 and 2005. Total
numbers of pairs of birds used in this experiment are indicated in the corresponding bars.
Results of post hoc comparisons are indicated at the top of the bars as follows: * P < 0.05
compared to the control Pirio/Pirio group.
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