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INTRODUCTION
In most organisms, breeding occurs seasonally, and the ability to
match the periodicity of appropriate reproductive conditions has
major fitness consequences. In anticipation of the most suitable
season for breeding, birds generally show tremendous seasonal
cycles of recrudescence/regression of their reproductive organs
(Balthazart, 1983; Bergtold, 1926; Murton and Westwood, 1977).
Even if this seasonal (generally annual) gonadal cycle is considered
as an adaptation to save energy expenditure in carrying and
maintaining developed reproductive organs all year round (Dawson
et al., 2001; Piersma and Lindstrom, 1997), the annual growth of
the gonads still requires a substantial increase in energy allocation.
This increase may be particularly costly as it has to take place
upstream of the period of maximal food abundance, when resources
are generally limited (Perrins, 1970; Williams, 2005).

To achieve breeding condition, birds have evolved response
mechanisms to a host of environmental stimuli, which function as
signals heralding the approach of suitable breeding times (Murton
and Westwood, 1977). These proximate factors have been sorted
into classes that, combined, orchestrate the life cycle in relation to
environmental contingencies (Jacobs and Wingfield, 2000). The
seasonal change in length of day is considered as an initial predictive
cue because it allows the organisms to make long-term predictions
about their habitat. There is an outstanding amount of knowledge
on the effect and the mechanisms of photoperiodism, the main initial
predictive cue, on bird reproductive cycles (for reviews, see Ball

and Balthazart, 2002; Dawson et al., 2001; Farner, 1985; Murton
and Westwood, 1977; Sharp, 1996). On the other hand, there are
supplementary cues, such as temperature, which enable fine-tuning
of responses to initial predictive cues, and also provide short-term
predictive information about the environment (Wingfield and
Kenagy, 1991). The effect of temperature on the timing of breeding
has been well documented (McCleery and Perrins, 1998; Meijer et
al., 1999; Nager and van Noordwijk, 1995; O’Connor, 1978; Perrins
and McCleery, 1989; Salvante et al., 2007; van Noordwijk et al.,
1995; Visser et al., 2003), but the proximate mechanisms that
precede the behavioural response to temperature cues are still poorly
understood (Dawson, 2007; Visser et al., 2009). The effect of
temperature on gonadal growth is one striking example. Perfito and
colleagues (Perfito et al., 2004) have found a clear correlation
between ambient temperature and gonadal growth in the field in
two song sparrow (Melospiza melodia morphna) populations
breeding at similar latitudes but at different altitudes. However,
temperature manipulation in captivity showed a much less
convincing influence, with a modest effect on testis volume that
was furthermore limited to one population (Perfito et al., 2005).
Other studies have shown that temperature influence on gonadal
growth may depend on the latitudinal origin of the population/species
considered (Silverin et al., 2008; Wingfield et al., 2003; Wingfield
et al., 1996; Wingfield et al., 1997) and that temperature may
influence gonadal regression rather than its recrudescence (Dawson,
2005; Silverin et al., 2008; Wingfield et al., 2003) (M.E.V.,
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SUMMARY
The timing of reproduction varies from year to year in many bird species. To adjust their timing to the prevailing conditions of that
year, birds use cues from their environment. However, the relative importance of these cues, such as the initial predictive (e.g.
photoperiod) and the supplemental factors (e.g. temperature), on the seasonal sexual development are difficult to distinguish. In
particular, the fine-tuning effect of temperature on gonadal growth is not well known. One way temperature may affect timing is
via its strong effect on energy expenditure as gonadal growth is an energy-demanding process. To study the interaction of
photoperiod and temperature on gonadal development, we first exposed 35 individually housed male great tits (Parus major) to
mid-long days (after 6weeks of 8h L:16h D at 15°C, photoperiod was set to 13h L:11h D at 15°C). Two weeks later, for half of the
males the temperature was set to 8°C, and for the other half to 22°C. Unilateral laparotomies were performed at weeks 5 (i.e one
week before the birds were transferred to mid-long days), 8 and 11 to measure testis size. Two measures of basal metabolic rate
(BMR) were performed at the end of the experiment (weeks 11 and 12). Testis size increased significantly during the course of the
experiment, but independently of the temperature treatment. BMR was significantly higher in birds exposed to the cold treatment.
These results show that temperature-related elevation of BMR did not impair the long-day-induced testis growth in great tits. As
a consequence, temperature may not be a crucial cue and/or constraint factor in the fine-tuning of the gonadal recrudescence in
male great tits, and testis growth is not a high energy-demanding seasonal process.
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A. Dawson, S.P.C. and S. V. Schaper, unpublished data). The effect
of temperature on spring gonadal growth and its synergetic effect
with the energy needed to achieve this several thousand-fold
recrudescence require further investigation. In the context of climate
change, such knowledge is highly advocated because an adaptive
response to the new environmental characteristics is necessary to
maximize fitness components (Visser et al., 2004).

The aim of this study was two-fold; we wanted to (1) decipher
the respective roles of photoperiod and temperature on male testis
seasonal growth, and (2) see whether the temperature-associated
energy requirements may impair testis recrudescence in great tits.

MATERIALS AND METHODS
We performed an experiment in the autumn of 2007, using 35 male
great tits, Parus major L., from our long-term studied population
in the Hoge Veluwe (The Netherlands). These birds were obtained
from the field 10days after hatching and subsequently hand-reared
in the laboratory in the spring of 2006. In the spring of 2007, each
male was paired to a female and settled in climate-controlled
aviaries, one pair per aviary, as part of another study. During that
study, birds experienced a photoperiod that mimicked natural
changes in day length. After breeding, at the end of their moult
cycle in late August (for convenience, we will set this period as
week 1), all males were settled together under a short photoperiod
(8h L:16h D, which included half an hour of illumination by an
8W light bulb, both in the morning and the evening, to mimic dawn
and dusk) at 15°C for 6weeks (Fig.1). During all experiments, water
and food were provided ad libitum. These experiments were carried
out under licence from the Animal Experimental Committee of the
KNAW (Addendum IX of DEC protocol CTO 05.01).

Treatments
At the beginning of week 7, males were individually housed in
climate-controlled aviaries (2 m�2 m�2.25 m), and exposed to
mid-long days (13 h L:11 h D, which included half an hour of
illumination by an 8 W light bulb, both in the morning and the
evening, to mimic dawn and dusk), with temperature kept constant
at 15°C (Fig. 1). At the end of week 8, males were exposed to an
acute change in temperature. Temperature was set to 8°C (cold
treatment) in 17 aviaries and to 22°C (warm treatment) in the
remaining 18 aviaries (Fig. 1). In The Netherlands, natural day
length reaches 13 h in early April. In the field, the mean daily
temperature in April in a cold year is around 6°C, and around
13°C in a warm year. The 14°C difference between the two
experimental groups is therefore greater than in natural conditions,
which should maximize any possible effect of temperature on testis
growth rates. Successive aviaries were alternately assigned as cold
or warm.

Testis size measurements
Testis size was measured three times during the experiment: at
the end of week 5 (while males were exposed to short days: 8 h
L:16 h D, and temperature set at 15°C); at the end of week 8 (mid-
long days: 13 h L:11 h D, and temperature kept at 15°C) to assess
the influence of mid-long days on early testis development; and
at the end of week 11 (mid-long days: 13 h L:11 h D, temperature
set at 8 or 22°C) to assess the fine-tuning effect of temperature
on the on-going testis recrudescence. Males were unilaterally
laparotomized under anaesthesia with isoflurane (Forene, Abbott
b.v., Hoofddorp, The Netherlands). Testis length and width were
measured to the nearest 0.1 mm, using a scale engraved in the
ocular of a binocular. Testis volumes were calculated using the
equation: V=4/3πα2β where α is half the testis width and β is half
the testis length.

Basal metabolic rate measurements
We measured basal metabolic rate (BMR) in terms of oxygen
consumption, over four successive nights at weeks 11 and 12, in
an open-circuit respirometer. Birds were isolated in six sealed
respirometer chambers (0.76 l) and placed in the darkness of a
climate cabinet (Sanyo MIR-553, Sanyo E&E Europe BV, Etten-
Leur, The Netherlands) at 26°C, i.e. within their thermoneutral zone.
Chamber allocation was randomized according to the temperature
treatment of the birds used. H2O and CO2 were removed from the
inlet air (blown into the animal chamber) respectively with Drierite®

(6 mesh, Sigma-Aldrich Chemie b.v., Zwijndrecht, The Netherlands)
and Ascarite® (5–20 mesh, Fluka, Zwijndrecht, The Netherlands).
Air flow rate was set to 250mlmin–1 with flowmeters (Brooks
Instrument b.v., Ede, The Netherlands) previously calibrated using
a soap bubble method (Bubble-O-Meter, LLC, Dublin, OH, USA).
Oxygen content of outlet air was measured with an oxygen analyser
(Servomex 4100, Servomex BV, Zoetemeer, The Netherlands).
Oxygen consumption (mlO2 min–1) was calculated as the difference
in oxygen concentration between air from the respirometer chambers
and reference air from an empty chamber. As only one oxygen
analyzer was used, measurements alternated between the six
experimental plus one reference chamber every 7.5min. The oxygen
consumption was converted to metabolic rate (kJ24h–1) by assuming
an energetic equivalence of 20kJ l–1 O2. As BMR could only be
measured in six birds every night, we decided to sample 24 of the
35 male great tits included in the experiment, to avoid long time
gaps between the first and the last measured birds, which could have
biased the testis sizes subsequently measured. These 24 males were
equally divided between the cold and warm treatments.

After the first set of BMR measurements, temperature was set
back to 15°C for one week (week 12). A second set of BMR
measurements was then performed on the same 24 birds 5days later
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Fig. 1. Schematic representation of the protocol used in the experiment
(see details in Materials and methods). Thin line indicates day length.
Thick line, temperature profiles. Dashed arrows, laparotomies (lap.).
Shaded areas, basal metabolic rate (BMR) measurements.
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to assess the long-lasting effects of the cold and warm treatments
on BMR (Fig.1).

Statistical analysis
The effect of temperature (warm vs cold treatments) on testis growth
was tested using repeated measures analysis of variance (RM-
ANOVA), assessing temperature treatment overall effect (between
factor) and temporal differences during the course of the experiment
(within factor). Temperature influence on BMR was tested using an
analysis of covariance (ANCOVA) with treatment as a factor and
body mass as a covariate. Additional analyses, aimed at comparing
first and second sets of BMR measurements, were performed using
RM-ANOVA (same factors as above). The influence of BMR on
testis growth was tested using an ANCOVA, with temperature
treatment as a factor and BMR as a covariate. Non-significant
interactions were removed from the models and are not presented
in the results. Effects were considered significant at P≤0.05.

RESULTS
Testis volume

Great tit testis grew during the course of the experiment
(F2,62=106.30, P<0.0001) but did not differ between the temperature
treatments (F1,62=1.47, P=0.234; Fig.2). To isolate the overall effect
of a mid-long photoperiod on the onset of testis growth from the
combined effect of both photoperiod and a temperature change on
the subsequent testis growth, we performed two supplemental RM-
ANOVA on the first two testis measurements (effect of an increase
of photoperiod) and the two last ones (combining effect of
photoperiod and temperature change). In both periods, testis grew
significantly (first period: F1,33=176.29, P<0.0001; second period:
F1,32=18.50, P<0.0001), but temperature had no effect on testis
volume during the second period (F1,32=1.98, P=0.169), showing
that the additive change of temperature had no significant effect on
mid-long day-induced testis growth.

BMR
BMR differed significantly between the groups at the end of the
temperature treatments, at week 11 (F1,21=16.93, P<0.001), but this
significant difference had gone 5days later, when birds were again
held under the same temperature (15°C), at week 12 (F1,21=4.19,
P=0.054; Fig.3). Comparing these two sets of BMR measurements
using a repeated measures ANOVA (temperature treatments as a

factor), the effect of treatment (F1,22=12.85, P=0.002) and the
interaction between treatment and temporal effects (F1,22=9.47,
P=0.006) were significant (Fig. 3). There was, however, no
significant overall temporal difference between the BMR
measurements (F1,22=0.82, P=0.376).

Influence of BMR on testis growth
When including both temperature and BMR in the analysis of testis
growth, the overall effect of temperature was still not significant
(F1,68=1.03, P=0.313), and there was no overall influence of the
BMR level on testis growth (F1,68=0.351, P=0.555).

DISCUSSION
We have demonstrated that, in male great tits, photoperiodic-induced
testis growth is not affected by a major modification of ambient
temperatures, even when these temperatures induced a significant
difference in BMR. As a consequence, temperature, which is one
of the most variable components of the environment, does not seem
to act as a constraint factor, nor as a fine-tuning cue for male great
tit testis recrudescence.

Temperature as a constraint factor
Although males held under cold temperature (8°C) showed a
significantly higher mean BMR than males kept under warm
treatment (22°C), their testis growth rates did not differ. The cold
temperature treatment induced a 20% increase in BMR compared
with the warm treatment, which is comparable to the costs induced
by follicle growth in starlings (Sturnus vulgaris) (Vézina and
Williams, 2002) and is twice the increase in BMR after an immune
challenge in great tits and blue tits (Cyanistes caeruleus) (Ots et al.,
2001; Svensson et al., 1998). Furthermore, in the present experiment,
birds were fed ad libitum, which suggests that the difference in BMR
may even have been higher if the food resources had been limited.
If testis recrudescence was a high energy-consuming process, and
temperature a limiting constraint factor, we would have expected a
reduction in the testis growth rate in birds exposed to the cold
treatment. As this was not observed, testis growth in great tits may
be considered as a low energy-demanding process. A few old studies
investigated the relationship between metabolic rate and testis
development in birds, but they generally came to the same
conclusion, that testis development is not energetically costly (for
reviews, see King, 1973; Walsberg, 1983).
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Fig. 2. Changes in testis size of male great tits exposed to 8 h L:16 h D at
15°C (week 5), 13 h L:11 h D at 15°C (week 8), and 13 h L:11 h D at either
8°C (cold) or 22°C (warm; week 11). Error bars are drawn only as +s.e.m.
for the cold treatment group and –s.e.m. for the warm treatment group.
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Fig. 3. Changes in BMR induced by variations in ambient temperature. After
BMR measurements at week 11, birds were transferred from a cold (8°C)
or a warm (22°C) treatment to the same temperature regime (15°C). Five
days after the transfer back to 15°C, the difference in BMR is no longer
significant (P=0.0535, see text for details). Error bars are ± s.e.m.
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However, the exact metabolic costs of testis enlargement and
maintenance are notoriously hard to determine (Greenman et al.,
2005). As an example, the cost of gonadal growth may be met
through reallocation of resources among different physiological
systems, rather than in an additive manner (Vézina et al., 2003). In
this respect, testis growth rate in our cold temperature treatment
group may have been maintained thanks to a reallocation of energy
originally dedicated to e.g. general maintenance or immunity. On
the other hand, the recrudescence of the testes may itself not be
costly, but sperm/steroid production and its consequences, like the
immunosuppressive effect of testosterone (Folstad and Karter,
1992), may well be. Because testes were not fully developed at the
end of the present experiment (see Fig.2), the production of sperm
and steroids may still have been low at this stage (Silverin et al.,
2008) and, therefore, their potential costs would not have been
expressed.

Temperature as a cue
While the potential metabolic cost of testis recrudescence has still
to be discovered, temperature may also act as a cue predicting the
optimal timing for breeding and/or developing the gonads.

There are several lines of evidence that bird egg laying dates are
partly decided according to past ambient temperatures, including
that in great tits (McCleery and Perrins, 1998; Meijer et al., 1999;
Nager and van Noordwijk, 1995; O’Connor, 1978; Perrins and
McCleery, 1989; Salvante et al., 2007; Visser et al., 2003; Visser
et al., 1998). From an ecological point of view, this makes sense
as bird fitness is closely related to their ability to match their
reproduction with the annual, short period of arthropod abundance,
which is highly dependent upon temperature (Visser and Holleman,
2001; Visser et al., 2006).

On the other hand, the influence of temperature on sexual
physiology is still highly debated. Some studies have demonstrated
a clear effect of temperature on gonadal, generally testis, growth
(Engels and Jenner, 1956; Wingfield et al., 2003), while others
produced more inconsistent results (Dawson, 2005; Farner and
Wilson, 1957; Perfito et al., 2005; Silverin and Viebke, 1994;
Suomalainen, 1937; Wingfield et al., 1996). Among these studies,
several support a potential latitudinal variation in the physiological
response to temperature cues, with birds from southern latitudes
relying more on temperature cues than birds from the north (Silverin
et al., 2008; Wingfield et al., 2003; Wingfield et al., 1996; Wingfield
et al., 1997). The degree to which organisms use supplemental
factors (e.g. temperature) to time their sexual activity would depend
on the predictability of their breeding environment. This
predictability is a function of varying degrees of constancy (the
habitat is predictable because it is always the same) and contingency
(the habitat is predictable in the degree of change between seasons)
(Colwell, 1974; Wingfield et al., 1992). The ratio between
contingency and constancy (Ie: environmental information factor)
reflects the relative importance of supplemental factors as a source
of predictive information (Wingfield et al., 1992). Populations
breeding at low latitudes generally have a higher Ie than populations
breeding at high latitude, meaning that these low latitude populations
are expected to closely rely on supplemental information to time
their breeding period.

In a recent paper, Silverin and colleagues (Silverin et al., 2008)
compared the predictability (Pr) and the Ie factors between different
populations of great tits breeding at different latitudes. They
demonstrated that populations breeding in southern Europe have
higher Ie indexes than populations breeding in northern Europe, and
these populations were also the most sensitive to temperature

treatments in aviaries. Birds from Italy held under warm temperature
(20°C) grew gonads sooner than birds held under cold temperature
(4°C), while no temperature effect on physiological development
was observed in northern populations of the same species (Silverin
et al., 2008). The male great tits used in the present study originate
from a population that has a Pr of 0.95 and an Ie of 3.8 (Fig.4; see
supplementary material TableS1 for the breeding data of the Dutch
population). Both Pr and Ie of our long-term-studied Dutch
population are very high, and the Ie is similar to that found in
southern Europe (Silverin et al., 2008). The absence of a temperature
effect on photoperiodically induced testis development in great tits
from the Netherlands is therefore surprising and somewhat
contradicts the predictability model.

One must, however, be very cautious when interpreting these
models of predictability, as the calculations are based on the annual
repartition of egg laying, while the conclusions are generally
applied to gonadal development. This may lead to erroneous
conclusions given that egg laying and gonadal development are, to
some extend, two different processes, induced by different temporal
decisions that are not necessarily closely correlated (S.P.C. and
M.E.V., manuscript in preparation).

The overall temperature difference between the cold and warm
treatments in the study by Silverin and colleagues (Silverin et al.,
2008) was 2°C more than in the present study, and in particular the
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Fig. 4. Predictability (A) and environmental information factor (B) of six
populations of great tits breeding at different latitudes. Data in this figure
were calculated using laying date data tables published by Silverin and
colleagues (Silverin et al., 2008), and laying dates collected over 34 years
from the Dutch, Hoge Veluwe, great tit population (grey bars). See
supplementary material (Table S1) for methods and Hoge Veluwe data.
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cold treatments differed by 4°C between studies [4 vs 20°C in
Silverin et al. (Silverin et al., 2008); 8 vs 22°C in the present study].
Although we cannot exclude the possibility that this slight
temperature range difference may explain the discrepancies in the
results of the two studies, if the Ie factor could reliably predict
population sensitivities to temperature in a natural context, we might
expect that the somewhat unnatural 14°C temperature difference
between the treatments in our study would have been sufficient to
induce differential testis growth rates.

The effect of temperature on bird seasonal reproduction clearly
needs more investigation. We need to clarify how the sexual
physiology is affected by temperature, how temperature cues and
constraints respectively affect male and female pre-breeding
development, and how the temperature effects on gonadal growth
and on laying dates can be linked. As climate change mainly
influences the supplementary cues species use to time reproduction,
understanding its consequences in terms of population adaptation
will depend highly on our knowledge of the mechanisms by which
temperature, and its interaction with photoperiod, affects the
reproduction of organisms (Visser et al., 2004).

We thank Alistair Dawson for discussion about the protocol used in this
experiment, Irene Tieleman for advice on BMR measurements, Leonard Holleman
for help with the experiment, Floor Petit and Marylou Aaldering for animal care,
and Sonja Schaper and an anonymous referee for helpful comments on the
manuscript. S.P.C. was a NWO-Rubicon Postdoctoral Fellow. 

REFERENCES
Ball, G. F. and Balthazart, J. (2002). Neuroendocrine mechanisms regulating

reproductive cycles and reproductive behavior in birds. In Hormones, Brain and
Behavior, vol. 2 (ed. D. W. Pfaff, A. P. Arnold, A. M. Etgen, S. E. Fahrbach and R.
T. Rubin), pp. 649-798. San Diego, CA: Academic Press.

Balthazart, J. (1983). Hormonal correlates of behavior. In Avian Biology, vol. 7 (ed. D.
S. Farner, J. R. King and K. C. Parkes), pp. 221-365. New York: Academic Press.

Bergtold, W. H. (1926). Avian gonads and migration. Condor 28, 114-120.
Colwell, R. K. (1974). Predictability, constancy, and contingency of periodic

phenomena. Ecology 55, 1148-1153.
Dawson, A. (2005). The effect of temperature on photoperiodically regulated gonadal

maturation, regression and moult in starlings-potential consequences of climate
change. Funct. Ecol. 19, 995-1000.

Dawson, A. (2007). Control of the annual cycle in birds: endocrine constraints and
plasticity in response to ecological variability. Philos. Trans. R. Soc. Lond. B Biol.
Sci. 363, 1621-1633.

Dawson, A., King, V. M., Bentley, G. E. and Ball, G. F. (2001). Photoperiodic control
of seasonality in birds. J. Biol. Rhythms 16, 365-380.

Engels, W. L. and Jenner, C. E. (1956). The effect of temperature on testicular
recrudescence in Juncos at different photoperiods. Biol. Bull. 110, 129-137.

Farner, D. S. (1985). Annual rhythms. Annu. Rev. Physiol. 47, 65-82.
Farner, D. S. and Wilson, A. C. (1957). A quantitative examination of testicular growth

in the White-crowned sparrow. Biol. Bull. 113, 254-267.
Folstad, I. and Karter, A. J. (1992). Parasites, bright males, and the

immunocompetence handicap. Am. Nat. 139, 603-622.
Greenman, C. G., Martin, L. B. and Hau, M. (2005). Reproductive state, but not

testosterone, reduces immune function in male house sparrows (Passer
domesticus). Physiol. Biochem. Zool. 78, 60-68.

Jacobs, J. D. and Wingfield, J. C. (2000). Endocrine control of life-cycle stages: a
constraint on response to the environment? Condor 102, 35-51.

King, J. R. (1973). Energetics of reproduction in birds. In Breeding Biology of Birds
(ed. D. S. Farner), pp. 78-120. Washington, DC: National Academy of Sciences.

McCleery, R. H. and Perrins, C. M. (1998). Temperature and egg-laying trends.
Nature 391, 30-31.

Meijer, T., Nienaber, U., Langer, U. and Trillmich, F. (1999). Temperature and timing
of egg-laying of European starlings. Condor 101, 124-132.

Murton, R. K. and Westwood, N. J. (1977). Avian Breeding Cycles. Oxford: Oxford
University Press.

Nager, R. G. and van Noordwijk, A. J. (1995). Proximate and ultimate aspects of
phenotypic plasticity in timing of great tit breeding in a heterogeneous environment.
Am. Nat. 146, 454-474.

O’Connor, R. J. (1978). Nest-box insulation and the timing of laying in the Wytham
Woods population of great tits Parus major. Ibis 120, 534-537.

Ots, I., Kerimov, A. B., Ivankina, E. V., Ilyina, T. A. and Horak, P. (2001). Immune
challenge affects basal metabolic activity in wintering great tits. Proc. Biol. Sci. 268,
1175-1181.

Perfito, N., Tramontin, A. D., Meddle, S., Sharp, P., Afik, D., Gee, J., Ishii, S.,
Kikuchi, M. and Wingfield, J. C. (2004). Reproductive development according to
elevation in a seasonally breeding male songbird. Oecologia 140, 201-210.

Perfito, N., Meddle, S. L., Tramontin, A. D., Sharp, P. J. and Wingfield, J. C.
(2005). Seasonal gonadal recrudescence in song sparrows: response to temperature
cues. Gen. Comp. Endocrinol. 143, 121-128.

Perrins, C. (1970). The timing of birds’ breeding season. Ibis 112, 242-255.
Perrins, C. M. and McCleery, R. H. (1989). Laying dates and clutch size in the great

tit. Wilson Bull. 101, 236-253.
Piersma, T. and Lindstrom, A. (1997). Rapid reversible changes in organ size as a

component of adaptive behaviour. Trends Ecol. Evol. 12, 134-138.
Salvante, K. G., Walzem, R. L. and Williams, T. D. (2007). What comes first, the

zebra finch or the egg: temperature-dependent reproductive, physiological and
behavioural plasticity in egg-laying zebra finches. J. Exp. Biol. 210, 1325-1334.

Sharp, P. J. (1996). Strategies in avian breeding cycles. Anim. Reprod. Sci. 42, 505-
513.

Silverin, B. and Viebke, P. A. (1994). Low temperatures affect the photoperiodically
induced LH and testicular cycles differently in closely related species of tits (Parus
spp.). Horm. Behav. 28, 199-206.

Silverin, B., Wingfield, J. C., Stokkan, K. A., Massa, R., Jarvinen, A., Andersson,
N. A., Lambrechts, M. M., Sorace, A. and Blomqvist, D. (2008). Ambient
temperature effects on photo induced gonadal cycles and hormonal secretion
patterns in Great tits from three different breeding latitudes. Horm. Behav. 54, 60-68.

Suomalainen, H. (1937). The effect of temperature on the sexual activity of non-
migratory birds, stimulated by artificial lighting. Ornis Fen. 14, 108-112.

Svensson, E., Raberg, L., Koch, C. and Hasselquist, D. (1998). Energetic stress,
immunosuppression and the costs of an antibody response. Funct. Ecol. 12, 912-
919.

van Noordwijk, A. J., McCleery, R. H. and Perrins, C. M. (1995). Selection for the
timing of great tit breeding in relation to caterpillar growth and temperature. J. Anim.
Ecol. 64, 451-458.

Vézina, F. and Williams, T. D. (2002). Metabolic costs of egg production in the
European starling (Sturnus vulgaris). Physiol. Biochem. Zool. 75, 377-385.

Vézina, F., Salvante, K. G. and Williams, T. D. (2003). The metabolic cost of avian
egg formation: possible impact of yolk precursor production? J. Exp. Biol. 206, 4443-
4451.

Visser, M. E. and Holleman, L. J. M. (2001). Warmer springs disrupt the synchrony of
oak and winter moth phenology. Proc. Biol. Sci. 268, 289-294.

Visser, M. E., van Noordwijk, A. J., Tinbergen, J. M. and Lessells, C. M. (1998).
Warmer springs lead to mistimed reproduction in great tits (Parus major). Proc. Biol.
Sci. 265, 1867-1870.

Visser, M. E., Adriaensen, F., van Balen, J. H., Blondel, J., Dhondt, A. A., van
Dongen, S., du Feu, C., Ivankina, E. V., Kerimov, A. B., de Laet, J. et al. (2003).
Variable responses to large-scale climate change in European Parus populations.
Proc. Biol. Sci. 270, 367-372.

Visser, M. E., Both, C. and Lambrechts, M. M. (2004). Global climate change leads
to mistimed avian reproduction. Adv. Ecol. Res. 35, 89-110.

Visser, M. E., Holleman, L. J. M. and Gienapp, P. (2006). Shifts in caterpillar
biomass phenology due to climate change and its impact on the breeding biology of
an insectivorous bird. Oecologia 147, 164-172.

Visser, M. E., Holleman, L. J. M. and Caro, S. P. (2009). Temperature has a causal
effect on avian timing of reproduction. Proc. Biol. Sci. 276, 2323-2331.

Walsberg, G. E. (1983). Avian ecological energetics. In Avian Biology, vol. 7 (ed. D. S.
Farner, J. R. King and K. C. Parkes), pp. 161-220. New York: Academic Press.

Williams, T. D. (2005). Mechanisms underlying the costs of egg production.
Bioscience 55, 39-48.

Wingfield, J. C. and Kenagy, G. J. (1991). Natural regulation of reproductive cycles.
In Vertebrate Endocrinology: Fundamentals and Biomedical Implications (ed. P. K. T.
Pawg and M. P. Schreibruan), pp. 181-241. San Diego, CA: Academic Press.

Wingfield, J. C., Hahn, T. P., Levin, R. and Honey, P. (1992). Environmental
predictability and control of gonadal cycles in birds. J. Exp. Zool. 261, 214-231.

Wingfield, J. C., Hahn, T. P., Wada, M., Astheimer, L. B. and Schoech, S. (1996).
Interrelationship of day length and temperature on the control of gonadal
development, body mass, and fat score in white-crowned sparrows, Zonotrichia
leucophrys gambelii. Gen. Comp. Endocrinol. 101, 242-255.

Wingfield, J. C., Hahn, T. P., Wada, M. and Schoech, S. J. (1997). Effects of day
length and temperature on gonadal development, body mass, and fat depots in
white-crowned sparrows, Zonotrichia leucophrys pugetensis. Gen. Comp. Endocrinol.
107, 44-62.

Wingfield, J. C., Hahn, T. P., Maney, D. L., Schoech, S. J., Wada, M. and Morton,
M. L. (2003). Effects of temperature on photoperiodically induced reproductive
development, circulating plasma luteinizing hormone and thyroid hormones, body
mass, fat deposition and molt in mountain white-crowned sparrows, Zonotrichia
leucophrys oriantha. Gen. Comp. Endocrinol. 131, 143-158.

THE JOURNAL OF EXPERIMENTAL BIOLOGY


