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Although it is axiomatic that males and females differ in relation to many aspects of reproduction related
to physiology, morphology and behaviour, relatively little is known about possible sex differences in the
response tocues fromthe environment that control the timingof seasonalbreeding. This review concerns
the environmental regulation of seasonal reproduction in birds and how this process might differ between
males and females. From an evolutionary perspective, the sexes can be expected to differ in the cues they
use to time reproduction. Female reproductive fitness typically varies more as a function of fecundity
selection, while male reproductive fitness varies more as a function sexual selection. Consequently,
variation in the precision of the timing of egg laying is likely to have more serious fitness consequences for
females than for males, while variation in the timing of recrudescence of the male testes and
accompanying territory establishment and courtship are likely to have more serious fitness consequences
for males. From the proximate perspective, sex differences in the control of reproduction could be
regulated via the response to photoperiod or in the relative importance and action of supplementary
factors (such as temperature, food supply, nesting sites and behavioural interactions) that adjust the
timing of reproduction so that it is in step with local conditions. For example, there is clear evidence in
several temperate zone avian species that females require both supplementary factors and long
photoperiods in order for follicles to develop, while males can attain full gonadal size based on
photoperiodic stimulation alone. The neuroendocrine basis of these sex differences is not well
understood, though there are many candidate mechanisms in the brain as well as throughout the entire
hypothalamo–pituitary–gonadal axis that might be important.
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1. INTRODUCTION
(a) Scope of the chapter

This paper concerns the question of whether there are sex

differences in the nature and processing of environmental

cues that regulate seasonal reproduction. The modern

era for the study of the environmental regulation of

reproduction was initiated based on the studies of

Rowan (1929) on the photoperiodic regulation

of migratory behaviour in dark-eyed juncos ( Junco
hyemalis). Since that time, a wealth of information has

accumulated in vertebrate and invertebrate species about

how cues such as variation in photoperiod as well as

temperature, food availability, nest sites and social

interactions can affect the timing of the onset and the

end of reproduction (Goldman et al. 2004). The general

approach has been to develop comprehensive theories

about how such cues are processed by particular taxa

(e.g. Goldman 2001; Goldman et al. 2004). Intraspecific

variation in the response to such cues has not been a

major research focus (but see Nelson 1987). One obvious

aspect of intraspecific variation in reproduction relates to

differences between the sexes. Males and females are

defined based on the different strategies they adopt when
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reproducing (i.e. anisogamy), so the usual approach is to
distinguish between them when considering most other
aspects of reproductive physiology and behaviour
(Andersson 1994). Despite this fact, sex differences in
relation to the environmental control of reproduction are
not a major research focus for the field overall. However,
considering such differences will be necessary for a
complete understanding of this problem. In this paper,
we will review the relatively little that is known about such
differences, and we discuss some reasons why a
consideration of sex differences will be useful for framing
future research questions.

Recognizing that it is not fashionable to organize a
review on a particular taxon, we nevertheless focus our
review on avian species. Many of the pioneering studies
concerning the complex interrelations among hormones,
brain, behaviour and environmental stimuli were con-
ducted on birds (e.g. Berthold 1849; Rowan 1929;
Lehrman 1959). Therefore, the historyof avian studies in
this field is as old as the field itself. Owing to the tireless
efforts of many field ethologists and field ecologists, there
also exists extensive knowledge of basic information on
reproductive cycles and reproductive behaviour in nature
among avian species (e.g. Wingfield & Farner 1993).
Within birds, parallel studies involving both laboratory
and field approaches are most common in the songbird
order (Wingfield & Farner 1980, 1993; Ketterson
et al. 2001), so most of our examples are from the
This journal is q 2007 The Royal Society
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songbird order. However, valuable studies often under
captive conditions have been conducted on birds from
other orders, including domesticated species, and they
are discussed at times as well.

This knowledge base of birds is arguably more
extensive than for any other vertebrate class. Therefore,
a question such as whether the sexes differ from one
another in the nature of the environmental cues they
rely on to regulate reproduction in a natural context can
arguably be considered more easily in birds than in
other taxa. Birds also exhibit attributes that make them
especially useful for this question such as well-defined
neural substrates that mediate the activation of many
behaviours, a high level of adult neuroplasticity that
includes adult neurogenesis (Nottebohm 1989) and
robust and well-characterized endocrine responses to
environmental and social stimuli (Ball & Bentley 2000;
Wingfield 2006). These attributes make avian species a
valuable resource for the elucidation of basic cellular
and molecular mechanisms over and above their ability
to inform us about mechanisms regulating reproduc-
tion in a natural context.

The literature on the neuroendocrinology of repro-
duction in birds is smaller than that for mammalian
species, and therefore a large number of topics can be
considered at once while still being reasonably compre-
hensive. Studies of birds in the past have been a source of
interesting insights into the mechanisms of organismal
processes (Konishi et al. 1989); our goal in this chapter is
to use bird studies to investigate a particular question in
the field of seasonal reproduction which we think
deserves more attention. Not only should an overview
of sex differences in the response to environmental cues
related to reproduction help to stimulate research on
basic mechanisms of the control of seasonal breeding, but
also should prove useful in the area of evolutionary and
conservation biology. Without knowing how the sexes
differ in the environmental regulation of their reproduc-
tion, it will not be possible to predict how populations
might respond to environmental change—either in terms
of phenotypically plastic responses to normal environ-
mental variation or in their evolutionary response to
climate change. If, for example, environmental changes
alter cues that influence the readiness of males to
reproduce without affecting cues that influence female
readiness, coordination between the sexes could be
affected. In this paper, we want to articulate why studying
sex differences in the response to environmental cues
might be interesting, and we will review some illustrative
examples from the extant literature. However, many of
the questions we raise have not been thoroughly
addressed yet.

(b) How to consider mechanistic and functional

approaches to the study of seasonal reproduction

It is common for non-tropical avian species to limit
reproductive activity to the time of year when tempera-
tures are relatively mild and the necessary food resources
are present (Baker 1938; Perrins 1970; Wingfield 1983).
In order to coordinate gonadal recrudescence and the
associated increases in endocrine-mediated behaviour
with conditions that are favourable for breeding, birds
often use specific cues in the environment to time their
reproduction. Environmental factors that influence
Phil. Trans. R. Soc. B
timing of reproduction though their effects on fitness
are typically referred to as ultimate causes (or factors) of
variation in timing (Baker 1938; Wingfield & Kenagy
1991), and food is the common example. In contrast,
environmental factors that act to initiate reproduction
because they stimulate the neural substrates that lead to
reproductive cascades are usually referred to as prox-
imate causes (or cues), and here variation in day length
is the common example (Baker 1938; Wingfield &
Kenagy 1991).

This distinction between factors as ultimate or
proximate based on whether they influence fitness or
act to stimulate the neuroendocrine system has proved
quite useful. The distinction has allowed investigators to
ask not only why animals breed when they do—because
they are more successful than they would have been at
other times—but also how the animal ‘knows’ when it is
best tobreed, i.e.whatcues ituses to initiate andmaintain
reproductive readiness. However, the distinction
between proximate and ultimate factors can become
muddied when applied in practice. Birds often rely on
multiple cues to time their reproduction, and proximate
cues are often subdivided into different categories not
based on how they influence physiology, but rather based
on why the animal has come to rely on them as it does. In
other words, the discussion of proximate cues has
addressed not only their impact on reproductive
physiology but also their valence as predictors of good
conditions for reproduction in the still distant or
immediate future. For example, photoperiod is a power-
ful ‘initial predictive cue’ that initiates or terminates the
period of reproduction in many non-tropical species
(Wingfield 1980; Dawson et al. 2001). Changes in
photoperiod set in motion aspects of reproduction that
require time to prepare such as the development of the
reproductive organs. Other cues provide ‘essential
supplementary information’ and ‘synchronizing and
integrating information’ (Wingfield 1980; Wingfield &
Kenagy 1991). These latter cues include mild weather,
the availability of nest sites and stimulatory social
interactions (Wingfield & Kenagy 1991), i.e. cues that
can trigger territorial behaviour, nest building and final
stages of yolk accumulation. Questions related to
ultimate factors have traditionally been referred to as
‘why questions’, and questions related to proximate
factors as ‘how questions’. In practice, however,
treatment of proximate cues has come to include a
‘why’ component as investigators have weighed cues in
terms of their utility to the organism in predicting optimal
conditions for reproduction. Additional room for con-
fusion arises because some factors, e.g. food, can act as
both ultimate and proximate depending on whether they
are being invoked to explain why species of birds breed
when they do or how individuals know when it is time to
breed (e.g. O’Brien & Hau 2005).

Confusion can be relieved by the use of phylogenetic
analyses (evolutionary comparative biology) to resolve
which ultimate factors best explain variation in timing
among species, microevolutionary techniques to
compare the fitness of individuals that differ in timing
(e.g. relative loss of nestlings to starvation in early and
late breeders), statistical analyses to assess the degree of
correlation between potentially predictive environ-
mental cues and suitable conditions for breeding, and
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behavioural neuroendocrine approaches to explain
variation in the response to environmental cues (e.g.
Dawson et al. 2001).

In this paper, we will refer to both ultimate and
proximate causes of variation in the timing of seasonal
reproduction by males and females. Ultimate causes will
be addressed by questions such as ‘why might it be
adaptive for males and females to respond differently to
the same cue or to respond to different cues altogether?’
Proximate causes will be addressed by questions such as
‘How do males and females differ in the environmental
cues they respond to and in the nature of their response?’

It is also important to distinguish between the two
sets of questions when considering proximate cues.
One question relates to what cues a particular sex will
be most likely respond to. For example, there is
evidence that males and females both respond to
photoperiod, but there may well be secondary cues
that are salient in this regard in a sex-typical fashion.
One could even envision cases in which a particular
stimulus has opposite effects in males and females,
being stimulatory in one but inhibitory in the other.
A second related question concerns the degree of a
response to the same cue. One could envision a
situation in which the threshold for photoperiodic
stimulation would be lower in males than in females
(e.g. if males migrate sooner and defend territories in
advance of females), as it is known to be for different
populations of the same species breeding at different
latitudes (e.g. Silverin et al. 1993). As we will discuss
later, it is clear that the ability of photostimulation
alone to induce full gonadal growth is different between
males and females in many seasonally breeding species.

As alluded to previously, such sex differences could
also have significance for our understanding of long-
term adjustments of animal populations to climate
change. It has been observed that certain avian
populations, such as great tits (Parus major) nesting in
the Netherlands, are shifting the timing of reproduction
as the temperature increases (Visser et al. 1998, 2006).
As is well known, the ultimate reason for the timing of
laying in this species is to foster coincidence between the
peak in caterpillar abundance and the hatching of the
young (Perrins 1970; Visser et al. 1998). However,
the caterpillar populations are responding to the change
in temperature at a different rate from the bird
population. Is it possible that males and females in the
same species will adjust to climate change in different
ways? If during a period of rapid environmental change
males and females were to rely on different cues to time
their reproduction, could the consequences be mala-
daptive? To answer this question, one needs to know
which cues males and females respond to and whether
their response to the same cues differs.

(c) Why is this question of sex differences

interesting? Why should females be expected

to respond differently than males?

(i) Aspects of avian life history that might bias males and
females to respond differently to environmental cues
A general assumption often made by biologists is that
something as fundamental as biological timing will not
tend to differ between males and females. However, if
one carefully considers a timed biological response
Phil. Trans. R. Soc. B
such as seasonal reproduction, it is far from clear that
this should be the case. In order to appreciate how and
why males and females might differentially respond to
environmental cues, it is useful to consider many
aspects of the natural history and breeding biology of
taxa of interest that can result in different selection
pressures on males and females. For example, birds
exhibit universal oviparity combined with endothermy,
which together make a high degree of parental care
essential (Oring 1982). Thus, there is no option of
generating progeny and abandoning them to the
elements as is the case in ectothermic taxa. The eggs
and young of even brood parasitic species receive
extensive parental care, they just receive it from the
parasitized host species, not from their parental species
and even mound builders such as species in the
megapode order have males that tend the mounds.
From this perspective, one can argue that if females are
to commit to a substantial investment in an egg as well
as the time and energy required for parental care, then
the timing of the parental commitment should be
optimized for successful reproduction. Mistakes in
such timing can be catastrophic. In birds, food for the
young at the time of hatching is particularly important
for reproductive success because the successful survival
of the progeny is closely tied to the types of food
ingested during development (Baker 1938; Perrins &
Birkhead 1983). In the case of altricial species, food is
provided by the parents to the young, while in the case
of precocial species, the young are guided to food
sources where they feed themselves (Ricklefs 1983). In
general, avian parents are unable to store energy as
body fat and then provide it to their young at a later
time. This is in contrast to certain mammalian species,
in which the mother will overeat and store excess
calories in the form of fat during a time of abundant
food availability, then convert her fat to milk during
lactation and feed her young on this milk at a later time
when food availability may be low (Bronson 1989).
This pattern is very common among Pinnepeds. There
are of course exceptions among the over 9000 extant
species of birds. Some species (especially in the corvid
family) store food so that they can initiate breeding
before appropriate quantities and types of food are
available (e.g. grey jays, Perisoreus canadensis), and both
males and females in columbiform species make a milk
of sorts in their crop sac that is used to feed the altricial
squab. An important concept to consider in this regard
is that of capital versus income breeders (Doughty &
Shine 1997). Income breeders rely on available
resources while capital breeders may rely on energy
stored previously, as is the case for geese or more
dramatically penguins that lay eggs and incubate while
relying on previously stored food. Thus, while birds
lack a mechanism such as lactation that provides great
flexibility as to when resources are provided by the
mother to the young, they can adopt strategies to use
resources collected previously.

(ii) Influence of parental care systems on sex differences
in the cues regulating the timing of reproduction
An obvious prediction is that the greater the similarity
in the reproductive behaviour of the sexes, the greater
the similarity in the supplementary cues that males and
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females will use to time the onset, prolongation and
termination of reproduction. Conversely, the more
divergent the role of the sexes in reproduction, the less
similar the cues should be. Thus, in seasonal migratory
species in which the sexes arrive on the breeding
grounds simultaneously and both sexes build the nest,
share in incubation of the eggs and provide for young,
we might expect the sexes to monitor similar aspects of
the environment. Conversely, in lekking species in
which males gather early in the breeding season to
advertise and females visit only for copulation, we
might expect males to monitor conditions on the lek,
the behaviour or other males and the impact of
resources on their ability to sustain advertisement
early in the year, while females would assess the state
of nesting sites located some distance from the lek and
the impact of resources on their ability to sustain
incubation and offspring care. The time course of these
resources need not be the same, so selection should
favour differential sensitivity to their enhancing or
suppressive effects on readiness to reproduce.

Focusing on parental behaviour, a recent review by
Cockburn (2006) recognized six distinct modes of
parental care in 9456 species of birds belonging to 188
families and discussed their phylogeny and prevalence.
Two modes, incubation of eggs by means of geothermal
heat and brood parasitism, involve the absence of
incubation or provisioning young and are quite rare
(less than 1% of species). The other four, male-only
care, female-only care, biparental care and cooperative
breeding involve parenting by one to many individuals.
Biparental care by pair-bonded males and females is
the most common pattern (inferred as 81% of species),
but is nevertheless less frequent than reported in earlier
summaries. Instead, female-only care and cooperative
breeding are more common than previously thought
(e.g. Owens 2002), occurring with a prevalence of 8
and 9% of species, respectively.

Because we anticipate greater sex differences in the
cues regulating reproduction in species in which the
parental roles differ, future studies of cues should
compare the sexes in brood parasites at one extreme
and biparental species at the other. Of particular
interest will be clades in which multiple transitions
are believed to have occurred such as from male only to
biparental care in the charadrii (Szekely & Reynolds
1995), allowing studies of cue sensitivity in closely
related species that differ strikingly in their mode of
parental care.

Importantly, however, even in species in which
females care alone, males can be expected to be
sensitive to cues that impact female fecundity. Many
examples of female-only care involve species that are
frugivores or nectivores. Females of such species are
thought to rely on patchily fruiting trees as a food
source for young, whereas males rely on the trees as a
place to encounter females (Cockburn 2006).

To focus briefly on other obvious examples,
exposure to nest predators might have a far greater
suppressive effect on readiness to reproduce in the sex
that makes the greater investment via incubation.
Similarly, the availability of suitable, i.e. safe, nest
sites would be predicted to have a greater stimulatory
effect on the incubating than the non-incubating sex. In
Phil. Trans. R. Soc. B
species in which males build the nest or display using
nest materials, we might expect similar male and female
sensitivity to the availability of nesting materials,
although even in this case, nesting materials may
function as male display, whereas for females they
may function as a safe harbour, causing the sexes to
respond to different aspects of the same class of cues.

Termination of breeding and onset of moult are also
known to differ by sex, and thus we might expect the
process to be mediated by different cues. Among
shorebirds, relatively closely related species differ in
whether males or females are first to desert offspring,
leaving members of the other sex as sole parents.
Szekely & Reynolds (1995) have explored adaptive and
historical reasons for these sex differences, but less
comparative attention has been paid to sex differences
in parental responses to offspring cues as offspring age.
In all species with parental behaviour, the sexes become
decreasingly nurturing with time and as the cues
presented by the young change during development.
The ability of stimuli from younger offspring to
reinduce high rates of parental care as well as to
maintain physiological correlates of such rates of care
has been experimentally demonstrated in avian taxa
such as doves and pigeons (e.g. Hansen 1971, 1973).
However, as with other questions raised in this review,
sex differences in the time course of changing
neuroendocrine sensitivity to offspring cues requires
more study.

Another life-history trait that greatly influences
patterns of breeding in many birds is related to their
volant life style. The advantage conferred by the ability
to fly favours birds of smaller size. This makes it
especially important to reduce organ systems when
they are unneeded. Extreme reduction in gonadal size
to foster flight occurs seasonally in females and males.
For example, there is remarkable seasonal variation in
the size of the testis, with increases as large as 1000-fold
in breeding compared with non-breeding males
(Follett 1984). However, although most avian species
exhibit some sort of sharing pattern of parental care
(Silver et al. 1985; Clutton-Brock 1991), there are
particular strains on females. Females lay the egg so
that they make the final reproductive decision. A
mistake in timing made by females is potentially far
more costly than a mistake by males. Also, it may well
take longer for a female to recover from a breeding
mistake than a male due to the necessity of generating
sufficient resources to produce another egg. The
importance of this sex difference will interact with
whether the species in question is a so-called ‘capital’ or
‘income’ breeder (Doughty & Shine 1997) as alluded
to previously. Capital breeders, even among avian
species, can rely on stored energy (e.g. if they store
food) that may be impossible to replace easily when
compared with income breeders which are relying on
energy available in the environment that may still be
present if a breeding mistake is made.

(d) Why has this question been ignored

to some degree?

Given the possible significance of a sex difference in
the response to environmental cues, why are there
relatively few data that specifically address this issue?
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Figure 1. Seasonal changes in (a) paired testis mass (mg) and
(b) largest ovarian follicle diameter (mm) in male and female
European starlings (Sturnus vulgaris), respectively, collected
each month from March 1994 to February 1995 in
Baltimore, MD, USA. Points represent meanGs.e. of the
mean. Points with different letters differ significantly, while
points with the same letter do not. Note how similar the
relative pattern of change is in these field-caught male and
female starlings. Male starlings, like many other temperate
zone songbird species, when held in captivity under artificial
photoperiods exhibit changes of a similar magnitude to that
observed in the field. In contrast, captive female starlings
exhibit a change of a much smaller magnitude.
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A big factor is merely experimental convenience. As
mentioned previously, the study of avian photoper-

iodism has a long history (e.g. Rowan 1929), but very
early on, key investigators, who studied basic
mechanisms in wild species, decided to focus on

males (Burger 1949). Field-caught males and females
do exhibit similar relative seasonal changes in gonadal
size (figure 1). However, in captivity males in most

photoperiodic species exhibit robust gonadal
responses to changes in day length (e.g. Farner &
Wilson 1957), but females do not. Females generally

require additional cues, often complex ones that are
hard to replicate in the laboratory, and/or long
experience with laboratory conditions, in order to

exhibit robust ovarian growth and egg laying. This sex
difference alone makes it clear that one needs to be
cautious when generalizing about males and females.

However, given that excellent progress was made on
the study of the testicular response of males to
photoperiod and other environmental cues, it is

understandable that most work focused on them
(Farner & Follett 1966, 1979; Farner 1986). None-
theless, there are fundamental questions about sex

differences in the responsiveness to cues that remain
to be addressed.
Phil. Trans. R. Soc. B
2. BASICS OF THE ENVIRONMENTAL
REGULATION OF ANNUAL CYCLES IN BIRDS
(a) Types of cues: photoperiodic and

extra-photoperiodic cues

Changes in day length (or photoperiod) provide a
valuable cue in the environment to allow animals to
assess the time of year. Extra-photoperiodic cues
include a wide range of stimuli in the physical
environment, such as temperature and nest site
availability, as well as a range of social cues from
conspecifics and perhaps even nearby heterospecific
individuals. If an individual is able to measure the
current photoperiod and ascertain whether the photo-
period is decreasing or increasing, it can in theory
determine with precision any date of the year. A wide
variety of avian species that live either in the tropics or
in the temperate zone have evolved the ability to
measure and respond to seasonal fluctuations in
photoperiod (Murton & Westwood 1977; Nicholls
et al. 1988; Wilson & Donham 1988). Most of our
discussion focuses on temperate-zone species, but it
should be noted that species in tropical climes can
detect even the small changes in day length which occur
in this habitat, and photoperiod may play some role in
the regulation of reproduction even among birds from
this region (Hau 2001). The photoperiodic response in
birds can be characterized based on the physiological
responses a given avian population exhibits as it
experiences seasonal fluctuations in the photoperiod
(refer figure 1 for an example of a seasonal gonadal
cycle in wild-caught birds). These responses are
mediated by a complex system that includes both a
neural component and an endocrine component
(Follett 1984; Sharp 2005). Variation in photoperiod
is referred to as an initial predictive cue (Wingfield &
Kenagy 1991), because photoperiod regulates the
onset and offset of breeding independent of any year-
to-year variation in weather, food or social conditions
or local geographical variation in the quality of such
factors that a bird might encounter. For successful
breeding to occur, photoperiodic responses must be
fine-tuned by other cues in the environment that allow
egg laying to be timed optimally in response to variation
in local conditions (Wingfield 1980, 1983). In our
consideration of seasonal reproduction, we focus on the
regulation of reproduction. However, it should be
noted that many other traits change seasonally and are
regulated by photoperiod (such as plumage, body
mass, migratory restlessness or immune function),
while other traits may be impervious to photoperiodic
changes (see Nelson (1987) for a review). Some
authors therefore argue that it is more accurate to
refer to photoperiodic traits rather than to photo-
periodic individuals or populations (e.g. Nelson 1987).

(b) Brief description of the photoperiodic

response

Birds are traditionally viewed as being ‘long-day
breeders’ (e.g. Murton & Westwood 1977). By this
most authors mean that the hypothalamo–pituitary–
gonadal (HPG) axis responds to increasing day lengths
after the winter solstice with a marked increase in
gonadotrophin secretion, gonadal growth and a wide
range of steroid hormone-dependent processes,
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including changes in reproductive behaviours. This
view of the photoperiodic regulation of reproduction
leads logically to the simplistic hypothesis that photo-
periods greater than 12 L:12 D should stimulate the
reproductive axis, while day lengths shorter than
12 L:12 D should inhibit it. One would then predict
a symmetrical function of gonadal activity centred on
the summer solstice. It turns out that such breeding
patterns are exceedingly rare. Perhaps the closest
approximation of symmetrical cycles are the annual
cycles of certain gallinaceous birds such as the
California quail (Callipepla californica; Murton &
Westwood 1977) or columbiforms such as the wood
pigeon (Columba palumbus) in the UK (Lofts et al.
1966). It is more common that the photoperiodic
response of birds exhibits physiological responses
asymmetrical to seasonal changes in day length, in
which the reproductive system will grow in the presence
of short day lengths or regress in the presence of long
day lengths. The effects on reproductive physiology of
the lengthening periods of daylight, which are normally
experienced by temperate-zone birds in the spring, are
twofold (Dawson et al. 2001). One effect is to stimulate
the HPG axis to prepare and maintain the bird for
reproduction. Birds that are reproductively active due
to the stimulating effects of long lengthening days are
said to be photostimulated (Follett 1984; Nicholls et al.
1988; Dawson et al. 2001). A second effect of long
lengthening days is to initiate an inhibitory process that
later results in the regression of the gonadal portion of
the HPG axis. This inhibitory process has been well
documented in many temperate-zone songbird species
such as the European starling (Sturnus vulgaris), tree
sparrow (Passer montanus) and white-crowned sparrow
(Zonotrichia lencophrys) (Nicholls et al. 1988; Wilson &
Donham 1988). In these species, the reproductive
system regresses before the summer solstice as a
function of the number of long days the bird has
experienced. It is impossible to photostimulate birds at
this time. Even if one artificially lengthens the
photoperiod so that the birds are on constant light,
they will not exhibit an enhanced reproductive
response (e.g. Hamner 1971). Birds with regressing
or regressed reproductive systems that no longer
exhibit reproductive responses to long day lengths are
said to be photorefractory. A feature of photorefractori-
ness in birds is that even though it does not become
apparent for several weeks after exposure to long days,
it is initiated rapidly, and once initiated the reproduc-
tive system continues to proceed towards a future
refractory state regardless of subsequent photoperiod
(Dawson et al. 2001). The rate of onset of photo-
refractoriness is proportional to the length of the
photoperiod (Hamner 1971; Dawson & Goldsmith
1983) or the length of the photoperiod beyond some
critical day length (Moore et al. 2005).

In this context, a long day is one in which the
duration of the light period exceeds a ‘critical day
length’, defined as the length of day below which
photorefractoriness is not induced. The critical day
length to induce photorefractoriness is species typical
or even population typical. It can also be influenced by
the photoperiodic history the animal has experienced
(Robinson & Follett 1982).
Phil. Trans. R. Soc. B
Photorefractoriness can only be dissipated or broken
by the experience of short days that are normally
encountered in the autumn when ‘photosensitivity’ is
acquired. Photosensitivity in this sense means that the
avian reproductive system will respond to long days
with dramatic increases in various measures of
reproductive physiology such as gonad size and
hormone secretion. The effect of short days on the
dissipation of photorefractoriness has been demon-
strated experimentally based on the laboratory studies
in many species (e.g. Dawson 1991). In wild popu-
lations of white-crowned sparrows in Washington
State, USA, a long-day challenge was administered at
various time points throughout the autumn, and it was
discovered that photosensitivity naturally occurs in late
October to early November (Farner & Mewaldt 1955).
This reacquisition of photosensitivity in the autumn
while on short days can result in an increase in
reproductive physiology and general activity including
mating behaviour in some species. This has been
termed as ‘autumnal sexuality’ (Murton & Westwood
1977; Lincoln et al. 1980; Dawson 1983). This
phenomenon is quite apparent in seasonally breeding
ducks when they break photorefractoriness in the
autumn. Some investigators have linked an autumn
increase in plasma androgen concentrations with an
increase in the male display rate (Balthazart &
Hendrick 1976). It is important to note therefore that
the experience of short days, which dissipates photo-
refractoriness, has the effect of resetting the system so
that birds can respond once again to a stimulatory
photoperiod and other cues. In some species, this
dissipation of photorefractoriness and the resultant
relatively small increase in reproductive endocrine
activity can support breeding under short days (Sharp
1996), though in most species additional photostimu-
lation is required (Sharp 1996).

The photoperiodic response in birds involves an
endogenous component (Gwinner 1986). In many
species, when maintained under conditions of constant
photoperiod (such as 12 L : 12 D) and temperature,
cycles of gonadal maturation and regression followed
by feather moult can be observed for years (see
Gwinner 1986, 1996 for reviews). This phenomenon
seems to be especially prevalent in tropical species but
has also been observed in temperate zone species (e.g.
Gwinner & Scheuerlein 1999). For this reason, it has
been hypothesized that one mechanism by which
photoperiod regulates seasonal breeding is through
the entrainment of an endogenous circannual rhythm
(Gwinner 1986, 1996). The exact nature of these
endogenous seasonal rhythms that regulate seasonal
reproduction remains to be elucidated. In one useful
test of the existence of a circannual rhythm, dark-eyed
juncos were maintained under conditions of constant
dim light (rather than a constant photoperiod of some
sort) and a persistent rhythmicity of gonadal growth,
regression and moult was observed (Holberton & Able
1992). However, the period of this rhythm varied
widely from 6 to 21 months. Although endogenous
rhythms do vary in period when free-running, this is
much greater that one would normally expect for a
single rhythmic endogenous process. Therefore, this
endogenous regulation of reproduction in birds may
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not involve a true circannual rhythm as that seen in
hibernating mammals and not be one that is analogous
to circadian rhythms. Rather, the circannual rhythms
in birds that persist under constant day lengths may
involve an endogenous mechanism of a kind yet to
be understood.

(c) Influence of non-photoperiodic cues on the

timing of breeding

As discussed previously, in order to time breeding
successfully, birds must integrate initial predictive cues
such as photoperiod with other types of cues that
provide information about local variation in the
environment that results from year-to-year fluctuations
in weather conditions or geographical variation in food
availability and/or social interactions (Ball 1993). The
extent to which a given species or population will
integrate supplementary cues with an initial predictive
cue such as photoperiod is related to the predictability
of the environment in relation to breeding. If the timing
of the suitability of the environment for a future event
such as the onset of breeding is highly predictable, then
only a select number of reliable cues will be required to
time breeding while many other cues can be ignored
(Cohen 1967). If the timing of the onset of suitable
conditions for breeding season is less predictable, then
many cues should be integrated to optimize the timing
of breeding (Wingfield et al. 1992). Typically suitability
is thought of as the coincidence of breeding with
environmental factors that enhance reproductive suc-
cess such as food and shelter. But in extreme
environments such as the Arctic, the time available
for breeding may be quite constrained, and in that case,
birds may become relatively impervious or unrespon-
sive to supplementary cues that would fine-tune
breeding in more forgiving environments (Wingfield &
Hunt 2002). Thus, Arctic environments, when
compared with lower latitude environments, are
predictable not in the suitability of the weather, but in
the short duration of the season when breeding is
possible and, interestingly, gonadal growth in arctic
white-crowned sparrows is less responsive to variation
in temperature than is gonadal growth in populations of
white-crowned sparrows that breed in more temperate
climates (Wingfield et al. 1996). This linking of the
tendency to integrate non-photoperiodic cues into the
decision of when to breed with the predictability or
unpredictably of the environment has proved to be very
useful for the interpretation of species variability in the
importance of non-photoperiodic cues.

The integration of supplemental cues with initial
predictive cues provided by photoperiod seems quite
likely to be one way in which males and females will
differ in their photoperiodic responses. In particular,
one would expect supplementary cues to be relatively
more important in regulating reproductive endocrine
responses in females when compared with males.
Although it is somewhat common to study population
differences in the response to photoperiod (e.g. Silverin
et al. 1993) and/or interactions between supplementary
cues and photoperiodic cues (e.g. Silverin & Viebke
1994; Perfito et al. 2005), the same strategy has
generally not been applied to the sexes (also see
Wingfield et al. 1996). Progress in this area will require
Phil. Trans. R. Soc. B
selection of comparable time points in the reproductive
cycle of the sexes and their response to manipulation of
combinations of potentially significant cues.

(d) The sensory and neuroendocrine control

of seasonal reproduction in birds

(i) The encephalic photoreceptor and the photoperiodic
response in birds
One interesting feature of the photoperiodic response
in birds is that the sensory receptor mediating the
response to photoperiod is not in the retina but rather
appears to be located in the hypothalamic region of the
brain. It was first suggested in the 1930s in ducks
(Benoit 1935) that the photoinduction of gonadal
growth in birds did not require the eyes. This was
subsequently confirmed in several species including
songbird species such as the white-crowned sparrow
and the house sparrow (Passer domesticus; e.g. McMil-
lan et al. 1975). Thorough studies by Wilson (1989,
1991) have led to the conclusive demonstration that at
least in the Arctic breeding tree sparrow, neither the
eyes nor the pineal gland are needed for the stimulation
of gonadal growth by long days, the onset of
photorefractoriness in response to long days or the
breaking of refractoriness in response to short days.
The eyes are not needed in either males or females in
this species (Wilson 1991). It is thus clear that, at least
in the photoperiodic species that have been studied, the
sensory receptor mediating the response of initial
predictive information seems quite independent of
those mediating the response to supplementary cues.
The exact location of this encephalic photoreceptor has
still not been definitively identified. However, proteins
related to photoreception have been found in the lateral
septum as well as in the mediobasal hypothalamus (e.g.
Silver et al. 1988; Saldanha et al. 1994). Also, recent
studies of the photopigment melanopsin that is
involved in non-image forming photoreception in
mammals have identified it in the medial septum of
birds (Chaurasia et al. 2005). Lesions to cells in the
lateral septum that expresses this putative photo-
receptor attenuate the effects of photostimulation on
the maturation of the reproductive axis in male chicks
(Rathinam & Kuenzel 2005). However, no studies have
been conducted on possible sex differences in the
localization or functioning of the avian extra-retinal
photoreceptor. Given that both males and females use
this photoreceptor to respond to photoperiodic vari-
ation one would not expect qualitative differences
though as we learn more about male and female
responses to photoperiod, it is worth considering that
some aspects of the initial sensation of photoperiod
may vary between the sexes.

(ii) The visual and the auditory systems: the response
to supplementary cues
In contrast to the response to photoperiod, there is
every indication that the endocrine response to
supplementary information provided by the social
context and to some degree the physical context is
mediated by the sensory receptors in the visual system
(with the use of the eyes) and in the auditory system.
For example, a large amount of direct and indirect
evidence has been collected in many avian species
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which indicates that the response to salient social cues
such as a displaying conspecific requires stimulus cues
derived primarily from visual and auditory stimulation
(Lehrman 1959; Hinde & Steel 1978; Silver 1978;
Cheng 1979; Wingfield 1980; Moore 1983; Crews &
Silver 1985; Erickson 1985; Ball & Balthazart 2002).
There is little evidence that other sensory systems such
as the somatosensory and olfactory systems play a major
role in mediating the effects of social stimuli on endocrine
secretion as they clearly do in mammals (Wingfield
2006). However, this cannot be ruled out completely as
in many species such as pigeons and doves, there is
extensive courtship preening just prior to ovulation in
females. The importance of these interactions has not
been experimentally investigated, though it should be
noted that visual and auditory cues in the absence of such
interactions are quite effective in stimulating endocrine
secretion (Silver 1978; Cheng 1979).

It should also be remembered that these supple-
mentary cues may not always be stimulatory. For
example, Yokoyama & Farner (1976) found that
enucleation leads to an increase in gonadal activity in
female white-crowned sparrows. This suggests the
intriguing possibility that stimuli most commonly
processed by the retinal pathway, i.e. social and non-
photoperiodic physical information, may also exert an
inhibitory influence. It could well be the case that this
effect is particularly acute in females, but it has not
been systematically tested.

An endocrine response to social supplementary cues
may require rather complex neural processing to occur.
For example, Friedman (1977), in an ingenious
experiment, demonstrated that a female dove exposed
to a courting male which is directing his behaviour
towards her is more apt to show an enhanced endocrine
response than a female that sees the same male but
from a view which indicates that he is not directing his
courtship towards that specific female. Also, Cheng
(1986) has suggested, from her work with ring doves,
that the female’s endocrine response to male courtship
is the result of the female behaviourally stimulating
herself by nest cooing.

(iii) The importance of the gonadotrophin-releasing
hormone neuronal system
Gonadotrophin-releasing hormone (GnRH) regulates
the release of the pituitary gonadotrophins luteinizing
hormone (LH) and follicle-stimulating hormone
(FSH) and is therefore the neuropeptide that links
the brain with the reproductive endocrine system.
There are two forms in the avian brain named chicken
GnRH-I (cGnRH-I) and chicken GnRH-II (cGnRH-
II) due to the fact that they were first discovered in
chicken (Gallus gallus), though similar peptides are
generally present in avian species (see Ball & Hahn
(1997) and Ball & Balthazart (2002) for reviews). Both
these forms of GnRH have been found to be effective
releasers of the gonadotrophins, LH and FSH, in vivo
(Millar & King 1984; Sharp et al. 1990). However,
based on its anatomical distribution, cGnRH-I appears
to be the primary regulator of gonadotrophin secretion
in birds (e.g. Millam et al. 1993; see Ball & Hahn
(1997) for a review). This system exhibits remarkable
seasonal plasticity in several avian species in that there
Phil. Trans. R. Soc. B
is a marked decline in the expression of the peptide
after the onset of photorefractoriness (see Ball & Hahn
(1997), Dawson et al. (2001), MacDougall-Shackleton
et al. (2005) for reviews) and even a seasonal decline in
the release of gonadal steroids in response to GnRH
stimulation of the pituitary–gonadal axis during the
breeding season (Jawor et al. 2006). Although there has
been an extensive discussion of species differences in
this regulation, little is known about sex differences.
One study in Japanese quail (Coturnix coturnix japonica)
does indicate that there is a male-biased sex difference
in the GnRH protein as measured by immunohisto-
chemistry in short-day photosensitive birds but not in
photostimulated birds (Foster et al. 1988). In bantam
chicken (Gallus domesticus) chicks one induces rapid
sexual maturity by taking chicks reared on short days
and transferring them to long days (Sreekumar & Sharp
1998), this enhancement by photostimulation occurs
earlier in males (by four weeks of age) than in females
suggesting that the reproductive neuroendocrine
system (that includes GnRH) develops sooner in
males than in females (Sreekumar & Sharp 1998).
These studies along with the well-recognized intraspe-
cific plasticity of the GnRH system could make this a
fruitful system to pursue in future studies of sex
differences in the response to environmental cues
regulating reproduction.

Cues from photoperiodic stimuli and supplementary
stimuli converge on the GnRH system to implement
the organized response in reproductive physiology that
characterizes seasonal reproduction (Ball 1993). The
neural processing of these classes of cues is somewhat
different and these processing steps could in turn be
different between the sexes. Photoperiod is perceived
by the extra-retinal photoreceptor and interpreted by
the circadian system since birds like other vertebrates
measure day length based on the coincidence of light
with the photoinducible phase of the circadian cycle
(see Follett (1984) for discussion). Recent studies
suggest that the clock for photoperiodic time measure-
ment in birds is in the mediobasal hypothalamus
(Yasuo et al. 2003; Sharp 2005). Thus, the neural
circuit regulating photoperiod is fairly compact given
that the extra-retinal photoreceptor, the clock for
interpreting light and the GnRH neuronal system are
all in the POA–hypothalamic area in the diencephalic
region of the brain. Studies of the effects of supple-
mentary cues such as those reviewed previously argue
that at least some types of supplementary cues undergo
complex neural processing involving telencephalic
structures before they exert their modulatory effects
on the GnRH system and through GnRH, on the
endocrine system. The manner in which supple-
mentary cues are perceived can be influenced by
experience in ways that the perception of day length
is not. For example, Baptista & Petrinovich (1986)
describe how female white-crowned sparrows that were
collected as nestlings in the wild and hand reared in the
laboratory readily ovulated in captivity when housed in
a situation under which ovulation has never been
reported in wild-caught adult females. They suggest
that young female white-crowned sparrows undergo an
imprinting process during their first year to the stimuli
supplementary to photoperiod, which are required
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for ovulation. When hand reared in captivity, they
‘imprinted’ on substitute supplementary stimuli and
therefore ovulated under these conditions.

All these studies suggest that, in contrast to the
apparently circumscribed locale of the neural pathway
mediating the photoperiodic response, the neural
pathways processing the endocrine response to
supplementary cues will involve many more proces-
sing ‘steps’ and potentially could be connected to a
wide variety of modulatory brain nuclei. Nonetheless,
it seems essential that supplementary information
exert whatever effect it may finally have on endocrine
functioning via the GnRH neuron system. Thus, both
types of information, photoperiodic and supple-
mentary, appear to converge on the GnRH system.
Therefore, the group of neurons in the preoptic–
septal area, which project to the median eminence
and are immunoreactive for GnRH, should be the
starting point for the elucidation of the neural
pathways processing both initial predictive and
supplementary cues. Furthermore, based on the
data just reviewed, tracking the pathway for the two
different classes of cues should lead to very different
places in the brain. It would be useful to investigate
the manner in which these neural pathways process
this information in males and females. At present,
there is little information about functional links
between the visual and auditory systems and the
GnRH neuronal system and even associated hypo-
thalamic areas. Connections have been described in
female ring doves between the auditory thalamus and
the regions in the preoptic area and hypothalamus,
which contain GnRH neurons (Cheng & Zuo 1994).
Cells in these GnRH-positive hypothalamic areas fire
in response to the male and female nest coo calls
(Cheng et al. 1998) perhaps based on this auditory
input from the thalamus. Cheng et al. (1998)
hypothesize that these cells are involved in mediating
the effects of female nest coo on her own endocrine
activity via the production of nest coos that increase
when a male courts a female. Supporting this idea is
the observation that although the neural units
respond similarly to male and female calls, the
playback of females coos are three times more
effective in releasing the gonadotrophin LH than
male coos (Cheng et al. 1998). The neural basis of
this sex difference is unknown as only females were
investigated in this study. Functional connections
between the auditory midbrain and thalamus and
brain areas containing GnRH cell groups have also
been described in frogs (Wilczynski et al. 2005).
3. HOW ARE MALES AND FEMALES DIFFERENT?
Up to this point, we have been discussing seasonal
reproduction in birds in general terms while high-
lighting how different aspects of this process are
relevant to a consideration of sex differences. In this
final section, we will focus more on the relatively little
that is known about sex differences in the response to
environmental cues regulating seasonal reproduction.
We will start with a consideration of ultimate causes
and then focus on proximate causes.
Phil. Trans. R. Soc. B
(a) Comparing the sexes in relation to the

environmental control of seasonal reproduction:

a microevolutionary approach

Natural selection can be expected to have acted on the
avian reproductive system to time reproduction so as to
optimize both male and female reproductive success.
One aspect of success will be reproductive synchrony
such that males and females are ready to reproduce at
the same time of year.

Males and females differ in their life histories,
however, and thus the phenotypic characters that
promote successful reproduction and consequently
the environmental cues that promote breeding are
likely to differ by sex. Male reproductive success
typically varies more than female success, and repro-
ductive competition can be expected to play a greater
role in shaping male than female adaptations for
breeding. In other words, male assessment of a suitable
environment and time for breeding will reflect the
greater role played by sexual selection in accounting for
variation in male fitness; the female assessment will
reflect the greater role played by fecundity selection. To
illustrate this point from a male’s perspective, being
first to breed may allow more time for seeking
additional mating partners with little attendant risk,
but from a female’s perspective, while being first may
enhance her fecundity, it may also expose her to more
stressful weather conditions.

Among temperate zone birds, given the common
pattern of early establishment of territories by males
and later laying of eggs by females, we are accustomed
to thinking of males as initiating the sequence of
behaviours that results in reproduction earlier than
females, and we attribute that to the more intense
competition just described. Once territories are estab-
lished, coordination between the sexes is thought to
require males to ‘wait for’ females to acquire sufficient
energy reserves to lay eggs and initiate incubation. We
typically explain this delay and thus part of the sex
difference in timing to the greater pre-zygotic invest-
ment per reproductive event made by females as
opposed to males. To protect that investment in eggs,
females are thought to proceed more cautiously than
males. In the language used earlier in this paper, males
are more affected by initial predictive cues, and females
more by supplementary cues.

Interestingly, a comparison with mammals suggests
that intrasexual competition alone can force earlier
reproductive readiness in males, regardless of the pre-
zygotic investment made by females. Prendergast
(2005) expressed this as follows: ‘Earlier vernal
recrudescence [of gonads] in males may also facilitate
intrasexual competition for mates in cases where the
required behaviors are gonadal hormone-dependent,
and may reflect a general sex difference in vertebrate
seasonal timekeeping (cf Zucker & Boshes 1982; Crews
1983).’ Male hamsters, for example, break photore-
fractoriness as much as five weeks earlier than females,
and this difference in timing is seen in part as an
adaptation to male–male competition. Interestingly,
however, female mammals invest more in their oocytes
after they are fertilized than before, i.e. during
pregnancy and lactation, and preparation for ovulation
in females is seen as requiring less time than that
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needed by males to complete spermatogenesis (Beery
et al. 2007). Consequently, earlier breaking of
refractoriness in male hamsters is also seen as an
adaptation to promote synchrony of reproductive
competence between the sexes (see Prendergast
(2005) for discussion). Clearly, proper interpretation
of sex differences in timing requires full knowledge of
the natural history of the species in question.

While sexual cooperation predicts that natural
selection should act to coordinate reproductive readi-
ness in males and females, regardless of which cues they
rely upon, theory on reproductive conflict makes an
additional prediction. Conflict theory suggests that
selection should favour members of one sex that can
successfully induce members of the other sex to invest
more heavily in reproduction. In particular, given the
advantages experienced by early hatched offspring
(Perrins & Birkhead 1983), males might be expected
to benefit if they could induce females to breed earlier
than what might otherwise be in the females’ best
interest. Similarly, females able to elicit more invest-
ment from males in the form of guarding or
provisioning should be favoured over females less able
to do the same. Conflict theory thus leads us to
consider not only how the behaviour of one sex
coordinates itself with the behaviour of the other, but
also how the behaviour of one sex influences and
accelerates the reproductive behaviour of the other
(e.g. Bentley et al. 2000).

Finally, when predicting how males and females
respond to their environment and how avian popu-
lations might vary in their evolutionary response to
environmental change like that predicted by climate
change, it is critical to recall that the sexes share most
of their genome. But for genes on sex chromosomes,
loci present in males are also present in females.
Thus, selection on males for earlier breeding and the
loci that regulate breeding could give rise to a
correlated response to selection in females such that
daughters of early breeding males might breed earlier
than the average female. If traits favoured by a
changing environment are advantageous to one sex,
but not to the other, we might see a rapid
evolutionary response in males that proved disadvan-
tageous to females. In that case, females might
constrain further response in males and lead to a
mismatch of optimal breeding times for males and
females (Ketterson et al. 2005).

In sum, these considerations are useful when
generalizing about how the sexes might differ or be
the same in the timing of reproduction, but they also
indicate a need for data. In the §3b, we consider
empirical studies of responses to cues that time
reproduction as well how the sexes might differ in
their response to supplementary cues that can act to
hasten or delay reproduction. For example, is breeding
date heritable? There is evidence that this is the case in
hamsters (Prendergast et al. 2004) and female birds
(Brommer et al. 2005; Nussey et al. 2005). Is the
threshold day length that stimulates gonadal recrudes-
cence the same in males and females? Do males and
females rely on the same supplementary cues to
accelerate or delay breeding? Does food, for example,
accelerate breeding equally in both sexes? Can male
Phil. Trans. R. Soc. B
behaviour accelerate breeding in females? Do females
vary in their susceptibility to stimulation by males?

(b) Sex differences in the response to

environmental cues: mechanistic approaches

As a generalization, studies of the cues that time
reproduction in birds have focused on males in the
laboratory, particularly on testicular responses to
change in day length, and females in the field,
particularly on laying date as a function of food
availability. Considering the size of the literature in
this area, relatively few studies on captives have directly
compared males and females using similar methods
and dependent variables. Similarly, relatively few field
studies have compared the sexes for the relationship
between food and readiness to reproduce.

We shall consider briefly the kinds of studies that are
currently being conducted and suggest that greater
attention needs to be paid to obtaining measures that
will allow us to compare the sexes.

Focusing first on studies of captives, only some of
the dependent or response variables that can be
measured in captive birds in relation to the onset of
reproduction are the same in each sex. Temporal
patterns in LH and gonadal development are common
to males and females and have frequently been
quantified. For example, captive birds of both sexes
will show an increase in LH when photostimulated.
Interestingly, female Zonotrichia leucophrys oriantha’s
LH response to increased photoperiod is considerably
more robust than that of males (Wingfield et al. 2003),
and stronger LH and FSH in response to photostimu-
lation have been seen in female Zonotrichia leucophrys
gambelli and to a lesser extent in female Zonotrichia
leucophrys pugetensis (Follett et al. 1975).

As mentioned previously in this review, it has been
noted by several authors that female birds seem to play
a greater role in the ‘fine-tuning’ of the onset and
termination of breeding than male birds do (Farner &
Follett 1979; Wingfield 1980; Moore 1983). It is the
female that makes the critical response of oviposition to
local and yearly variation in resource availability.
Therefore, it is not surprising that in many male
birds, photoperiodic stimuli alone can induce full
gonadal growth, while in females the appropriate
complement of supplementary cues is required for
egg laying (Wingfield 1980). The importance of the
integration of initial predictive cues with supple-
mentary cues and/or synchronizing cues from the
physical and social environment is most apparent in
females. Initial predictive cues such as photoperiod can
stimulate ovarian development to a pre-breeding stage
(Wingfield & Farner 1980). This stage is followed by
an exponential growth stage that includes the synthesis
and deposition of yolk, which will occur only if the local
conditions are correct (e.g. Farner et al. 1966; Cheng
1974; Johnson 2000). Wild-caught females that are
brought into captivity often do not develop beyond the
pre-breeding stage of follicle development (Farner et al.
1966). It is generally assumed that captivity fails to
provide some necessary stimulus to females or that
females somehow perceive captive conditions as being
unsuitable for breeding. There is some information
suggesting that this latter hypothesis is correct. The fact
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that hand-reared captive female white-crowned spar-
rows readily ovulated in captivity when housed under
conditions in which ovulation has never been reported
in wild-caught adult females (Baptista & Petrinovich
1986) is consistent with this notion. Perhaps when
hand reared in captivity, these females imprinted in
some way on substitute supplementary stimuli and
therefore would ovulate under these conditions. It is
also clear that supplementary information can exert
strong inhibitory effects on neuroendocrine physiology
as well as stimulatory effects, especially in females. As
mentioned previously, enucleation studies in white-
crowned sparrows revealed that females without eyes
actually had higher plasma concentration of LH than
individuals with intact eyes (Yokoyama & Farner
1976). These data suggest that information from the
eyes ordinarily conveyed to these sparrows under
captive conditions was largely inhibitory of reproduc-
tive physiology.

The timing of male breeding can be influenced by
manipulating the behaviour of the female, but the
reverse does not seem to be the case. For example,
Runfedlt & Wingfield (1985) implanted free-living
female song sparrows with oestradiol pellets in the
late summer. This treatment delayed the termination of
reproductive behaviour in these females but also
prolonged reproductive activity in the untreated male
controls! Males in control pairs with untreated females
went refractory and ceased reproduction several weeks
before the treated pairs. These studies suggest the
termination of breeding by males is influenced by what
the female does. A similar situation may not apply to
the initiation of breeding. Studies of two populations of
Mediterranean blue tits (Parus caeruleus) in Corsica
breeding in different habitats reveals a one-month
difference in the initiation of egg laying that is related to
timing of the availability of caterpillars at the two sites
(Caro et al. 2006). Despite this difference in the timing
of egg laying, males in the two populations initiate the
seasonal recrudescence of the reproductive neuroendo-
crine system at approximately the same time in late
winter (Caro et al. 2006). Thus, sensitivity to local
environmental variation related to the fine-tuning of
reproduction appears limited to females. Overall, these
data suggest that the neural inputs to the GnRH system
and the responsiveness of the GnRH system to
photoperiodic and extra-photoperiodic cues may be
quite different between the sexes. These data also
suggest that males and females may exhibit different
patterns of flexibility in their response to supplementary
cues that relate to the initiation and termination of
breeding. Based on the song sparrow data, it appears
that for male reproductive competence, once reproduc-
tion has been initiated it can be maintained by the
presence of a female, while the reverse is not necessarily
the case. This scenario is reminiscent of studies of ring
doves concerning the social and hormonal mechanism
that regulates the synchronization of incubation
behaviour. These studies concluded that females
played the more important role in mediating the
transition from courtship to incubation behaviour as
well as in controlling the pattern of incubation sharing,
and that male behaviour was cued to the behaviour of
the female (Silver 1978; Ball & Silver 1983).
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Because specific empirical comparisons of how the
sexes fine-tune the timing of their reproduction are not
common, we will describe current trends in seasonality
research and consider how they might be applied to this
issue of sex differences. In a sentence, the current
emphasis is on comparisons involving situations in
which timing of breeding varies even though day length
does not. The goal is to determine which aspects of the
environment are driving the variation. The application
to the goal of this paper is to suggest that the questions
and the methods that are currently being employed
should include the question of coordination and
potential conflict between the sexes.

The field of biological timing has a long history of
comparing populations of the same species that reside at
different latitudes and consequently experience different
photoperiodic regimes (e.g. Silverin et al. 1993). The
more recent application has been to compare popu-
lations that share a photoperiodic regime but occupy
otherwise different environments, e.g. coastal and
montane populations living at the same latitude. Such
studies report considerable population-based
differences in breeding schedules (Wingfield et al.
2003; Hau et al. 2004; Perfito et al. 2005), some of
which appear to have a genetic basis (Moore et al. 2005)

A second approach that has a long history is to employ
long-term studies to compare the same population over
time, i.e. to relate annual variation in the onset of
reproduction toannual variation in the environment.The
recent emphasis on temperature as a timing cue has led
people to add an experimental component to this work
(Wingfield et al. 2003). Thus, in the field, one would seek
correlations between environmental variables and breed-
ing dates, and in the laboratory, one would observe the
response of captive populations to manipulations of
supplementary cues.

Together, the combination of these classic and
newer approaches has clearly revealed a highly
significant role for supplementary cues in the timing
of breeding, even suggesting that in some situations
they may be just as important to the induction of
reproductive readiness as photic cues and may interact
with photic cues on what might be considered ‘equal
footing’ (Hau 2001).

Despite advances in our empirical understanding, it
is still true that few studies of captive birds compare the
sexes directly regarding their response with cues that
time reproduction. Consequently, we briefly sum-
marize some of what has been learned from compara-
tive studies of populations and use this knowledge to
speculate about how males and females might differ in
their responses. To the extent that the sexes are
analogous to separate populations, such speculation
may prove accurate or at least serve as a basis for future
studies comparing the sexes.

(c) Measuring the impact of supplemental cues

on timing of reproduction: impact of temperature

Wingfield et al. (2003) reported yearly variation in
laying dates in a montane population of white-crowned
sparrows, Z. l. oriantha. The level of variation reported
revealed that photoperiod is key to reproductive timing
but environmental variables such as temperature were
clearly playing a role. They brought individual male
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Figure 2. Comparison of effect of ad libitum food versus mild
food restriction on seasonal variation in gonad size in (a) male
and (b) female red crossbills (adapted from Hahn et al. 2005).
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and female sparrows to the laboratory and manipulated
day length and temperature. The birds were measured
for a suite of characters, some of which are shared by
both sexes, e.g. LH, gonadal growth and regression,
thyroid hormone, body mass, fat and moult, and some
of which were sex specific, e.g. brood patch develop-
ment in females. No sex differences were reported.
Both sexes responded to both photoperiod and
temperature in similar ways, e.g. gonadal growth was
accelerated at warmer temperatures, and both sexes
regressed their gonads sooner at warmer temperatures.
In a similar study conducted on the high latitude
breeding Gambell’s subspecies of the white-crowned
sparrow, no sex difference was reported for the effect of
temperature on gonadal growth (Wingfield et al. 1996).
However, low temperatures (58C) inhibited the pre-
migratory increase in fattening and body mass in
females but not in males (Wingfield et al. 1996). This
difference may reflect sex differences in selection for
males to arrive on breeding ground early to set up
territories to attract mates, regardless of local con-
ditions, while females may be selected to wait until
conditions are optimal to lay on fat and migrate
(Wingfield et al. 1996). Dawson (2005) reports that
although female starlings have advanced laying date in
the field over recent decades, captive males do not
accelerate gonadal development in response to
temperature manipulations in the laboratory. A study
comparing males belonging to a coastal and montane
population of song sparrows known to differ in
reproductive timing also failed to attribute the
differences to temperature, because temperature
manipulations had little effect on testis development
in captives (Perfito et al. 2005). Hau et al. (2004), based
on correlative comparisons across free-living popu-
lations of a tropical species, concluded that tempera-
ture could not explain the variation; rather ‘factors such
as humidity, barometric pressure or rainfall itself may
stimulate reproduction.’ In sum, studies comparing the
impact of temperature on males and females are
needed, but there is reason to think that other variables
will need to be studied as well.

(d) Impact of food

It is well known based both on correlational studies and
on experimental investigations that food availability is a
supplemental factor which can influence the timing of
egg laying in birds (Perrins 1970; Martin 1987; Boutin
1990; Svensson 1995). Thus, in this section, we focus
on some experimental studies that have specifically
considered food as an environmental cue which can
affect the timing of egg laying. Hahn and co-investiga-
tors have studied the impact of food availability and day
length on the timing of reproduction in opportunisti-
cally breeding species. Such species have often been
thought to be heavily or entirely reliant on food to time
their breeding, but work by this group has shown that
day length and food interact in their effect on readiness
to reproduce. Most studies have focused on males, but
one study that compared the sexes directly and found
that moving red crossbills (Loxia curvirostra) from
mild food restriction to ad libitum food in winter
enhanced ovarian development in females, while
having no significant effect on males, suggesting that
Phil. Trans. R. Soc. B
females may be more affected by food than males
(Hahn et al. 2005; figure 2).

Timing of reproduction can be affected by food
quality as well as quantity. Female crossbills increase
LH when food is supplemented, and the increase in LH
was greater when the females were given conifer cones
along with the supplemental food (reviewed in Hahn et al.
2005). Schoech et al. (2004) have shown that the
supplemental food significantly advanced laying date of
female Florida scrub jays (Aphelocoma coerulescens) in the
field. When they offered free-living scrub jays experi-
mental diets that were the same in caloric value but
differed in the ratio of fat to protein, they found that diet
quality did not influence laying date, although it did affect
egg size in relation to laying order (Reynolds et al. 2003).

Returning to sex differences in response to food, it is
of interest to know whether food influences the
reproductive axis through an internal perception of
energy balance or nutrient availability or whether food
itself provides some stimulatory sensation. Early in
spring in Alaska, alfalfa sprouts increase testis growth
in male common redpolls (Carduelis flammea) but do
not increase ovarian development in females (Hahn
et al. 2005). Hau et al. (2000) conducted an elegant
study on the visual impact of crickets on male song and
gonadal development in spotted antbirds (Hylophylax
naevioides). They found that both song and testis size
were enhanced simply by seeing and handling the
crickets, controls that received dead crickets of similar
nutritional quality exhibited no such enhancing effects
(Hau et al. 2000). It would be interesting to see
whether females would respond in the same way.
4. CONCLUSION
Many interesting questions remain about whether
males and females respond to the environment and
thus will respond to climate change in similar fashion.
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There is also very little literature exploring the effects of
global climate change, and/or differential responses of
the sexes to environmental cues in breeding birds. It is
clear that coordinated timing of events that directly
affect the ability to reproduce should be selected for,
but much remains to be learned, and variation between
species in the ability to coordinate responses could
provide clues about which species are in most need of
observation over the coming years.

Our research relevant to these topics has been approved by
the appropriate animal care and use committee at either John
Hopkins University or Indiana University.
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