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This paper reviews information from ecological and physiological studies to assess how extrinsic
factors can modulate intrinsic physiological processes. The annual cycle of birds is made up of a
sequence of life-history stages: breeding, moult and migration. Each stage has evolved to occur at the
optimum time and to last for the whole duration of time available. Some species have predictable
breeding seasons, others are more flexible and some breed opportunistically in response to
unpredictable food availability. Photoperiod is the principal environmental cue used to time each
stage, allowing birds to adapt their physiology in advance of predictable environmental changes.
Physiological (neuroendocrine and endocrine) plasticity allows non-photoperiodic cues to modulate
timing to enable individuals to cope with, and benefit from, short-term environmental variability.
Although the timing and duration of the period of full gonadal maturation is principally controlled by
photoperiod, non-photoperiodic cues, such as temperature, rainfall or food availability, could
potentially modulate the exact time of breeding either by fine-tuning the time of egg-laying within the
period of full gonadal maturity or, more fundamentally, by modulating gonadal maturation and/or
regression. The timing of gonadal regression affects the time of the start of moult, which in turn may
affect the duration of the moult. There are many areas of uncertainty. Future integrated studies are
required to assess the scope for flexibility in life-history strategies as this will have a critical bearing on
whether birds can adapt sufficiently rapidly to anthropogenic environmental changes, in particular
climate change.
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1. INTRODUCTION
Life-history strategies evolve in response to extrinsic
(biotic and abiotic) constraints. In the context of this
review, they explain why breeding seasons occur at a
particular time, last a particular duration, the degree of
flexibility in these parameters, and why birds moult at a
particular time and in a particular relationship with the
breeding season. Intrinsic physiological mechanisms
control each life-history stage. Habitats are diverse with
respect to seasonality and in the degree of predictability
of this seasonality, i.e. the amount of intra- and inter-
annual variation. Predictability of seasonal change is
important because, in order to match their behaviour
to the seasons, birds need to predict the optimal time
for each life-history stage to complete the necessary
changes in physiology in advance (Colwell 1974;
Wingfield et al. 1992; Wingfield 2007).
Comparatively rigid physiological mechanisms have
evolved in response to predictable ecological con-
straints, but physiological plasticity also exists to enable
individuals to cope with, and benefit from, short-term
tribution of 12 to a Theme Issue ‘Integration of ecology and
ology in avian reproduction: a new synthesis’.
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environmental variability. This review examines how
predictable external cues (principally photoperiod) are
used to time physiological processes, and how unpre-
dictable cues (e.g. temperature) may modulate these.
Trying to explain the control of life-history stages
without understanding the potentially important phys-
iological processes can lead to erroneous conclusions.
Furthermore, adaptive responses to environmental
change (natural or anthropogenic) must act initially
through physiology.
2. BASIC LIFE-HISTORY STRATEGIES
Seasonal changes in climate during the year impose
constraints on life-history strategies. In particular,
there is intense selective pressure to restrict breeding
attempts to the time of year when food on which young
are dependent is most abundant. Furthermore, seaso-
nal differences in food availability often lead to a life-
history strategy that includes migration (Ramenofsky &
Wingfield 2007). Most species of birds also need to
completely replace their plumage each year, and so a
period for moult needs to be included in the annual
cycle. Detailed annual cycles for many species can be
found in Cramp (1998). Each of the stages, breeding,
moult, spring and autumn migrations, has evolved to
This journal is q 2007 The Royal Society
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occur at the optimum time and in the optimum
sequence. Also, an overlap between successive stages
tends to be minimized. Clearly, breeding cannot start
until the spring migration is complete. Moult is
normally separated from breeding because both are
energetically demanding (Newton 1966; Morton et al.
1969; Murphy & King 1992; Newton & Rothery
2005). Often, moult starts after breeding, although in
some species, it may take place on the wintering
grounds after migration (Barta et al. in press). Some
species may have two moults, one immediately after
breeding and before the autumnal migration, and the
other after migration (Underhill et al. 1992). This may
be owing to time constraints on the immediate post-
nuptial moult resulting in poor quality plumage that
then needs to be replaced later. Yet, other species have a
slow protracted moult that continues, albeit at a slower
rate, during the breeding season. Moult and migration
are normally temporally distinct because birds
migrating with incomplete plumage would clearly be
at a disadvantage. In species that moult before autumn
migration, moult tends to be completed before
migration starts (Pulido & Coppack 2004), but in
some species moulting may be interrupted by
migration, and completed after migration (Hall &
Fransson 2001).

Temporal overlap between successive stages tends to
be minimized, while at the same time there will also be
selection pressure to use the whole of the time available
for each stage. Breeding activity often starts as soon as
migration to the breeding grounds is complete,
particularly at more northerly latitudes (Wingfield &
Farner 1978; Bauchinger & Klaassen 2005). Birds
attempt to breed during the whole period when it is
probable that young can be successfully raised, so
species or individuals for which appropriate food
reserves are available for a long period or where time
constraints imposed by latitude are less, will tend to be
multi-brooded (Cooper et al. 2005; Weggler 2006).
Post-nuptial moult starts as soon as breeding is
finished, if not earlier, and progresses until migration.
Consequently, in individuals that breed late, raise more
broods, or breed at higher latitudes, moult progresses
more rapidly (Hall & Fransson 2000).
3. PREDICTABILITY AND VARIABILITY
Many aspects of environmental change during the year
are broadly the same each year and hence predictable.
Change in photoperiod is entirely predictable. That
temperature will increase in spring and decrease in
autumn, outside the tropics, is predictable, and the
approximate time and duration of the food resources
required for raising young tends to be predictable.
Physiological processes do not happen instantly. So
birds, as other animals, use reliable environmental cues
to anticipate the onset of predictable environmental
changes. Because change in photoperiod is entirely
predictable at any particular latitude, both within and
between years, it is used as the fundamental cue to time
the physiological preparations for the three major life-
history stages: breeding, moult and migration.
However, whether absolute photoperiod or change in
photoperiod acts directly to control physiology, or if
Phil. Trans. R. Soc. B (2008)
photoperiod acts to synchronize an innate circannual

rhythm of life-history changes, is still unclear (Hamner
1971; Wingfield 1993; Gwinner 2003; Dawson 2007).

In the shorter term, changes in environment and

habitat can show variability within and between years.
The degree of variability to which birds will be exposed

differs between individuals and species depending on
habitat, latitude and the type of food resource on which

they depend. At one extreme, tropical seabirds may have
little variability in climate or food resources during the

year to cope with (Chapin & Wing 1959). At the other,

migrants to the high arctic have a highly predictable
breeding season but can be challenged with dramatic

short-term changes in weather (Wingfield & Farner
1982; Wingfield 1985). Many species have unpredict-

able breeding seasons because they rely on ephemeral

food resources, for example desert species that depend
on unpredictable rainfall patterns (Immelmann 1973),

or crossbills that rely on the unpredictable availability of
pine cones (Newton 1972). To respond appropriately

to short-term and unpredictable environmental and
ecological changes, birds can use a suite of non-

photoperiodic cues (Wingfield 1980). Which cues are

used and their relative importance will vary between
species and at different stages of the annual cycle.

The timing and duration of the breeding season is
ultimately dictated by the availability of food on which

young depend. Consequently, there are marked

differences between species as to when breeding starts
and ends. Furthermore, breeding seasons will rarely be

symmetrical with the annual cycle in photoperiod, and
yet photoperiod is the primary proximate cue used to

time gonadal maturation. Asymmetry of breeding
seasons relative to photoperiod is imposed by photo-

refractoriness (Nicholls et al. 1988). Although gonadal

maturation in spring is a response to an increase in, or
increasing, photoperiod, later in the year long photo-

periods induce a state of photorefractoriness. This
exists in two forms, absolute and relative. Absolute

photorefractoriness is characterized by an apparently

spontaneous gonadal regression during continued
exposure to long photoperiods and that, following

regression, a further increase in photoperiod does not
induce renewed gonadal maturation (Hamner 1968).

Relative photorefractoriness requires a decrease in the
photoperiod to induce regression, but regression

occurs under a photoperiod that is still longer than

that which induced maturation earlier in the year
(Robinson & Follett 1982). In general, it is thought

that birds with short predictable breeding seasons,
particularly those with breeding seasons relatively early

in the year, become absolutely photorefractory. Those

with later, longer or less predictable breeding seasons
are thought more likely to show relative photorefrac-

toriness (Hahn et al. 2004).
Species relying on unpredictable food resources

require particularly plastic reproductive physiology.

Desert species such as zebra finches (Taeniopygia
guttata) breed after rainfall, and this can occur at any

time of year (Immelmann 1973). Similarly, crossbills
(genus Loxia) can breed opportunistically in most

months of the year (Newton 1972). They breed in
response to their food supply, conifer seeds, which are
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Figure 1. The rate of testicular growth as a function of
photoperiod for three species. Each point represents the
initial rate of growth following transfer from a short
photoperiod to each particular longer photoperiod. In
Japanese quail, there is a rapid transition from non-
stimulatory photoperiods to maximally stimulating photo-
periods. In Gambel’s white-crowned sparrow, which breeds at
high latitudes, longer photoperiods are needed to induce
testicular growth. Redrawn from data in Farner & Wilson
(1957), Follett & Maung (1978) and Dawson (1989).
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produced in different amounts in different years and at
unpredictable times of the year.

Tropical seabirds are possibly faced with fewer
environmental constraints than other groups. Photo-
period, climate and, most importantly, food resources,
remain largely consistent throughout the year. Possibly
as a consequence of this, wideawake terns (Sterna
fuscata) on Ascension Island (88 S) do not breed at the
same time each calendar year. Individual birds breed at
intervals of 9.5 months (Chapin & Wing 1959; Ashmole
1963). They do not face ecological constraints, but do
have a physiological constraint—the need to moult. The
interval between successive breeding attempts is the
sum of the time required to breed and to complete a
moult. It may be significant that if starlings are kept
experimentally on an equatorial photoperiod (a con-
stant 12 h of light per day) they too undergo cycles of
gonadal maturation, regression and moult that last
approximately 9.5 months (Schwab 1971).

Most species of birds are constrained by the need to
breed when food that their young require is abundant.
Columbiformes adopt a different strategy; they feed
their young on crop milk. Thus, as long as the mother
can obtain sufficient food, breeding can be successful.
Consequently, breeding seasons can be very long and
probably symmetrical with photoperiod. Such species
apparently lack any form of photorefractoriness
(Murton & Westwood 1977).
4. THE BASIC PHYSIOLOGICAL TEMPLATE
This focus of this review is to assess which extrinsic
cues may modulate intrinsic control mechanisms.
Hence, a brief description of the neuroendocrine and
endocrine mechanisms involved will suffice here; for
in-depth reviews see Sharp et al. (1998) and Dawson
et al. (2001). The rate and degree of gonadal
maturation is ultimately determined by the rate of
secretion of chicken gonadotrophin-releasing hor-
mone-I (cGnRH-I) and possible antagonistic effects
of gonadotrophin-inhibiting hormone (GnIH; Bentley
et al. 2003; Ukena et al. 2003) and/or prolactin
(Dawson & Sharp 1998; Sharp & Blache 2003).
cGnRH-I is a decapeptide which is synthesized in the
cell bodies of specialist neurosecretory neurons. It
passes down the axons of these neurons and is secreted
from the median eminence at the base of the
hypothalamus, where it passes via a blood portal
system to the pituitary gland. In the pituitary,
cGnRH-I stimulates the synthesis of the two gonado-
trophic hormones, luteinizing hormone and follicle
stimulating hormone. These two hormones are
secreted into the circulation and induce gonadal
maturation. The activity of the cGnRH-I neurons is
primarily controlled by photoperiodic information
received from encephalic photoreceptors integrated in
some way with a circadian clock. An increase in the
photoperiod stimulates conversion of thyroxine to its
active form, triiodothyronine (Yasuo et al. 2005), and
this, in part at least (Takagi et al. 2007), leads to an
increased secretion of cGnRH-I (Yamamura et al.
2006). Other neural inputs may allow non-photo-
periodic information to modulate photoperiodically
controlled cGnRH-I secretion. The conversion of
Phil. Trans. R. Soc. B (2008)
thyroxine to triiodothyronine may act as a general
‘long-photoperiod’ signal and so may also ultimately
downregulate GnRH-I synthesis as birds become
photorefractory (Watanabe et al. 2007).

(a) Photoperiodic control of gonadal maturation

In most species at mid and high latitudes, gonadal
maturation occurs during spring, as photoperiod
increases. The exact time and rate of maturation varies
between species, depending on their breeding seasons,
and it can vary within species depending upon latitude
and local non-photoperiodic factors. Rowan (1925) was
the first to demonstrate that an increase in the
photoperiod could advance gonadal maturation and
Burger (1947) showed that the longer the (constant)
photoperiod to which birds were exposed, the greater the
rate of maturation. The relationship between the initial
rate of gonadal maturation, denoted as k (defined as
the rate of increase in log gonadal mass; Farner & Wilson
1957) and photoperiod differs between species (figure 1).
In Japanese quail (Coturnix coturnix japonica), the rate of
maturation is low when the photoperiod is less than
11.5 h of light per day, somewhat greater on 11.5 h and
rapid on 12 h (Follett & Maung 1978). Data such as this
led to the concept of a critical photoperiod; in the case of
quail this is 11.5 h. As the photoperiod increases during
spring, gonadal maturation begins when it reaches this
critical threshold. However, the concept of a critical
photoperiod should be treated with caution. In quail, the
difference in gonadal growth rate changes rapidly over a
short range of photoperiods, so a critical photoperiod is
easy to define. In starlings (Dawson 1989) and white-
crowned sparrows (Farner & Wilson 1957), gonadal
growth rate varies over a wider range of photoperiods
(figure 1). Moreover, many species show substantial
testicular development under short photoperiods (e.g.
Schwab & Rutledge 1978; Dawson 1989; Wingfield
1993; Hahn et al. 2004).

The concept of a critical photoperiod also assumes
that it is an absolute photoperiod that birds are
responding to rather than a change in the photoperiod.
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This difference is difficult to distinguish because it is not
possible to have an increase in the photoperiod without
changing the absolute photoperiod and vice versa. Many
species of birds have breeding ranges that span a wide
range of latitudes. Several species even have transequa-
torial breeding ranges, extending from high northern
latitudes to well south of the Equator (Lofts & Murton
1968). Individuals at different latitudes will experience
very different changes in photoperiod during the year. If
birds simply respond to absolute photoperiod, then
within each species, a marked consistent latitudinal
gradation in the timing of breeding and moult would be
expected. Great tits (Parus major) have probably been
studied more than any other species. Data reviewed
in birds of the Western Palaearctic (Cramp 1998)
show that breeding starts earlier in the year at lower
latitudes (and see Sanz 1998). Data on the end of
breeding are scarce, but because the start of moult is
associated with the end of breeding, this may be used as
an indicator. Moult also tends to start sooner at lower
latitudes, but the difference is much less than in the
start of breeding. The moult rate is greater at higher
latitudes such that there is little difference in the timing
of the end of moult at different latitudes. The
comparative lack of differences in the timing of breeding
and moult at different latitudes may be the result of
genetic differences in photoperiodic responses in
populations at different latitudes. Silverin et al. (1993)
showed that Italian Great tits appeared to initiate
gonadal maturation at a shorter photoperiod than
Scandinavian birds, but there was a little difference
between birds from southern Sweden and northern
Norway, even though these would naturally be exposed
to a greater difference in natural photoperiods. In a
recent study on common starlings (Sturnus vulgaris;
Dawson 2007), birds were held under annual changes
in photoperiod that simulated very different latitudes
(528 and 98). Testicular maturation started slightly
earlier at the lower latitude but the timing of regression
and moult were the same, a situation similar to that
occurring naturally. This suggests that birds may use
subtle photoperiodic cues relating to change in photo-
period rather than absolute photoperiod to time
physiological responses. Certainly, birds retain a mem-
ory of photoperiod and so could perceive change in
photoperiod (Dawson & King 1994; Brandstätter
et al. 2000).

(b) Photoperiodic control of gonadal regression

As mentioned earlier, there are two different mechanisms
by which photoperiod controls gonadal regression and so
ends the breeding season: absolute and relative photo-
refractoriness. The different mechanisms reflect funda-
mental differences in the pattern of the annual cycle in the
activity of cGnRH-I neurons. The absolutely photore-
fractory state is characterized by low hypothalamic
cGnRH-I content (see references in Dawson et al.
(2001) and subsequently Dawson et al. (2002), Marsh
et al. (2002) and Stevenson & MacDougall-Shackleton
(2005)). Because the cGnRH-I content is low, and
cGnRH-I secretion is assumed to be minimal (since
gonadal size is minimal), it is presumed that synthesis of
cGnRH-I is also minimal or entirely absent. Unfortu-
nately, this cannot yet be verified because absolute
Phil. Trans. R. Soc. B (2008)
photorefractoriness has only been formally characterized
in passerine species, and the cGnRH-I gene has not yet
been cloned for any passerine. Turkeys (Meleagris
gallopavo) show a form of absolute photorefractoriness,
and in photorefractory turkeys cGnRH-I gene expression
is decreased (Kang et al. 2006). During short photo-
periods in autumn, the hypothalamic cGnRH-I content
increases in passerines (Williams et al. 1987; Dawson &
Goldsmith 1997). Presumably, there is no decrease in the
cGnRH-I secretion at this time, so again, the presump-
tion must be that synthesis of cGnRH-I resumes, or at
least increases.

Relative photorefractoriness has only been formally
characterized in one domesticated species, the Japanese
quail (Robinson & Follett 1982); the wild subspecies,
the European quail (Coturnix coturnix), appears to show
identical photoperiodic responses (Boswell et al. 1993).
In quail, the gonads remain mature indefinitely if birds
are kept on a long photoperiod. Gonadal regression,
induced by a decrease in photoperiod, is not associated
with a decrease in hypothalamic cGnRH-I (Foster et al.
1988). It can be reasonably assumed therefore that
cGnRH-I is synthesized continuously throughout the
year and that seasonal changes in gonadal maturity are
consequent entirely on changes in secretion.

Many species of birds appear to show elements of
both absolute and relative photorefractoriness. Song
sparrows (Melospiza melodia morphna) exposed to a
long photoperiod (18 h light) eventually showed
spontaneous regression; birds exposed to 16 h light
did not show regression, but a decrease to 14 h light
did precipitate regression and moult (Wingfield
1993). Among three species of cardueline finches
the degree of absolute to relative photorefractoriness
varied with the degree of their reproductive flexibility
(Hahn et al. 2004). Seasonally breeding common
redpolls (Carduelis flammea) and flexibly breeding
pine siskins (Carduelis pinus) did show spontaneous
gonadal regression, one criterion for absolute photo-
refractoriness, but the opportunistically breeding
white-winged crossbills (Loxia leucoptera) did not. In
a further study (MacDougall-Shackleton et al. 2006)
which included other cardueline finches, only one
species, Cassin’s finch (Carpodacus cassinii ), showed
no renewed testicular maturation when challenged
with a long photoperiod following regression (the
other criterion for absolute photorefractoriness). The
other species therefore show elements of both
absolute and relative photorefractoriness. These
differences are reflected in the changes in cGnRH-I
(Pereyra et al. 2005). Similarly, house sparrows
(Passer domesticus) become absolutely photorefractory,
but a decrease in the photoperiod immediately before
regression also accelerates regression and moult, as in
relative photorefractoriness (Dawson 1991). Changes
in hypothalamic cGnRH-I in house sparrows
suggested that relative photorefractoriness was associ-
ated with decreased secretion, and absolute photo-
refractoriness with decreased synthesis, of cGnRH-I
(Hahn & Ball 1995).

(c) Photoperiodic control of moult

Moult is a critically important life-history stage within
the annual cycle and yet little is known about its
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Figure 2. Changes in reproductive physiology in male common starlings during the year. Starlings are photosensitive for six
months each year and photorefractory for the other six months. The photorefractory period is associated with low hypothalamic
levels of cGnRH-I, and the photosensitive period with high levels, as indicated by the light grey area. The timing of the switch
between these two states, i.e. the switching on and off of cGnRH-I synthesis, is assumed to be entirely photoperiodically
controlled. The darker grey area represents changes in testicular maturity. Non-photoperiodic cues could modulate the exact
time of breeding (i.e. egg-laying) by affecting the exact time of laying within the period of full gonadal maturity (the top of the
dark grey area) or by modulating the timing or rate of gonadal maturation and/or regression within the period of photosensitivity
(the light grey area).
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environmental or physiological control. Photostimula-
tion is required to induce moult but it also induces
gonadal maturation and then regression. Therefore, it
is unclear whether photoperiod has a direct effect on
moult, or whether it is a secondary consequence of
photoperiodic control of the gonadal cycle and a
physiological link between gonadal regression and
moult, satisfying the ecological requirement for moult
to immediately follow breeding. Because the prebasic
moult normally follows breeding, and overlap between
breeding and moult is minimized, it is plausible that a
reproductive hormone may have an inhibitory effect on
moult. And indeed, many studies have shown that
implants of testosterone can delay, prevent or interrupt
moult (Schleussner et al. 1985; Nolan et al. 1992;
Dawson 1994, 2004a). Such a mechanism would delay
the start of moult until the time of gonadal regression.
However, castration has a little effect on the timing of
moult in starlings (Dawson & Goldsmith 1984).

It is more likely that prolactin is involved. Several
studies have investigated seasonal cycles in prolactin in
free-living birds and, in each of these, peak prolactin
concentrations were found at or just before the start of
moult (see Dawson 2006). In starlings under natural and
experimental photoperiods, peak prolactin coincides
fairly closely with the start of moult (Dawson &
Goldsmith 1982, 1983). Importantly, immunization
against vasoactive intestinal peptide, the prolactin-
releasing hormone in birds, inhibited photoperiodically
induced prolactin secretion and prevented moult
(Dawson & Sharp 1998), and moult can be disengaged
from gonadal regression but not from changes in
prolactin (Dawson 2006). The timing of moult was
Phil. Trans. R. Soc. B (2008)
related to the time of peak prolactin concentrations, but
not to the magnitude of that peak. In other words, moult
started not once a particular threshold prolactin
concentration had been attained, but when prolactin
started to decrease.
5. PHYSIOLOGICAL PLASTICITY
If birds rely entirely on photoperiod to control the time
of gonadal maturation and regression then these events
would occur at the same time every year. The exact
time of breeding clearly can differ between years, and it
can differ within years between different habitats at the
same latitude. This leaves two possibilities. Firstly, that
photoperiod alone controls the time of gonadal
maturation and regression and so sets the limits to a
physiological window within which breeding can occur.
Flexibility exists within this window so that non-
photoperiodic cues can affect the exact timing of egg-
laying. Certainly, female birds often require a range of
non-photoperiodic cues to initiate the latter stages of
ovarian maturation and ovulation. (Females often need
behavioural cues from a mate to induce ovulation, but
this is outside the scope of this review.) The second
possibility is that non-photoperiodic cues can them-
selves modulate photoperiodic control of maturation
and regression and so directly affect the window within
which egg-laying can occur. In reality, it is probable
that both operate.

Figure 2 is a schematic diagram based on data from
starlings. cGnRH-I synthesis begins during the autumn
and signals the end of the period of absolute
photorefractoriness and the start of photosensitivity.
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cGnRH-I synthesis ceases during late spring or early
summer. In starlings, photosensitivity and photorefrac-
toriness each happen to last for approximately six
months. cGnRH-I synthesis resumes as a result of
exposure to short photoperiods, and ceases as a result
of exposure to long photoperiods. There is no evidence
that any factor other than photoperiod has a bearing on
these two fundamental events, although the possibility
cannot be excluded. In males, gonadal maturation begins
almost immediately after birds become photosensitive.
Maturation rate increases as photoperiod increases
during spring and full maturation is attained at the end
of March. In captive birds in outdoor aviaries, testicular
regression happens during May, so the testes are fully
mature only during April, corresponding to the time of
first clutches in free-living birds. However, in free-living
birds, clutches can be laid later than the time of regression
in captive birds, suggesting a possible effect of non-
photoperiodic cues on the timing of regression. In
females, the start and end of photorefractoriness is
the same, but a suite of non-photoperiodic cues is
required in addition to photoperiod to attain full ovarian
maturation. At the end of the breeding season, testicular
regression occurs just before the decrease in hypo-
thalamic stores of cGnRH-I (Dawson et al. 2002;
Dawson 2005b). Similarly, in Gambel’s white-crowned
sparrows (Zonotrichia leucophrys gambelii: Meddle et al.
1999, 2006a) and juncos ( Junco hyemalis: Meddle et al.
2006b), cGnRH-I remains high immediately after
testicular regression.

In the case of starlings, there are therefore two
periods during which non-photoperiodic cues have the
potential to modulate photoperiodic control of gonadal
maturity: a long period during winter and early spring,
between the renewal of cGnRH-I synthesis and full
photoperiodically induced maturation, and a shorter
period at the end of the breeding season, immediately
preceding the decrease in releasable cGnRH-I. If non-
photoperiodic cues can modulate the time or rate of
photoperiodically induced gonadal maturation and
regression, then there is considerable scope for
plasticity during maturation and less so during
regression. However, starlings have only a brief period
of full photoperiodically induced gonadal maturation,
so the capacity for flexibility in the exact time of egg-
laying within this physiological window is limited.
Species which have a longer period of full photoper-
iodically induced gonadal maturation, particularly
those that show elements of relative photorefractori-
ness, will have a greater capacity for flexibility within
this physiological window in addition to non-photo-
periodic cues potentially modulating photoperiodically
induced maturation and regression.

(a) Plasticity in gonadal maturation

There are many examples of birds breeding at different
times in different habitats at the same latitude, and in
the same habitat between different years. For example,
in song sparrows breeding over a range of altitudes but
at the same latitude, gonadal vernal maturation is
delayed at higher altitudes (Perfito et al. 2004). There
were no differences in response to photoperiodic cues
in the laboratory. Clearly, non-photoperiodic cues
must be important. Blue tits (Parus caeruleus) in
Phil. Trans. R. Soc. B (2008)
deciduous oaks in Corsica breed one month earlier
than birds breeding in evergreen oaks even though the
two populations are only 25 km apart (Caro et al.
2005a). The development of song nuclei and initial
testicular development occurred at approximately the
same time, but the subsequent rate of testicular
development was faster in the early breeding popu-
lation (Caro et al. 2004, 2005b, 2006). Two tropical
populations of Rufous-collared sparrows (Zonotrichia
capensis), separated by only 25 km, have highly
asynchronous breeding seasons (Moore et al. 2005)
and reproductive physiology (Moore et al. 2006)
associated with different local rainfall patterns. Clearly,
non-photoperiodic cues must be important. There is a
range of non-photoperiodic cues that could potentially
modulate the timing of breeding, including tempera-
ture, rainfall and food availability. Of course, these may
not be entirely independent—for example, temperature
and rainfall may alter food availability. What is the
evidence that these cues act directly; do they modulate
the time and rate of photoperiodically induced gonadal
maturation or rather the exact time of egg-laying within
a physiological window dictated by photoperiodic cues?

(i) Temperature
There is abundant evidence in many, but not all,
species that the time of egg-laying varies with spring
temperature (e.g. Korpimaki 1978; Perrins &
McCleery 1989; McCleery & Perrins 1998; Crick &
Sparks 1999; Meijer et al. 1999; Visser et al. 2003; Both
et al. 2004, 2005; Torti & Dunn 2005). It is less clear
that this is a consequence of a direct effect of
temperature on photoperiodically induced gonadal
maturation. Several experimental studies have assessed
the effects of temperature on gonadal maturation
following an acute move from a short to a long
photoperiod. In the Gambel’s white-crowned sparrow,
which has a short predictable breeding season at high
latitudes, temperature had no effect on the rate of
testicular or ovarian maturation (Wingfield et al. 1996).
In Zonotrichia leucophrys pugetensis, which breeds at
mid-latitudes, temperature did not affect testicular
growth but did affect ovarian development. And in
Zonotrichia leucophrys oriantha, which breeds at lower
latitudes but high altitudes and has a flexible breeding
season, low temperature inhibited gonadal maturation
in both the sexes and delayed the onset of photo-
refractoriness (Wingfield et al. 2003). These studies
suggest that temperature is likely to have a greater effect
on the rate of gonadal maturation in species with longer
and more flexible breeding seasons (Wingfield et al.
1992). In willow tits (Parus montanus), high tempera-
ture accelerated testicular maturation, but in Great tits
there was little effect (Silverin & Viebke 1994). In
canaries kept at very different temperatures (0 and
258C) and moved to a 20 h photoperiod, testicular
growth was slightly slower and birds became photo-
refractory later at the lower temperature (Storey &
Nicholls 1982). However, in all of these studies, the
experimental paradigm was an acute transfer from a
short to a long photoperiod, rather than a natural
increase in photoperiod. Perhaps surprisingly, there
have been few studies addressing whether temperature
directly affects physiological responses to naturally
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increasing photoperiod during spring. In an early
experiment on Great tits, Suomalainen (1938) showed
no apparent effect of increased temperatures on
testicular size during early spring. When song sparrows
were exposed to naturally increasing photoperiods,
higher temperature slightly enhanced testicular growth
in birds from a mountain population, but had no
effect in birds from a coastal population (Perfito et al.
2005). In starlings, temperature had no effect on the
timing or rate of testicular maturation, but a higher
temperature advanced the onset of testicular regression
and the start of moult (Dawson 2005a). Higher
temperatures inside nest boxes advanced egg-laying in
starlings (Meijer et al. 1999) and tits (Dhondt 1979),
suggesting that temperature may more directly control
the latter stages of ovarian maturation. However,
preliminary results from a study by Visser (2006)
suggest that higher temperature did not advance the
date of first egg-laying in Great tits but did shorten the
period of egg-laying. This is similar to changes in some
free-living populations (Visser et al. 2003)—increasing
temperatures are associated with a decrease in the
proportion of birds starting a second clutch.

(ii) Rainfall
Tropical species often have fixed breeding seasons related
to predictable periods of rainfall (Wikelski et al. 2000).
Although the annual change in photoperiod is slight
within the tropics, this is sufficient to entrain gonadal
maturation (Hau et al. 1998; Beebe et al. 2005; Dawson
2007). Rainfall itself may act only as a short-term cue to
fine-tune the time of breeding (Wikelski et al. 2000).

Many species inhabiting arid habitats breed
following rain, the timing of which can be unpredict-
able. The physiological mechanisms underlying this,
i.e. the nature of the cue and how it interacts with
reproductive physiology, are unclear. It may be that the
cue is a result of rainfall, i.e. the appearance of green
vegetation or an improved food supply, rather than
rainfall itself. However, some species begin nest-
building as soon as rain starts (Immelmann 1973),
which implies that the reproductive system must have
already been fairly mature in order to be able to
respond so quickly. This may be true for zebra finches.
This species does respond to changes in photoperiod
(Bentley et al. 2000). It is a seasonal breeder in
predictable habitats but breeds opportunistically
where rainfall patterns are unpredictable. In predict-
able habitats, seasonal changes in reproductive physi-
ology are similar to other species, with regressed
gonads outside the breeding season. However, in
unpredictable habitats, more non-breeding birds main-
tained an active reproductive system, presumably so
that breeding could start at short notice (Perfito et al.
2007). Experimental water deprivation resulted in
short-term inhibition, but not in full regression, of
the reproductive system so that it remained active and
able to respond to subsequent stimulation (Perfito et al.
2006). Similarly, the Rufous-winged sparrow
(Aimophila carpalis) shows photoperiodically controlled
gonadal seasonality, but the exact time of breeding
within this physiological window occurs in response to
rainfall (Deviche et al. 2006). Likewise, canaries
(Serinus canarius) are photoperiodic (Storey & Nicholls
Phil. Trans. R. Soc. B (2008)
1976) but also breed in response to rainfall (Leitner
et al. 2003). Several neotropical passerines show full
gonadal regression for several months following the end
of their breeding seasons at the end of the rainy season,
but whether they show renewed gonadal maturation in
advance of the next rainy season is unclear (Wikelski
et al. 2003). However, Darwin’s finches (Geospiza
fuliginosa) undergo gonadal maturation at very different
times in different years in response to rainfall and the
gonads appear to remain fully regressed between
breeding seasons (Hau et al. 2004).

(iii) Food
Although availability of food on which the young
depend is frequently the most important ultimate
factor controlling the timing of breeding (Lack 1968),
because females require sufficient food for production
of eggs, food can also act as a proximate factor (Perrins
1970). Studies in which supplemental food have been
provided sometimes, but not always, result in an
advance in laying date (see data reviewed in Meijer
et al. (1990) and subsequently Hornfeldt & Eklund
(1990), Simmons (1993), Nakamura (1995), Schoech
(1996), Korpimaki & Wiehn (1998), Scheuerlein &
Gwinner (2002), Reynolds et al. (2003)). Advances are
normally in the range of a few days, which tallies with
the time taken for egg production. In starlings,
supplementary food advanced egg-laying by 5 days in
free-living birds (Källander & Karlsson 1993) and food
restriction delayed laying in captive breeding starlings
(Meijer & Langer 1995). Yet, restricting food avail-
ability had little or no effect on photoperiodically
controlled gonadal maturation in either sex (Dawson
1986; Meijer 1989, 1991). This implies that the
modulating effect of food availability is restricted to
the latter stages of ovarian maturation and that the
effect of food as a proximate factor is to fine-tune the
exact date of laying within the physiological window
defined by photoperiodically controlled gonadal matu-
ration and regression.

Some opportunistically breeding species breed more
directly in response to food. Crossbills (genus Loxia)
were thought to breed opportunistically at almost any
time of the year when food happened to become
abundant. However, even in these species, gonadal
maturation and regression appear to be regular
seasonal events, and opportunism is confined within
this underlying seasonality (Deviche 1997; Hahn 1998;
Deviche & Sharp 2001). In other words, the response
to annual change in photoperiod in these species is such
that there is a long physiological window within which
breeding can occur. The exact timing depends on food
availability. Outside this window, during gonadal
regression and moult, breeding cannot occur even if
food happens to become available (Hahn 1995).

(iv) Plasticity in gonadal maturation: conclusions
Of the three non-photoperiodic cues discussed, only in
the case of temperature is there firm evidence for a
direct effect on gonadal maturation. In studies where
higher temperature increases gonadal maturation rate
following acute photostimulation, it also advances
the onset of photorefractoriness. In other words, the
higher temperature appears to enhance all of the
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consequences of the long photoperiod. On the other
hand, in studies where photoperiod was increased to
follow the natural changes, the consequences appear to
have been restricted to the time of regression. In either
case, the physiological mechanism remains obscure.
Photoperiod is known to act through encephalic
photoreceptors. How external temperature influences
gonadal maturation in an endotherm remains to be
established. The other non-photoperiodic cues may
control the exact time of egg-laying by modulating the
final stages of ovarian maturation and ovulation.
Temperature may also operate in this way, in addition
to possible effects on the earlier stages of maturation,
since increasing the temperature in nest boxes was
particularly effective in advancing egg-laying. Effects on
the exact time of laying may operate through neural
input to the cGnRH-I neurons inducing the surge of
cGnRH-I secretion required for ovulation. Females
may require social stimuli from their mates, such as a
courtship song, to induce ovulation and neural links
involved in this, linking auditory centres and cGnRH-I
neurons, have been demonstrated (Cheng 2005).

(b) Plasticity in gonadal regression and moult

Species that become absolutely photorefractory show a
decrease in cGnRH-I. However, gonadal regression
precedes this and so is not a direct consequence of it.
Some other factor(s) must initiate gonadal regression,
possibly by decreasing GnRH-I secretion in advance of
the decrease in synthesis. Two potential candidates for
this are GnIH (Bentley et al. 2003; Ukena et al. 2003)
and prolactin (Dawson & Sharp 1998; Sharp & Blache
2003). The period between gonadal regression and the
decrease in cGnRH-I may be equivalent to relative
photorefractoriness and offer a degree of plasticity in
the exact time of regression, and hence the end of the
physiological window within which egg-laying can
occur. The converse situation, the increase in
cGnRH-I in advance of gonadal maturation during
autumn, does not appear to be analogous to relative
photorefractoriness (Dawson 2004b).

There is a close relationship between the end of
breeding and the start of moult, and prolactin may play
a key role in this relationship. The timing of moult is
related to the time at which prolactin starts to decrease
(Dawson 2006). Prolactin secretion is photoperiodi-
cally controlled, but secretion increases much more in
breeding birds than in non-breeding birds (Dawson &
Goldsmith 1985; Hiatt et al. 1987; Wingfield &
Goldsmith 1990; Goldsmith 1991). Breeding
activity can delay the onset of moult (Morton 1992;
Hemborg & Merila 1999; Newton & Rothery 2005)
possibly because prolactin does not decrease until
breeding activity ceases. This mechanism would
minimize moult/breeding overlap but at the same time
ensure that moult starts as soon as possible after
breeding. This would allow flexibility in the timing of
the start of moult to accommodate differences in the
end of breeding.

Although moult frequently starts as soon as breeding
activity is completed, there is also flexibility in this
relationship. There are many examples of moult
starting before breeding has finished; this may be
more common in males than in females, more common
Phil. Trans. R. Soc. B (2008)
in late-breeding individuals and in birds breeding at
higher latitudes (e.g. Hemborg 1999a–c; Hemborg
et al. 2001).

Flexibility in the timing of the end of breeding
necessitates further flexibility in the duration of moult.
A delay in the start of moult leads to a more rapid moult
(Dawson 2004a) presumably because moult needs to
be completed before migration. The increase in moult
rate is a photoperiodic effect and again may be
mediated by prolactin.
6. CONSEQUENCES OF ANTHROPOGENIC
ENVIRONMENTAL CHANGE
There are many anthropogenic changes to which birds
will need to adapt if populations are not going to
decline, e.g. habitat degradation, urbanization, tourism
and, of course, climate change. Some changes will have
a direct effect on reproductive success, for example by
decreasing the area of suitable habitat, nest sites and
food abundance. Some anthropogenic changes will
alter the timing of food abundance, and in these cases
the scope for flexibility in life-history strategies will
have a critical bearing on whether birds can adapt
successfully and sufficiently rapidly (see Ghalambor
et al. 2007). The major effect of climate change is the
breakdown of natural phenological schedules (Visser
et al. 2004; Laaksonen et al. 2006). Many species of
birds require invertebrate food resources to feed their
young. The timing of such food resources will tend to
advance as temperature increases, both as a direct
result of the effect of temperature on developmental
rate of the invertebrates and also possibly as a
secondary consequence of an effect of temperature on
botanical phenology. Photoperiod is the principal
environmental cue used to time the physiology
underlying the annual cycle in birds, and, obviously,
the annual cycle in photoperiod will remain constant.
Whether birds can adapt to a change in the timing of
food availability will depend on the plasticity of their
physiology in response to non-photoperiodic cues.
Hence, birds with historically predictable breeding
seasons may be particularly at risk. Those with flexible
breeding seasons may have a greater capacity to adapt.
However, if the effect of non-photoperiodic cues is
restricted to controlling the timing of egg-laying within
a comparatively inflexible photoperiodically controlled
physiological window, then there will still be limits to
the degree of their adaptability. The fact that birds may
not be responding to selection pressure for earlier
breeding (Gienapp et al. 2006) may reflect the lack of
flexibility in their photoperiodic responses (Coppack &
Pulido 2004).

Furthermore, the effects will not be restricted to the
timing of breeding. In long-distance migrants, the
timing of migration is probably based on photoperiod,
and so will remain constant (e.g. Both & Visser 2001;
Coppack & Both 2002; Sanz 2003; Battley 2006). This
will restrict the degree of flexibility in the timing of
breeding (Both et al. 2006). On the other hand, short-
distance migrants may be more flexible in their
migratory schedules. Several such species seem to be
migrating back to their breeding grounds earlier in the
year. The advance in migration dates is greater than
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any advance in breeding, reflecting less plasticity in
reproductive physiology (Sparks et al. 2005).

In addition to climate change, urbanization and
habitat degradation may alter the timing of food
availability. In species that have successfully adapted to
urban environments, food may be available earlier in the
year than in rural habitats (Fleischer et al. 2003; Partecke
et al. 2004). Street lighting may, in theory, affect
photoperiodic responses, although in practice it is
probable that light intensity is too low to have significant
effects. In degraded habitats, such as woodland frag-
ments, the peak in food availability may be later (Hinsley
et al. 2003). Any effect on the timing of the end of
breeding will also have consequences on the time and rate
of moult, and hence on over-winter survival.
7. UNCERTAINTIES AND FUTURE DIRECTIONS
This review highlights many areas of uncertainty. The
exact time that eggs are laid determines whether the
period of greatest demand for food by the young exactly
corresponds to the time of maximum food availability,
and this is a major determinant of breeding success.
The cues and physiology controlling when birds decide
to lay remain obscure. Clearly, there is phenotypic
plasticity and involvement of non-photoperiodic cues,
but whether non-photoperiodic cues simply influence
the exact time of laying within a fixed physiological
window, or whether non-photoperiodic cues can
directly control this window, is an important unknown.
This stems from historically different approaches.
Physiological studies on captive birds have, as their
endpoint, changes in hormone concentrations or
gonadal size. Ecological studies on free-living birds
record egg-laying dates. An integrated approach is
required. For example, captive birds can be exposed to
controlled environmental conditions and yet given
sufficient space and environmental enrichment so that
egg-laying is not inhibited. This is not easy and is
expensive also. However, such data are important in
assessing the ability of birds to adapt to global change.
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