PLENARY LECTURES

ORNITOLOGIA NEOTROPICAL 19 (Suppl.): 39-59, 2008
© The Neotropical Ornithological Society

TIMING OF BREEDING IN TROPICAL BIRDS: MECHANISMS AND
EVOLUTIONARY IMPLICATIONS

Michaela Hau'#, Nicole Perfito'?, & Ignacio T. Moore®

'Princeton University, Guyot Hall, Princeton, New Jersey 08540, USA.

’Department of Integrative Biology, University of California, 3060 Valley Life Sciences
Building, Berkeley, California 94720-3140, USA.

*Department of Biological Sciences, Virginia Tech, Blacksburg, Virginia 24061, USA.

Resumen. — Estacionalidad reproductiva en pajaros tropicales: Mecanismos e implicaciones evo-
lutivas. — El momento apropiado para la proliferacién es un importante componente en el proceso de la
reproduccién de casi todos los animales que viven en medios ambientes fluctuantes debido a cambios esta-
cionales. El tiempo preciso para la reproduccion depende de procesos fisiolégicos complicados que detec-
tan variaciones en las condiciones ambientales, las integran con informacién interna y, de acuerdo a estas,
regulan el estado reproductivo. La mayor parte de nuestro conocimiento de la fisiologia de la aves en rela-
cién a las estrategias reproductivas deriva de estudios de especies de climas templados. Estos estudios han
acentuado las adaptaciones fisiolégicas que las especies poseen para regular la reproduccién en un medio
ambiente con cambios estacionales regulares en condiciones abidticas y bidticas. Sin embargo, en otras
partes del mundo, por ejemplo en latitudes tropicales, las variaciones en las condiciones ambientales fre-
cuentemente ocurren con diferentes caracteristicas y regularidades que difieren de las de altas latitudes. La
fascinante diversidad de las aves tropicales nos da una oportunidad dnica para investigar los mecanismos
fisiologicos que forman la base de las interacciones entre animales y medio ambiente, y pata entender
como tales sistemas fisiolégicos evolucionan. Aqui presentamos un sumario de las observaciones recientes
sobre la fisiologfa reproductiva y el periodo de reproduccién en aves tropicales, enfocando especialmente a
especies que habitan en regiones tropicales cercanas al ecuador. Discutimos las variaciones en estrategias
reproductivas, las respuestas a seflales ambientales y el funcionamiento del eje neuroendocrino reproduc-
tivo en especies que viven en diferentes habitat tropicales. Intentamos de interpretar estos datos en un
contexto evolutivo y sugerimos futuras lineas de investigacion. Nuestro conocimiento de la evolucién del
periodo de reproduccion y sus relaciones fisiolégicas en aves es todavia rudimentario, pero esperamos que
estudios con especies tropicales puedan jugar un rol importante en la comprensién de esta cuestion.

Abstract. — Appropriate timing of breeding is an important component of reproductive success for
almost all animals world-wide that live in seasonally fluctuating environments. A precise temporal regula-
tion of reproduction is achieved by intricate physiological processes that sense vatiations in environmental
conditions, integrate them with internal information and regulate the reproductive state accordingly. Most
of our knowledge of the physiology underlying avian reproductive strategies has come from studies in
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temperate zone species. These studies have highlighted the physiological adaptations that species possess
to regulate reproduction in environments with regular seasonal fluctuations in abiotic and biotic condi-
tions. However, in other parts of the world, for example at tropical latitudes, variations in environmental
conditions often occur in different patterns and regularity than at higher latitudes. The fascinating avian
diversity in the tropics provides us with the unique opportunity to investigate the physiological mecha-
nisms that form the basis of animal-environment interactions, to better understand how these physiologi-
cal systems evolve. Here we summarize recent findings on the reproductive physiology and timing of
reproduction in tropical birds, focusing on near-equatorial tropical species. We discuss variations in breed-
ing strategies, responses to environmental cues and the functioning of the neuroendocrine reproductive
axis in vatious avian species living in diverse tropical habitats. We then interpret these data in an evolution-
ary context to suggest future lines of research. Our understanding of the evolution of the timing of breed-
ing and its underlying physiology in birds is still rudimentary, but we expect that studies on tropical species
can play a major role in making substantial progress on these issues. Acepted 5 October 2007 .
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INTRODUCTION

Almost all organisms experience some sea-
sonal fluctuations in climate, food abundance,
disease and social factors in their environ-
ment (Nelson ¢f a/. 2002, Dunlap ez al. 2004).
To cope with such variations, organisms
that
allow them to temporally coordinate energeti-

possess  physiological ~mechanisms
cally demanding stages in their life, for
example reproductive events, with condi-
tions in the environment (Murton & West-
wood 1977, Bronson 1989, Wingfield &
1991, Shine & Brown 2008).

Research in the last several decades has

Kenagy

uncovered many features of physiological sys-
tems that enable vertebrates inhabiting tem-
perate zone habitats to time reproduction
according to environmental variation (e.g,
Gwinner 1986, Crews & Moore 1986, Wing-
field & Farner 1993, Hahn ¢/ 4/ 1997, Gold-
man 2001, Dawson 2002, Ball & Balthazart
2002, Prendergast 2005). Hallmarks in the
physiological control of reproduction in most
temperate zone and high-latitude vertebrates
are a seasonal activation of reproductive
organs in advance of the breeding season,
typically in response to stimulatory (increas-
ing) day lengths, followed by a complete

40

regression of the reproductive system after
the breeding season. However, the majority of
vertebrate species live in the tropics, where
environmental conditions often do not vary
as regulatly and/or vary in different climatic
or biotic variables than at higher latitudes.
How do animals from tropical habitats as
diverse as lowland rainforests, mountainous
regions, savannahs or equatorial desert islands
temporally coordinate reproduction to coin-
cide with favorable environmental condi-
tions?

Here we review recent advances in our
understanding of the physiological mecha-
nisms that regulate reproduction in tropical
birds. Bird species are immensely valuable
study systems because birds show a dramatic
seasonal  reorganization in  physiology,
behavior and morphology (Murton & West-
wood 1977, Follett 1984, Dawson 2002).
Established methods allow us to assess this
variation in physiology, behavior and mot-
phology in free-living individuals and place
it in context with seasonal environmental
variations (Wingfield ez /. 1992, 1993). Field
endocrinological techniques (Wingfield &
Farner 1976), complemented with laboratory
studies allow the investigation of physiologi-
cal processes that underlie interactions of
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FIG. 1. Simplified model of the hypothalamo-pituitary-gonad (HPG) axis in temperate zone birds. Photo-
periodic information is detected and decoded in the hypothalamus. Stimulatory (increasing) day lengths
stimulate the release of gonadotropin-releasing hormone (GnRH) from the hypothalamus, from where it
travels via a portal system to the pituitary gland. In the pituitary GnRH stimulates the release of gonado-
tropins (luteinizing hormone, LH and follicle stimulating hormone, FSH), into the circulation, which trig-
ger the growth of the reproductive organs (the testes in male birds in this example). Once activated, the
testes begin to produce mature sperm, and release sex steroid hormones such as testosterone and estradiol
into the general circulation. These hormones act on receptors in the brain to promote the expression of
reproductive and aggressive behaviors. Arrow with dotted line indicates the actions of non-photoperiod
cues on the HPG axis by mechanisms still to be identified; non-photoperiodic cues in most species only
are effective after photostimulation.

individuals with their environment at various 1990, Cockrem 1995, Astheimer & Buttemer

levels (Fig. 1). We emphatically support
Stutchbury & Morton’s (2001) proposition
that the unparalleled diversity in habitat types
and avian species in the tropics provides a
large and mostly untapped resource as well as
a natural laboratory for increasing our under-
standing of the way in which physiological
systems function in animals from different
environments (see also Levin & Wingfield
1992, Hau 2001, Goymann ef al. 2004, Moore
2005, Hau 2007; for reviews on subtropical
bird species see e.g., Chandola-Saklani ez al.

2002).

THE TEMPERATE ZONE MODEL:
SEASONAL BREEDING

Most temperate zone bird species live in envi-
ronments that undergo considerable and
highly predictable seasonal changes in envi-
ronmental factors (e.g., day length, ambient
temperature, rainfall) that are related to food
availability. Hence, an appropriate timing of
energetically demanding life-cycle stages such
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as reproduction is essential for maximizing
fitness (Perrins 1970, Price ¢# a/. 1988, Nilsson
1999, McNamara e al. 2004, Visser et al
2004). Since variations in environmental con-
ditions are so predictable, temperate zone
birds have evolved a strong reliance on pho-
toperiodic (day length) signals to determine
the time of year and to regulate reproduction
accordingly (Follett 1984, Hahn et al 1997,
Wilson & Donham 1998, Dawson e a/. 2001,
Sharp 2005). This high environmental pre-
dictability also allows temperate zone birds to
seasonally regress reproductive organs, which
might be an adaptation for minimizing energy
expenditure during the non-breeding season
(e.g,, King 1973, Nicholls ez a/. 1988, Dawson
et al. 2001).

The physiological system that enables
birds, and other vertebrates, to assess envi-
ronmental information and translate it into
physiological signals that regulate the growth
and the regression of reproductive organs is
the hypothalamo-pituitary-gonad (HPG) axis
(Fig. 1; Ball & Hahn 1997, Ball & Bentley
2000, Dawson et al. 2001, Sharp 2005). In
birds, day length information is perceived pri-
marily by photoreceptors embedded in the
brain (e.g., Saldanha e# 4/ 2001). Many species
of temperate zone birds have become evolu-
tionarily so reliant on day length as a seasonal
cue that they require stimulatory (typically
increasing) day lengths to activate the HPG
axis (Follett 1984, Wilson & Donham 1998,
Dawson e# al. 2001). Other species possess
endogenous circannual rhythms that can reg-
ulate the HPG-axis in the absence of environ-
mental cues, but that respond to day length as
a synchronizing factor (Gwinner 1986).

Stimulating environmental (day length) or
internal (circannual rhythms) cues increase
the production and secretion rates of gona-
dotropin-releasing hormone (GnRH), the
protein hormone that functions like an on/
off switch for an entire endocrine cascade
that eventually activates the reproductive
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organs and results in their seasonal gonadal
growth (Ball & Hahn 1997, Ball & Bentley
2000, Dawson ef al. 2001, Sharp 2005). GnRH
released from the median eminence of the
hypothalamus travels via the portal blood sys-
tem to the anterior pituitary where it induces
the release of two gonadotropins — follicle-
stimulating hormone (FSH) and luteininzing
hormone (LH). These two hormones act in
concert to stimulate the growth and matura-
tion of the ovary in female and the testes in
male birds. The gonads will then increase the
production of sex steroids such as estradiol
and testosterone, which act on receptors in
the brain to promote the expression of repro-
ductive (song, courtship, copulatory) and
aggressive (song, territory defense) behavior
(Fig. 1; Ball & Balthazart 2002, Wingfield &
Silverin 2002).

Once the HPG axis has been stimulated
by long days, other environmental cues such
as ambient temperature, food abundance,
social factors and others can further stimu-
late or inhibit its seasonal growth and overall
functioning (Ball 1993, Wingfield & Kenagy
1991, Wingfield e al. 1992, Schoech ez al.
2004, Voigt et al. 2007). These types of
cues allow the animal to fine-tune timing of
reproduction to the local environment (Pet-
fito ez al. 2004). However, the precise mecha-
nisms by which these ‘supplementary’ cues
(Wingfield ef al. 1992) affect the functioning
of HPG axis are still largely unclear (e.g., Hau
2001).

BREEDING SCHEDULES IN NEAR-
EQUATORIAL TROPICAL BIRDS

Based on the general template of the physio-
logical organization of seasonal breeding in
and high-latitude birds
described above, we can now test in compara-

temperate  zone
tive studies whether the functioning of the
HPG axis is similarly organized in species
inhabiting divergent environments (Wing-



field et a/. 1992, Hau 2001, Mootre 2005, Hahn
& McDougall-Shackleton 2008). A seasonal
regulation of reproductive capacity coupled
with advanced recrudescence of the repro-
ductive system before environmental condi-
tions improve intuitively appears beneficial in
environments that annually undergo reliable
and large-amplitude variations in environmen-
tal conditions (though its adaptive value has
hardly been tested in a natural setting, Wikel-
ski et al. 2008). However, patterns of vatiation
in environmental conditions can be dramati-
cally different in non-temperate environments
such as the near-equatorial tropics (and also
within temperate zone and subtropical habi-
tats, see Hahn e a/ 1997). Is it likely that
breeding schedules and reliance on environ-
mental cues are evolutionarily adjusted to dif-
ferent types of habitats (Wingfield e# a/. 1992,
1993; Hau 2001, Moore 2005, Hahn &
McDougall-Shackleton 2008), though learn-
ing might also play a role (Grieco ez al. 2002).
For example, ambient temperature strongly
affects seasonality in food abundance (espe-
cially insect availability) in temperate areas,
but temperature tends to vary much less in
near-equatorial tropical habitats (e.g., Leigh ez
al. 1996, Wikelski ez al. 2000, Hau ez al. 2004).
Instead, rainfall is probably a stronger deter-
minant of food abundance in many areas
close to the equator (e.g., Grant & Boag 1980,
Leigh ef al. 1996, Ahumada 2001). And while
rainfall may arrive on a fairly predictable
annual schedule in some areas (Leigh e/ al.
1996, Wikelski ez a/ 2000), its occutrtence
might be hard to predict in others (Grant
1999). Finally, even though day length does
change in some near-equatorial habitats (e.g,,
Hau ez al. 1998), the amplitude of this varia-
tion is small and almost vanishes towards the
equator (Gwinner & Dittami 1985, Hau e al.
2004, Moote ¢t al. 2005).

The past decade or so has seen an
increased interest in environmental physiol-
ogy in tropical birds and in continuation we
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will review some of these advances. Here we
will not attempt a comprehensive overview of
the large literature in this field, but instead will
present select studies to illustrate where sig-
nificant progress has been made and to out-
line areas in which we still lack important
information. Within avian environmental
physiology, we will concentrate on the percep-
tion and integration of environmental infor-
mation by tropical birds; the regulation of
behavior in tropical birds has already been
reviewed elsewhere (e.g, Levin & Wingfield
1992, Hau 2001, Stutchbury & Morton 2001,
Goymann ¢z al. 2004, Moore 2005, Hau 2007).
In the following, we will primarily discuss
work conducted on near-equatorial species
(within 10° of the equator), but supplement
with select studies on tropical species from
other areas. We will also include laboratory
studies conducted on one of the most
widely-used avian laboratory model, the
Zebra Finch (Taeniopygia guttata), because of
their relevance to our understanding of the
physiological organization of the  repro-
ductive axis; the Australian subspecies, Tae-
niopygia g. castanotis, ranges from about 12 to
38°S, just reaching into temperate latitudes
(Zann 1996).

Seasonal breeding in tropical birds. Long-term
studies have delineated the seasonal regulation
of reproduction in a suboscine passerine, the
Spotted Antbird (Hylophylax n. naevioides) from
a humid forest in Soberania National Park in
central Panama (Hau 2001). The climate in
central Panama (latitude 9°N) is characterized
by a long rainy season from about May to
November, each year with about 300 mm of
rainfall per month, followed by a dry season
between December and April during which
hardly any rain falls (Leigh e a/. 1996, Wikel-
ski et al. 2000). Food abundance for insectivo-
rous Spotted Antbirds increases dramatically
during the early rainy season, which marks the
onset of their breeding season (Willis 1972,
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FIG. 2. Upper panel: Seasonal variation in testis sizes (in mm? means £ 95% CI) over two years of free-
living male Spotted Antbirds from a lowland humid forest in central Panama. Horizontal bars above
graph indicate dry (open) and wet seasons (dark grey). Hatched horizontal bars inside graph indicate nest-

ing periods each year. Asterisks denote significant increases in testis sizes between sampling periods.
Lower panel: Monthly averages of day length (h) as determined from a light logger positioned within a
Spotted Antbird territory. Grey shading indicates periods of lower light intensities as determined from the

light logger, while clear areas indicate periods of high light intensities during the day. Data compiled from

Wikelski ez a/. (2000).

Wikelski ez al. 2000). By assessing the size of
the gonads in free-living male and female
Spotted Antbirds at regular intervals via lap-
arotomy, it was demonstrated that these birds
express regular seasonal cycles of gonad
growth and regression (Hau e a/. 1998, Wikel-
ski ez al. 2000; Fig. 2). Much like temperate
zone birds, Spotted Antbirds started to grow
their gonads 1-2 months in advance of the
onset of the breeding (rainy) season, while
during the non-breeding season these birds
had fully regressed reproductive organs
(Wikelski ez a/. 2000). Hence, in a seasonally
predictable habitat, even though close to the
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equator, birds did display regular cycles in
gonad size, and an anticipatory physiological
preparation in advance of the breeding sea-
son, similar to many temperate zone birds
(Hau 2001). Regular cycles in gonad sizes and
seasonal breeding have also been shown by
other near-equatorial tropical species, for
example Stonechats (Saxicola torguata axillaris)
from an equatorial population in Kenya
(Gwinner & Dittami 1985, Dittami & Gwin-
ner 1985). Likewise, Rufous-collared Spar-
rows  (Zonotrichia
display seasonal cycles of reproduction and

capensis) from Ecuador

associated variations in gonad size, reproduc-



tive hormone levels, the GnRH system, and
the neural song control system (Moore e/ al.
2004, 2005, 2000).

Continunous breeding in tropical birds. The regular
seasonality in gonad sizes shown by Spotted
Antbirds differs from the regulation of repro-
ductive activity found in a columbid species
from central Venezuela, the Scaled Dove
(Columbina squammata; Bosque et al. 2004).
Even though living at a similar latitude (8°N)
as Spotted Antbirds and also experiencing
regular seasonal alternations between wet and
dry seasons in their savannah habitat, male
Scaled Doves never fully regressed their testes
to a size at which sperm production was
arrested (Bosque e/ a/. 2004). Likewise, female
Scaled Doves did not show clear seasonal
cycles in follicle sizes. However, nesting in this
species was seasonal and occurred primarily in
the dry season when seed availability was
highest. This strategy might be interpreted as
continuous breeding, which is the strategy
displayed by many columbid species (Wing-
field ez al. 1992), in which actual nesting is
inhibited by low seed abundance during
the wet season. Two related Columbina species
living in the same habitat (C. Zafpacoti and
C. minnta) showed more pronounced cycles
in testis and follicles sizes, but out of phase
with those of Scaled Doves (Bosque ez 4.
2004).

Continuous breeding may be possible in
situations where food is not seasonally limited
as has been demonstrated by an experimental
study on the Seychelles Warbler (Acrocephalns
sechellensis) at latitude 4°S (Komdeur 1996).
Komdeur elegantly designed an experiment
within a conservation effort and found that
pairs that originated from islands with sea-
sonal food availability and seasonal nesting
showed continuous nesting activity after
transfer to on new islands with more constant
food abundance and low population densities
(Komdeur 1996).

TIMING OF BREEDING IN TROPICAL BIRDS

Opportunistic breeding in tropical birds. Examples
of a habitat with seasonally unpredictable cli-
matic fluctuations are the low-lying equatorial
islands in the Galdpagos archipelago off the
coast of Ecuador (Grant & Grant 1989, Grant
1999). These islands (especially the lower ele-
vations) are predominantly arid. Reproduction
in Darwin’s finches (Geospiza spp.), although
some species can initiate breeding on pollen
availability alone (Grant 1996), is strongly
dependent on rainfall (Grant & Boag 1980,
Grant e al. 2000), which can lead to an
increase in insect food abundance within only
10 days (Grant & Grant 1989). The occur-
rence of rainfall on Galdpagos has a seasonal
component as it typically occurs between
December and July each year. However, it is
unpredictable as to when, whether and how
much rain will fall during that period (Grant
1999, Hau e al. 2004). The large inter-annual
fluctuations in rainfall are due to infrequent
El Nifio-Southern Oscillation (ENSO) events
that bring rainfall of extended durations and
amounts to the islands; ENSO events are typ-
ically followed by a Nifia’ years in which
rainfall can be completely lacking, As birds
cannot predict and prepare for such erratic
rainfall, the best physiological strategy in such
environments apparently is to breed opportu-
nistically, i.e., to breed whenever environmen-
tal conditions permit (Farner & Serventy
1960, Immelmann 1971, Hahn e 4/ 1997,
Astheimer & Buttemer 2002). For a long time
it has been thought that one important physi-
ological requirement of opportunistic breed-
ing is a continuously activated HPG axis
(much like in continuous breeders). Only such
a physiological strategy would enable such
species to rapidly initiate nesting whenever
possible (Farner & Serventy 1960, Farner
1967). This view is detived from studies on
the prime example of opportunistic breeding,
the Zebra Finch. Indeed, populations of
Zebra Finches from the arid interior of Aus-
tralia where rainfall is erratic show enlarged

45



HAU ET AL.

gonads over prolonged periods of time
(Davies 1977). However, new data from this
and other species question the notion that
opportunistic breeding requires semi-acti-
vated gonads. Small Groundfinches (Geospiza
fuliginosa), a species of Darwin’s finch, showed
full gonadal regression after the termination
of the breeding season and throughout a 10-
month drought period (Hau e /. 2004). Fur-
thermore, Australian Zebra Finches from the
southern part of their range also fully
regressed their gonads during non-breeding
in winter (Petfito ez al. 2007).

HOW DO TROPICAL BIRDS KNOW
WHEN TO BREED?

How do tropical bird species from various
habitats assess environmental conditions, (i.e.,
which environmental stimuli do they respond
to for timing reproductive events)?

Responses to photoperiodic variations. Responsive-
ness to photoperiodic cues is a physiological
capacity that is ubiquitous among bird species
inhabiting higher latitudes (Murton & West-
wood 1977, Follett 1984, Wilson & Donham
1988, Hahn e a/. 1997, Dawson et al. 2001,
Sharp 2005). Curiously, several near-equato-
rial bird species that have been examined
were also able to respond to the large photo-
periodic changes characteristic of temperate
latitudes (see summary in Hau e a/ 1998).
For example, Rufous-collared Sparrows from
Colombia became photoperiodic  when
moved to the higher latitude, and associated
changes in day length, of the Univ. of Califor-
nia, Berkeley campus (Miller 1965). The
native population exhibited year-round breed-
ing with two peaks while the transplanted
population exhibited a typical high-latitude
pattern of breeding in the spring (Miller
1959, 1962). Likewise, equatorial African
Stonechats

showed similar responses to

temperate-zone photoperiodic variations as
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European Stonechats (Gwinner & Dittami
1985, Gwinner & Scheuerlein 1999). The
existence of such responsiveness to day
length was considered paradoxical because
sedentary near-equatorial species would never
experience such large annual variations in day
length in the wild, and the actual variations in
day length at tropical latitudes were consid-
ered too small to be detected (e.g,, Gwinner &
Dittami 1985).

However, photoperiodic experiments in
Spotted Antbirds

revealed that near-equatorial birds are able to

captive from Panama
detect small variations in photoperiod (Hau ez
al. 1998): Spotted Antbirds increased gonad
sizes and song activity in response to an
abrupt increase in day length of one hour (the
maximal natural change in photoperiod at
their latitude), as well as by an increase of only
17 min (Hau e /. 1998). Since this finding, a
subtropical Estrildid and an Emberizid from
India (Chandola-Saklani e /. 2004, Rani ef al.
2005), and the European Starling (Sturnus vul-
garis) from Britain have been shown to be as
highly photosensitive as Spotted Antbirds
(Dawson 2007; see also discussion on evolu-
tion of photoperiodism below).
Photoresponsiveness might indeed be an
adaptive physiological capability for species
like Spotted Antbirds that live in seasonally
predictable habitats, because changes in day
length could be used to stimulate gonadal
growth in anticipation of the rainy season
(Hau ez al. 1998, Wikelski e a/. 2000). Such
preparatory gonad growth would ensure that
the birds are physiologically ready when the
rainy season starts. It is unclear whether
responsiveness to photoperiodic changes is
beneficial for species in which changes in day
length do not correspond with rainfall pat-
terns or seasonal changes in food availability.
Interestingly, it has recently been shown that
even opportunistic breeders such as Zebra
Finches can respond to large photoperiodic
signals (Bentley e# a/. 2000a; see also Meijer ef



al. 1996), suggesting that this trait is highly
conserved among avian species, even in those
that inhabit areas with unpredictable climatic
variations.

Responses to light intensity variations. Even though
populations living right at the equator might
possess the physiological capability to
respond to photoperiod, they are unlikely able
to detect the slight variations in day length in
their habitat. According to astronomical
charts, annual variations in day length varia-
tions at the equator are less than 4 min (e.g,
for equatorial Ecuador, Moore e al. 2005)
although actual measurements at an equatorial
site in Kenya showed annual day length varia-
tion up to 35 min (Dittami & Gwinner 1985).
However, they might be utilizing seasonal
variations in other photic environmental
information such as in light intensity (Gwin-
ner & Scheuerlein 1998). In many tropical
habitats, light intensity during the day is sub-
stantially higher during the dry season, when
cloud cover and humidity are low (and decid-
uous trees may loose their leaves in forested
areas) compared to the rainy season. Indeed,
experiments on captive equatorial Stonechats
from Kenya have provided evidence that
these birds can synchronize their circannual
rhythms in reproductive activity accordingly
(Gwinner & Scheuetlein 1998). Birds were
held under a constant photoperiod but with
bi-annual variations in light intensity during
the day. This experimental schedule led to a
synchronization of their circannual reproduc-
tive thythms in such a way that they increased
gonad sizes during the late dry season in
advance of the rainy season during which they
breed (Gwinner & Scheuerlein 1998). These
findings suggest that even equatorial birds
may be able to use photic information to
predict seasonal variations in the environ-
ment, via measuring light intensity. Indeed,
climatic variation in the habitat of Stonechats
in Kenya are fairly regular between years, and
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the combination of possessing circannual
rhythms (Gwinner & Dittami 1990) with a
sensitivity to long-term cues such as light
intensity might enable these birds to breed
seasonally even at the equator (Gwinner &
Scheuerlein 1998).

Apart from functioning directly as a sea-
sonal cue, light intensity might also influence
the perception of day length in birds, by as yet
unknown mechanisms. In temperate-zone
birds held at fixed photoperiods high light
intensities during the day can elicit responses
that are usually shown in response to longer
day length whereas low light intensities can
elicit responses more similar to those under
short photoperiods (Bisonnette 1931, Bartho-
lomew 1949, Bentley e al. 1998; see also
Kumar & Rani 1996, Mista et al. 2004).
Hence, seasonal variations in light intensity
could amplify slight variations in photoperiod
and thus facilitate their detection in near-
equatorial habitats. Indeed, correlational data
for Spotted Antbirds from Panama show that
light intensity is highest during the early part
of the year when birds start growing their
perhaps small
increases in photoperiod that occur at that
time (Fig. 2, Hau unpubl. compiled from
Wikelski ez al. 2000).

gonads, amplifying  the

Responses to variations in sunrise and sunset times. A
third photic signal that might be available
even to equatorial populations is regular sea-
sonal variations in sunrise and sunset times
(Gwinner & Dittami 1985, Borchert e al
2005). Even though day length hardly varies
directly at the equator, the times of sunrise
and sunset change annually by about 30 min
(Botchert ef al. 2005). These vatiations have
long been proposed to provide potential sea-
sonal cues, but only recently have data been
published that support this hypothesis. A
compilation of flowering data of various spe-
cies of tropical trees suggested that these trees
may synchronize their flowering times with
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FIG. 3. Variations in testis volume of male Spotted Antbirds from Panama (a, in mm?’, means +9 5% CI
from the first year, asterisk (*) denotes the first significant increase in testis sizes in the population) rela-
tive to seasonal changes in sunrise times (b), sunset times (c), and day length (d, all in minutes, and all 20-
day running average, following Borchert ez a/. 2005). The thick line in b-d represents data obtained from
astronomical charts. Individual data points are values obtained from a light logger positioned in a territory
of a Spotted Antbird in the forest understory (note that data collection ceased in July). Light grey vertical
bar indicate inflection points and datk grey vertical bars indicate periods of maximal changes of all photic
variables (Hau unpubl.).

seasonal variations in sunset times (Borchert  the potential to detect annual variations in the

et al. 2005). times of sunrise and sunset. Equatorial
It is so far unknown whether animals have =~ Rufous-collared Sparrows do seasonally
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change their daily activity period with seasonal
changes in suntise/sunset times (Moote
unpubl.). An ongoing long-term experiment is
currently testing this idea in captive equatorial
Aftrican Stonechats (W. Goymann, I. Schwabl,
B. Helm & I. T. Moore unpubl.).

To examine the possibility that sunrise and
sunset times could provide seasonal informa-
tion for near-equatorial Spotted Antbirds, 20-
day differences of sunrise and sunset times as
well as of daylength from astronomical charts
were computed (solid lines in Fig. 3, following
the methods of Borchert ez a/. 2005), and visu-
ally compared with seasonal variations in tes-
tis sizes of free-living males (Fig. 3a). The
inflection points and the periods of maximal
change for both sunrise and sunset times fall
either before or within the period in which
free-living Spotted Antbirds show the first
significant increase in testis size (Fig. 3; Hau
unpubl.). Since previous work had indicated
that Spotted Antbirds can respond to slight
variations in photoperiod (Hau et al. 1998),
the present data suggest that they could
obtain additional seasonal information from
sunrise and sunset times as well. However,
when data obtained from a light logger posi-
tioned in the forest understory where Spotted
Antbirds live (individual data points in Fig. 3)
were superimposed on the astronomical val-
ues, large daily variations in actual values
became apparent. This variation is due to the
fact that the logger (which has a lower thresh-
old of sensitivity of about 0.2 lux; Wikelski ez
al. 2000) registers photic information influ-
enced by natural events such as cloud and leaf
cover. This raises several interesting questions
that need to be addressed experimentally. For
example, some of the natural scatter around
the astronomical averages might function to
amplify small changes in any of the three vari-
ables. For example the scatter in sunrise times
between October and November appears to
predominantly amplify the astronomically cal-
culated advance in sunrise time (i.e., they are
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more often above the line drawn from astro-
nomical data; Fig. 3b), thus perhaps making
the signal easier to detect. However, some of
the variation is in both directions, for example
in sunset times and day length (Figs 3¢ & 3d),
probably obscuring actual changes in these
variables and making it more difficult to
detect the direction of change. Hence, we
need to increase our understanding of how
organisms cope with such daily variations and
still potentially extract precise information on
times of sunrise and sunset as well as day
length using experimental methods. Other
photic signals that might be available to near-
equatorial birds as seasonal signals include the
spectral composition of the light (e.g,, Rani &
Kumar 2000, Malik e¢# 4/ 2001, Rani e/ 4l
2001). It is conceivable that birds especially at
near-equatorial latitudes use any signal avail-
able, and that the use of multiple signals
improves the predictability of changes in the
environment.

Use of non-photoperiodic cnes. Environmental cues
that show continuous and regular seasonal
variations, such as day length and times of
sunrise and sunset can be assessed at any
point of the year and therefore are exquisitely
suited for adjusting an individual’s state in
advance of actual environmental changes, if
they reliably predict local environmental
conditions. However, environmental condi-
tions in tropical areas can show considerable
yeat-to-year variation (Wingfield e a/ 1992,
Wikelski ez a/. 2000, Grant 1999), requiring
additional mechanisms that allow individuals
to tailor reproductive activity to local condi-
tions.

A direct assessment of food availability
would be the most direct means to evaluate
whether environmental conditions are suit-
able for breeding. Food cues do not provide
much advance notice for individuals that have
completely regressed their gonads and hence
would need some time to grow the gonads
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before attempting to breed (which can take
between 4 and 6 weeks in most temperate
zone species, e.g, Farner & Wilson 1957).
However, in species such as Spotted Antbirds
in which the reproductive axis is activated by
photoperiodic cues in advance of breeding, it
can provide very precise information for
adjusting the rate of gonadal development
(Wikelski ez al. 2000, Hau ez al. 2000). Spotted
Antbirds in Panama began gonadal develop-
ment at similar times in two years that dif-
fered in the onset of the rainy season, as
expected from the use of photoperiodic cues
(Wikelski ez /. 2000). However, in a year in
which the rainy season was delayed by about 6
weeks compared to the previous year, the rate
of gonadal development was slower, and
males reached testis sizes that were assumed
to be spermatogenic about one month later
compared to a year with an earlier onset of
the rainy season (Wikelski ez o/ 2000, Hau ef
al. 2000). Experiments on captive male Spot-
ted Antbirds supported the hypothesis that
food availability is used to adjust the rate of
testis development: a group of males kept on
an enriched diet grew their gonads faster and
reached mature sizes within 3 weeks of food
improvement, whereas individuals maintained
on a standard diet did not develop their
gonads further and did not develop fully
mature gonads (Hau ez 2/ 2000). Hence, food
availability might provide a ‘supplementary
cue’ (Wingfield & Kenagy 1991) for Spotted
Antbirds to fine-tune the rate of gonadal
development with environmental conditions
in a particular year (see also Kumar ez 4l
2001). African
Stonechats food abundance appears to func-

Likewise, in equatorial
tion as a supplementary cue by modifying the
actual nesting times within a given vyear;
though food cues did not synchronize the cit-
cannual thythm of reproduction and molt in
free-living birds (Scheuerlein & Gwinner
2002).
Opportunistically ~ breeding birds ate
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expected to rely heavily on short-term cues
since long-term cues such as photoperiod,
even where available, are not predictive of
environmental conditions. Indeed, in captiv-
ity, Zebra Finches can breed year-round, sug-
gesting that unlimited food in captivity and
continuous social stimulation from having
mates and other conspecifics in proximity
(e, in a breeding colony) are sufficient to
maintain reproductive activity (Oksche ez al.
1963, Zann 1996). The use of short-term cues
is also supported by experiments in wild
Zebra Finches. Male
southern Australia with completely regressed

Zebra Finches from

testes were brought into captivity and
exposed to either short or long photoperiods
(Petfito et a/ 2007). However, despite the dif-
ference in photoperiodic treatment, both
groups significantly and similarly increased
their gonads, suggesting that cues other than
photoperiod stimulated reproduction (Perfito
et al. 2007). Those cues likely are related to
food abundance — but could also be social —
since males were kept in same-sex groups of
four with visual and acoustic access to
females. Experiments on the Lesser Sundas
subspecies of the Zebra Finch (Taeniopygyia g.
guttata) corroborate that food cues are strong
stimuli for reproductive activity (Perfito ef al.
2008) and might be the actual stimuli that
underlie the previously observed reproductive
response to long day lengths in this species
(Bentley ez al. 2000a). This interpretation
comes from an experiment showing that
Zebra Finches exposed to long photoperiods
significantly grew their gonads, while birds on
the identical long photoperiod but with the
amount of food restricted to short-day intake
did not grow their gonads, similar to a group
kept on short days (Perfito e a/. 2008). Hence,
it is possible that in this species reproductive
activity is stimulated by extended feeding
times or increased food abundance under
long days, not by changes in day length per
se, although in many other birds species it



has been confirmed that photoperiodic stim-
uli, and not extended feeding times stimulated
reproductive activity (e.g, Ward 1972, Wing-
field 1983, Dawson 1986, Hahn 1995).

Social cues are also probably of prime
importance to tropical birds, especially those
with socially monogamous mating systems
(Kunkel 1974, Stutchbury & Morton 2001).
Even the most seasonally breeding species of
tropical bird are probably more flexible and
asynchronous at the population level than
high latitude birds due to a higher between-
year variability in environmental seasonality.
This situation makes coordination within
pairs of utmost importance, especially for the
male if he is to assure paternity of the off-
spring. In seasonally breeding, socially
monogamous, Rufous-collared Sparrows in
Ecuador, there is evidence that pairs synchro-
nize seasonal growth of the gonads indepen-
dent of the rest of the population (Moore ¢ al.
2005). However, it is so far still unclear
whether the male or the female is driving the
synchrony.

Direct activation of the reproductive axis
in avian species by social cues (e.g, song) is
well known (for review, see Wingfield 1994).
Interestingly, some of the best-studied species
with respect to male song affecting female
reproduction ate in two continuous breeders:
the Ring Dove (Streptopelia risoria; Lehrman
1965, O’Connell et al. 1981, Cheng and Zuo
1994) and the Canary (Serinus canaria; Hinde
1976, Bentley e al. 2000b), both of which
inhabit temperate zone areas. Bentley and col-
leagues (2000b) found that male Canary song
enhanced follicular development, advanced
timing of egg-laying and total number of eggs
laid in female Canaries. The extent to which
social cues over-ride other environmental
information in reproductive timing remains to
be tested in tropical species. More generally,
tropical species appear to show relatively high
sensitivity to social, and other non-photic
cues, and thus represent ideal models for

TIMING OF BREEDING IN TROPICAL BIRDS

understanding the pathways by which these
cues are integrated by the HPG axis (see
below).

HOW DO CUES REGULATE
REPRODUCTION IN TROPICAL
BIRDS?

The GnRH system is considered the most
important endocrine on/off switch in the
brain for the HPG axis. Most vertebrates pos-
sess at least two forms of GnRH; birds in fact
possess three: GnRH-I, -IT and —III (Bentley
et al. 2004). In temperate zone species,
GnRH-I is regulated via photoperiodic infor-
mation and appears to be strongly responsible
for regulating the activity and regression of
the HPG axis (Ball & Hahn 1997, Ball &
Bentley 2000, Dawson e a/ 2001, Sharp
2005). To date, we know very little about the
GnRH system of tropical birds. Many species
of tropical birds respond to injections of
GnRH with increased secretion of luteinizing
hormone (e.g., Wingfield ez 4/ 1991, Levin &
Wingfield 1992, Moorte ez al. 2002, O’Brien &
Hau unpubl.). Furthermore, GnRH injections
stimulate secretion of testosterone in males
presumably from luteinizing hormone stimu-
lation (Wingfield e# a/. 1991, Moorte et al. 2002,
Goymann & Wingfield 2004), suggesting that
the endocrine cascade
GnRH is not very different from that of tem-
perate zone birds. However, how GnRH is
regulated in the brain is unknown for the vast

downstream from

majority of tropical species. Therefore, we
cannot yet assess whether GnRH-I is the
main endoctine on/off switch in tropical
birds as well, and whether the response of
tropical birds to non-photoperiodic cues,
especially in absence of photoperiodic cues
transduced via GnRH-I or other forms of
GnRH.

However, two recent studies have pro-
vided some insight into the regulation of
the GnRH system in tropical birds. A recent
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study in equatorial Rufous-collared Sparrows
showed that the GnRH system is intact and
functional, and that it is regulated by non-
photoperiodic cues (Moore et al. 2000).
Moore and colleagues studied two popula-
tions of Rufous-collared Sparrows that live on
two opposite slopes of an Andean mountain
in Ecuador, separated by only 25 km. Sea-
sonal rainfall patterns on these two slopes are
opposed, with one population receiving rain-
fall and hence breeding in September and the
other population receiving rainfall, and breed-
ing in February. In both populations, male
birds had larger GnRH neurons during the
breeding season compared to the non-breed-
ing season regardless of the time of year; the
antibody recognized both GnRH-I+II but
based on the location of the cells were con-
sidered to be GnRH-I cell bodies (Moore ¢#
al. 2006). These data suggest that the GnRH
system is up-regulated with reproductive axis
activation. Since the two populations experi-
ence the same photic variations, environmen-
tal cues other than photoperiod must be
regulating GnRH (Moore ef a/. 2006). How-
ever, one should keep in mind that studies
measuring GnRH-ir with immunocytochem-
istry do not measure production and sectre-
tion rates directly.

In opportunistically breeding Zebra
Finches, Perfito and colleagues obtained evi-
dence that non-photoperiodic cues regulate
GnRH-I and GnRH-II differently (Perfito ef
al. 2006). Zebra Finches were subject to a
slow water restriction regime, which is the
only known way in which the reproductive
axis of captive Zebra Finches can be inhibited
(Sossinka 1974, Vleck & Priedkalns 1985).
Indeed, male Zebra Finches whose water
availability was successively limited to 1 ml a
week over the course of 9 weeks showed a
reduction in gonad sizes and LH secretion
(Petfito et al. 2006). However, the number of
GnRH-I cells in the brain of birds kept under
this water restriction regime for an additional
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2 weeks was undistinguishable from those of
birds taken directly from the breeding colony,
from birds whose water supply had been
restored to ad libitum levels, and from birds
that were kept for the same amount of time
and under the same experimental conditions
but with continuous ad /ibitum water. Interest-
ingly, GnRH-II cell numbers varied between
experimental groups, such that only the indi-
viduals taken directly from the breeding col-
ony had significantly more GnRH-II cells
than all other groups (Perfito ez al 2000).
Hence, water restriction does not account for
the variation in GnRH-II cell numbers among
experimental groups. In contrast, the fact that
the group that was taken through the entire
experiment with water available ad /ibitum had
low GnRH-II cell numbers suggests that
social cues might be regulating GnRH-II
(Petfito ez al. 2006). All experimental groups,
except the group directly taken from the
breeding colony, had experienced limited
social interactions, since they were housed
singly and only with other males nearby. Since
GnRH-II stimulates sexual behaviors, at least
in female songbirds studied to date (Maney e#
al. 1997, Bentley e/ al. 20006), it remains an
exciting potential player in reproductive axis
activation in tropical species.

ECOLOGICAL AND EVOLUTION-
ARY IMPLICATIONS

What are the implications of the data
reviewed above for our understanding of the
ecological and evolutionary physiology of the
timing of reproduction in birds? First, these
data once again emphasize that tropical birds
are valuable model systems, because their
high diversity and distribution across a wide
spectrtum of habitats provides us with the
opportunity for highly informative compara-
tive studies. That said, there still are relatively
few systems that have received sufficient
attention to be able to draw some conclu-



sions. Second, even though we have made
progress in understanding how tropical birds
cope with seasonal variations in their environ-
ment, we are still far removed from under-
standing the evolutionary implications of
these findings.

For example, the available data set sug-
gests that several features of the HPG-axis are
conserved. First, the general responsiveness
to photoperiod appears at this point to be
ubiquitous among avian taxa; although the
new finding that in the Lesser Sundas finch
extended feeding times or increased amount
of food might be the actual stimuli underlying
its response to long photoperiods suggests
that some caution is required before making
sweeping generalizations. Second, the major
components and general functioning of the
HPG-axis seem to be conserved as well
GnRH is present in tropical birds and corre-
lates with reproductive activity, at least in sea-
sonally-reproducing species like the Rufous-
collared Sparrow; but perhaps is continually
elevated in opportunistic breeders such as
Zebra Finches. Furthermore, GnRH-release
stimulates LH secretion like in temperate
zone birds. Third, the general mechanisms
that lead to a regression and growth of repro-
ductive organs (either triggered by endoge-
nous or exogenous cues) is present in tropical
species as well, even in those that live in sea-
sonally unpredictable habitats. It is likely, but
remains to be established, that variations in
GnRH-I secretion are at the basis of fluctua-
tions in the size of reproductive organs.

It is presently unclear whether certain
components of the system regulating repro-
ductive physiology in tropical birds show evi-
The
discovery of a high sensitivity to small varia-
tions in photoperiod in tropical birds (Hau ez
al. 1998, Chandola-Saklani ez a/. 2004, Beebe e#
al. 2005, Rani ez al. 2005; see also Styrsky ez al.
2004) has initially suggested that this might be
an evolutionary adaptation in tropical birds to

dence of evolutionary adaptation.
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utilize photoperiodic information close to the
equator (Hau e# al. 1998). However, the recent
findings of a similarly high photosensitivity in
European Statlings, which synchronized their
reproductive cycles with a simulated photope-
tiod of 9°N (the latitude of Panama, which is
outside their range of distribution; Dawson
2007), cast doubt on the interpretation that
this capability is specific to species that live at
low latitudes.

The apparent limitations in realistically
interpreting the available data in an evolution-
ary context emphasize that we urgently need
more, and in particular phylogenetically con-
trolled studies, on the organization of repro-
ductive physiology in birds (Moore ez al. 2002,
Hahn & McDougall-Shackleton 2008). Hahn
& McDougall-Shackleton (2008) distinguish
three scenarios that may account for interspe-
cific variability in physiological organization,
which need to be addressed experimentally to
understand evolutionary patterns. (1) The
adaptive specialization hypothesis assumes
that evolutionary adaptation in a certain trait
has actually occurred. (2) The conditional
plasticity hypothesis assumes that physiologi-
cal systems are plastic and can function well in
diverse habitats. (3) The phylogenetic history
hypothesis assumes that traits have been
retained over evolutionary history, and have
not been selected against. Only carefully
designed comparative studies, in which phylo-
genetic relationships are being controlled for,
can disentagle which of the three mechanisms
generates the observed variability in breeding
schedules and response to environmental cues
(Hahn & McDougall-Shackleton 2008).

Hence, many evolutionary questions at
present unfortunately remain unanswered.
For example, why do we see an apparent con-
servation in some physiological traits such as a
responsiveness to photoperiod? Is the near-
ubiquity of this trait due to positive selection
on photoresponsiveness for the temporal reg-
ulation of reproduction or other life-cycles
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stages (molt, migration, etc.)? Or is it a phylo-
genetic relic that has not been selected against
(Gwinner & Dittami 1985)? Perhaps the
above-mentioned new data on the Lesser
Sundas finch suggest that the responsiveness
to photoperiod is not a phylogenetic relic but
instead is under positive selection, even in
near-equatorial species? Further, why do traits
such as the composition and functioning of
the HPG-axis show little variation between
species? Is one reason that this system is
highly complex, with many components
depending on each other (e.g., Fig. 1)? It is
that
require very strong selection pressures and

conceivable such complex systems
long evolutionary times to change, because
variations in the functioning of one part
might impair the functioning of the entire sys-
tem; but this is currently unknown.
Nevertheless, the lack of available data
also emphasizes that there is much room for
exciting new research, in which tropical spe-
cies could play a prominent role. Future work
on tropical birds will not only be crucial for
understanding questions on the evolution of
reproductive physiology, but also for increas-
ing our knowledge on the mechanisms that
underlie the responses of vertebrates to their
environments. How ate seasonal variations
in light intensity perceived? Are they detected
by a specialized mechanism separate from,
but interacting with, the
system? Or is the photoperiodic system inher-

photoperiodic

ently susceptible to light intensity cues as
well (Gwinner & Scheuetrlein 1998)? Can ani-
mals detect seasonal variations in sunrise/
sunset cues and how do they accomplish this?
How ate food cues perceived, either in addi-
tion to or separate from, photoperiodic
information (Hau e¢# a4/ 2000, O’Brien &
Hau 2005)? How do short-term cues such
as food availability, rainfall, social cues etc.
affect the HPG-axis? Studies on tropical
birds have a high potential to make signifi-
cant progress in our understanding of the
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interactions of vertebrates with their environ-
ments.
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