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Summary

1.

 

Photoperiod is an important seasonal cue for temperate seasonal breeders. In birds,
increasing photoperiod typically stimulates reproductive maturation, while also triggering
gonad regression through photorefractoriness at a later date. Curiously, many tropical
birds show photoperiodic reproductive responses, even though day-length changes in
their natural habitat are minimal.

 

2.

 

Spotted Antbirds (

 

Hylophylax n. naevioides

 

) from a near-equatorial rainforest in
Panama are highly sensitive to small photoperiodic changes at the onset of reproduction.
We therefore tested whether these tropical birds use photoperiod as the primary signal
for seasonal processes, as do most temperate birds, and terminate reproduction through
photorefractoriness.

 

3.

 

Male and female Spotted Antbirds captured during postbreeding moult signifi-
cantly increased gonad sizes when exposed to a photoperiod of 22 h. Furthermore, males
exposed to a naturalistic 1-h increase in photoperiod (to 13 h) also grew their gonads,
suggesting that these birds retain photosensitivity at a time of year when most temperate
birds are unable to grow their gonads. Hatch-year birds in all groups showed reproduc-
tive development indicating their capability to breed. Unlike in many temperate-zone
birds, the moult of adult birds was not inhibited by gonad development.

 

4.

 

The lack of photorefractoriness allows Spotted Antbirds to flexibly adjust the end of
breeding to environmental conditions. Our findings support the view that photoperiodic
mechanisms are evolutionary plastic and match the ecology of a particular species.
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Introduction

 

Reproduction is an energetically expensive process
(King 1973; Ricklefs 1974; Bronson 1989). In most
animals it is therefore limited to parts of the year during
which environmental conditions are most conducive
to raising offspring (Perrins 1970; Bronson 1985; Daan

 

et al

 

. 1988; Di Bitetti & Janson 2000). To regulate
reproduction in a seasonal manner, the vast majority
of mid- and high-latitude species respond to changes
in photoperiod to initiate and, equally importantly,
to terminate breeding (Wingfield & Kenagy 1991). In
avian species the typical pattern is that increasing day-
lengths in spring stimulate the growth and maturation
of the reproductive system (photostimulation), and at

the same time also trigger a process that will eventually
terminate reproduction via photorefractoriness
(Follett 1984; Nicholls, Goldsmith & Dawson 1988;
Ball 1993; Cockrem 1995; Sharp 1996; Hahn 

 

et al

 

. 1997;
Dawson 

 

et al

 

. 2001). Photorefractoriness is a state of
reproductive inactivity in response to long photoperiods
that were previously stimulatory (Nicholls 

 

et al

 

. 1988).
The photorefractory condition typically involves the
regression of  the reproductive system and a post-
nuptial moult. Functionally, photorefractoriness ensures
the cessation of offspring production before environ-
mental conditions deteriorate. It also enables the pre-
paration for and progression through other costly annual
processes such as moult and migration (Farner 

 

et al

 

.
1983; Jacobs & Wingfield 2000). Typically in temperate-
zone birds, the acquisition of  photosensitivity is
facilitated by exposure to an extended period of short
day-lengths, as occurs in the winter (Nicholls 

 

et al

 

. 1988;

 

†Author to whom correspondence should be addressed.
E-mail: Hau@princeton.edu



 

2

 

K. Beebe

 

 et al.

 

© 2005 British 
Ecological Society, 

 

Functional Ecology

 

Cockrem 1995; Bentley 1997). Thus, photoperiod plays
an important dual role for the precise regulation of
both the onset and end of reproduction in seasonally
breeding temperate birds (Dawson 

 

et al

 

. 2001).
Annual changes in photoperiod are large at mid and

high latitudes, but they become exceedingly small at
low latitudes. Interestingly, many near-equatorial bird
species show annual reproductive cycles that often
resemble the seasonal breeding strategy of temperate
birds (Murton & Westwood 1977; Dittami & Gwinner
1990; Wikelski, Hau & Wingfield 1999a; Stutchbury &
Morton 2001; Wikelski 

 

et al

 

. 2003). However, it still
remains unresolved to what extent the mechanisms
controlling seasonal reproduction in temperate and
tropical birds are similar to or different from each other
(Hau 2001). Curiously, many near-equatorial birds
possess photoperiodic features that are comparable to
those of temperate birds. For example, when exposed
to the large changes in day-length that are characteristic
of higher latitudes, most near-equatorial bird species
respond by initiating reproductive activity (Rollo &
Domm 1943; Marshall & Disney 1956; Wolfson &
Winchester 1959; Epple 

 

et al

 

. 1972; Gwinner & Dittami
1985). Furthermore, in captivity under certain photo-
periodic conditions, near-equatorial species can also
become photorefractory (Lofts 1962; Gwinner &
Scheuerlein 1999). Until recently, the ecological rele-
vance of the photoperiodic reproductive responsive-
ness of near-equatorial birds remained unclear because
they usually do not experience such photoperiodic
conditions in the wild (but see Gwinner & Scheuerlein
1999). However, we have shown that one seasonally
breeding near-equatorial bird, the Spotted Antbird
(

 

Hylophylax n. naevioides

 

), is able to use the slight
natural photoperiodic changes in its natural habitat to
initiate reproduction (Hau, Wikelski & Wingfield 1998).
Such a high sensitivity suggests that even in near-
equatorial birds photoperiod could play a major role
as the primary signal for seasonal processes. Because
in Spotted Antbirds photoperiod appears to be an
important cue for the initiation of  reproduction, we
tested whether in these birds it plays a similarly dual
role as in most temperate birds by terminating repro-
duction via photorefractoriness in the wild.

One method of testing for photorefractoriness is to
expose birds that have regressed their gonads after the
breeding season and are undergoing postbreeding
moult to increases in photoperiod that are stimulatory
at the start of the breeding season. During this seasonal
stage, photorefractory species lack a reproductive
response to previously stimulatory photic cues (Nicholls

 

et al

 

. 1988). For the present experiment, we caught
wild male and female Spotted Antbirds during post-
breeding moult and kept a control group on short days
(12 h of  light) typical for their natural habitat. We
exposed a second group to artificially long days of 22 h,
and a third group to the longest day-length they can
experience in their natural habitat (13 h). Our data
show that even during moult the reproductive system

of Spotted Antbirds remains responsive to increases in
photoperiod, suggesting that these neotropical birds
do not become absolutely photorefractory in the wild.

 

Materials and methods

 

 

 

Between 30 September and 21 October 2002, 29 male
and 12 female Spotted Antbirds were caught in
Soberania National Park in the Republic of Panamá
(9

 

°

 

N, 79

 

°

 

W). Birds were immediately housed in indi-
vidual cages (40 

 

×

 

 35 

 

×

 

 40 cm

 

3

 

) in one of three indoor
rooms at the Gamboa Schoolhouse field station of the
Smithsonian Tropical Research Institute. Rooms were
visually and acoustically isolated from one another,
and each room housed birds of both sexes. Birds in
individual cages were visually isolated from each other.
Water and food were provided 

 

ad libitum

 

. Food con-
sisted of live crickets (

 

Acheta domestica

 

), live mealworms
(

 

Tenebrio

 

 spp.), and a freshly prepared egg-food mix (as
in Hau 

 

et al

 

. 1998; Hau, Wikelski & Wingfield 2000).
Water was changed once a day and food was renewed
twice daily. All animal procedures were approved by
the Princeton University Institutional Animal Care
and Use Committee and met all applicable state and
federal guidelines.

 

 

 

After capture, birds were exposed to a photoperiod of
12 h of light (which approximates the natural photope-
riod at this time in Panama; see Wikelski, Hau &
Wingfield 2000) for a period of 5–14 days to acclimate
birds to captivity. A combination of fluorescent and
halogen light sources illuminated the rooms. Ambient
temperature in the bird rooms was around 28 

 

°

 

C,
which is a temperature experienced by wild birds
regularly during the day (Wikelski 

 

et al

 

. 2000). Birds
were assigned to experimental groups at random as they
were captured. Birds in the control group remained on
a 12 h photoperiod (‘12-h group’: seven adult and one
hatch-year males, one adult and two hatch-year females).
A second group of birds was exposed to a long photo-
period of 22 h (‘22-h group’: seven adult and three
hatch-year males, three adult females). A third group
was transferred to a naturalistic increase in photo-
period by 1 h, resulting in 13 h of  light (‘13-h group’:
eight adult and four hatch-year males, three adult and
three hatch-year females). Some birds in each group
died of unknown causes, resulting in slightly decreased
final sample sizes in each group (see Fig. 1).

 

   


 

Gonad sizes of all birds were measured before, after
3 weeks (between 20 and 25 days) and after 5 weeks
(between 30 and 38 days) of the start of the experiment.
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At the same time a small blood sample (100–150 

 

µ

 

l)
was taken for later analysis of plasma concentrations
of luteinizing hormone. Body mass and furcular fat
stores were also determined, but since neither measure
differed between treatment groups the data are not
reported here. After taking morphometric measure-
ments, each bird was examined for moult. The moult
of  the nine primaries was also scored (0 = old, 1 =
missing, 2 = pin, 3 = half  grown, 4 = three-quarters
grown, 5 = complete new feather, maximum moult
score = 45; after Newton 1966). Birds were aged as
juveniles (hatch-year) or adults (after hatch-year) based
on skull ossification (Miller 1946; any incompletely
ossified birds were considered hatch-year birds). At
the end of the experiment birds were released on their
original territories.

Length and width of  the left testis for males and
diameter of the largest follicle for females were meas-
ured to the nearest 0·1 mm with modified digital calli-
pers by unilateral laparotomy under a light isoflurane
anaesthesia (for details on these standard procedures
see Hau 

 

et al

 

. 1998; Wikelski 

 

et al

 

. 2000). The person
determining gonad sizes was blind with respect to the
treatment of the birds. Testis volume was calculated
using the formula 

 

V

 

 = 4/3

 

π

 

a

 

2

 

b

 

, with 

 

a

 

 being half  of the
width and 

 

b

 

 half  the length of the testis. The volume of
the largest follicle was calculated using the formula

 

V

 

 = 4/3

 

π

 

r

 

3

 

, with 

 

r

 

 being the diameter of the follicle.
Blood samples were kept cool until centrifugation.

Plasma was separated and frozen at 

 

−

 

20 

 

°

 

C until analysis.
Samples were transported to the US on dry ice under
permission of Panamanian and US authorities. Plasma
concentrations of  luteinizing hormone (LH) were
determined in a single radioimmunoassay following
Follett, Scanes & Cunningham (1972) and Sharp,
Dunn & Talbot (1987), with minor modifications. The
detection limit of  the assay was 0·039 ng ml

 

−

 

1

 

. The
intra-assay coefficient of variation was under 4·9%.

 

 

 

Data are presented as mean 

 

±

 

 1 SEM throughout.
Hormone concentrations below the lower detection
limit were set at detection limit for statistical analysis.
Parametric tests (repeated-measures 

 



 

s and paired

 

t

 

-tests) were used on raw or log-transformed data.
Because of the recent discussion about the usefulness
of Bonferroni corrections (e.g. Moran 2003), Bonferroni-
adjusted 

 

α

 

 values are reported along with the original

 

P

 

-values of  

 

post-hoc

 

 tests. Moult data were analysed
only for adult males.

 

Results

 

 

 

Males

 

Only the 12-h and 22-h groups experienced 5 weeks
of photoperiodic treatment. However, testis sizes and
plasma LH concentrations in both groups did not
change from 3 to 5 weeks of photoperiodic treatment
(paired-sample 

 

t

 

-tests on log-transformed data, each
treatment group separately, all 

 

P

 

 > 0·18; Fig. 1a,
Table 1). We therefore used data only from before and
after 3 weeks of photoperiodic treatment for further
statistical analyses.

After 3 weeks of photoperiodic treatment, there was
an overall increase in testis size (repeated-measures

 



 

 on log-transformed data; effect of ‘time’: 

 

F

 

1,25

 

 =
35·97, 

 

P

 

 < 0·0005, Fig. 1a), but groups differed in their
extent of testis growth (interaction of ‘time’ 

 

×

 

 ‘group’:

 

F

 

2,25

 

 = 3·75, 

 

P

 

 = 0·038; but no effect of  ‘group’ alone:

 

P

 

 > 0·16). Both the 13-h and 22-h groups showed
highly significant increased in testis sizes, while the

Fig. 1. (a) Testis and (b) follicle volumes (mm3; mean ±
1 SEM) of Spotted Antbirds before, and after 3 and 5 weeks
of exposure to a photoperiod of 12 h (open symbols), 13 h
(hatched symbols) or 22 h of light (filled symbols). For 13-h
group measurements for the 5-week time point are not available.
Sample sizes and weeks of treatment are given below x-axis.
Significant differences between before and after 3 weeks of
photoperiodic treatment were determined by post-hoc tests
(*P < 0·05, **P < 0·01, ***P < 0·005, for males: Bonferroni-
adjusted α = 0·016).
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12-h group showed a trend for an increase (

 

post-hoc

 

paired-samples 

 

t

 

-tests; Bonferroni-adjusted 

 

α

 

 = 0·016;
control group: 

 

t

 

 = 

 

−

 

2·51, 

 

P

 

 = 0·04; 13-h group: 

 

t

 

 = 

 

−

 

3·3,

 

P

 

 = 0·009; 22-h group: 

 

t

 

 = 

 

−

 

4·6, 

 

P

 

 = 0·001; Fig. 1a).
In contrast to testis growth, there were no overall

effects of treatment on plasma LH concentrations in
males (Table 1, effects of  ‘time’ or ‘group’: repeated-
measures 

 



 

, both 

 

P

 

 > 0·5), but there was a signi-
ficant interaction between ‘time’ 

 

×

 

 ‘group’ (

 

F

 

2,24

 

 = 3·64,

 

P

 

 = 0·042). Males in the 12-h group seemed to decrease
LH levels while males in the 13-h group appeared to
increase LH levels. However, 

 

post-hoc

 

 tests were not
significant.

Young (hatch-year) males were present in each
group (

 

n

 

 = 1 in 12-h group, 

 

n

 

 = 3 in 13-h group, 

 

n

 

 = 3
in 22-h group). These sample sizes precluded a statistical
analysis of the effect of photoperiod on testis growth of
young 

 

vs

 

 adults separately for each experiment group.
However, all hatch-year males increased testis sizes in
the 3 weeks of  photoperiodic treatment. Gonads of
hatch-year males were smaller than those of adults at
the start of the experiment (one-way 

 



 

, groups
lumped, 

 

n

 

 = 22 adults, 

 

n

 

 = 7 hatch-year, 

 

F

 

1,27

 

 = 6·52,

 

P

 

 = 0·017), but not after 3 or 5 weeks (after 3 weeks:

 

n

 

 = 22 adults, 

 

n

 

 = 6 hatch-year, 

 

P

 

 > 0·3; after 5 weeks:

 

n

 

 = 11 adults, 

 

n

 

 = 3 hatch-year, 

 

P

 

 > 0·4). Because of
the overall low sample size and high interindividual
variability, we did not analyse LH concentrations of
hatch-year males.

 

Females

 

There were no changes in follicle sizes in females in the
12-h and the 13-h groups (because of the small sample
size we used paired-sample 

 

t

 

-tests on log-transformed
data, 

 

P

 

 > 0·2 in both analyses), but females of the 22-h
group did significantly grow their gonads (

 

t

 

 = 

 

−

 

4·02,

 

P

 

 = 0·016, Fig. 1b; females did not yolk up follicles).
A total of five hatch-year females were included in the
experiments (n = 2 in 12-h group, n = 3 in 22-h group).
All hatch-year females, except for one bird in the 12-h
group, grew their gonads.

Repeated measures for LH were obtained for only
two females in the 12-h group and therefore this group
could not be included in the statistical analysis. There
was a significant increase in LH concentrations in the
13-h group (paired-sample t-test, t = −16·5, P = 0·004),
while the 22-h group showed a significant decrease in
LH over the 3 weeks of photoperiodic treatment (t =
3·5, P = 0·039; Table 1).



Males

At the start of  the experiment adult males were in
various stages of primary wing moult and most of them
also showed heavy body moult at their belly, sides,
back, head and tail. All birds that actively moulted pri-
maries before the start of the experiment continued to
lose new feathers during the first 3 weeks of the experi-
ment, and there were no indications of interrupted
moult in any bird. There was no correlation between
the degree of wing moult (as determined by the number
of  newly lost or growing feathers) of  individuals and
their changes in gonad size from before to after 3 weeks
of photostimulation (groups lumped, Pearson’s ρ = 0·49,
P > 0·8). The rate of wing moult (as calculated by the
change in the cumulative moult score for primaries;
Newton 1966) from before to 3 weeks after the start of
the experiment did not differ between experimental
groups (one-way , P > 0·17, Table 2). Within
this experimental period, birds on average advanced
their primary feather moult by 7·2 ± 1·16 score points,
or about 1·5 new feathers.

Females

Adult females were in a similar moult stage to adult
males. All adult females showed active body and wing

Table 1. Plasma LH concentrations (ng ml−1; mean ± 1 SEM)
of male and female Spotted Antbirds before and after 3 weeks of
exposure to a photoperiod of 12 h, 13 h or 22 h. Data for 5-
week treatments are not reported because not all groups
experienced this treatment duration and, in general, LH
concentrations did not differ between 3 and 5 weeks. Sample
sizes are given in brackets
 

 

Before After 3 weeks

Males
12-h 2·79 ± 0·68 (8) 1·85 ± 0·44 (8)
13-h 1·42 ± 0·38 (10) 2·76 ± 0·51 (10)
22-h 2·73 ± 0·68 (11) 2·76 ± 0·42 (9)

Females
12-h 2·96 ± 0·69 (3) 1·42 ± 0·78 (2)
13-h 2·32 ± 0·51 (3) 3·69 ± 0·7*** (3)
22-h 4·88 ± 1·5 (6) 2·06 ± 0·56* (4)

Significant differences as determined by paired-sample 
t-tests: *P < 0·05, ***P < 0·005. (For exact P-values and 
Bonferroni-adjusted α values see text.)

Table 2. Moult of primary wing feathers in adult males from each experimental group before and after 3 weeks of photoperiodic
treatment (mean ± 1 SEM). %: percentage of males in active moult in each group. Score: cumulative moult score for primaries.
Moult rate: change in cumulative moult score from before to after 3 weeks of photoperiodic treatment
 

 

Before % Score After 3 weeks % Score Moult rate

12-h (n = 7) 85·7 20·9 ± 5·1 88·4 26·1 ± 3·9 5·3 ± 5·1
13-h (n = 7) 85·7 25·3 ± 4·0 71·9 31·6 ± 3·6 6·3 ± 1·7
22-h (n = 8) 62·5 31·6 ± 4·3 50 36·4 ± 3·6 4·9 ± 1·6
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moult in each group before the start of photoperiodic
treatment and most of  them continued to do so
3 weeks after the start of the photoperiodic treatment.
As in males, there were no indications of moult being
interrupted.

Discussion

Our data show that seasonally breeding, highly photo-
sensitive Spotted Antbirds from the near-equatorial
tropics do not become absolutely photorefractory in
the wild. Spotted Antbirds thus differ from many
temperate zone birds in the control of gonad regres-
sion at the end of the reproductive season. The ability
to respond to a changing photoperiod provides an
important annual template for the timing of reproduc-
tion, which in many avian species causes reproduction
to begin and end on the same date every year (Wingfield
et al. 1992; Hahn et al. 1997). We suggest that Spotted
Antbirds possess a high degree of  plasticity of  the
photoperiodic template, which allows reproduction to
continue as long as environmental conditions allow,
even under short photoperiods.

    
   -  


We conducted this experiment on birds that had fully
regressed gonads after the breeding season and that
were in the midst of  postbreeding moult. We chose
this seasonal stage because it is the period when tem-
perate (Farner et al. 1983; Nicholls et al. 1988; Dawson
et al. 2001) and equatorial bird species (Gwinner &
Scheuerlein 1999) studied so far show photorefracto-
riness and are reproductively unresponsive to long
photoperiods. Two types of photorefractoriness have
been distinguished: relative and absolute (Nicholls
et al. 1988; Cockrem 1995; Bentley 1997; Hahn et al.
1997). Absolutely photorefractory birds collapse their
gonads during long days and cannot re-grow them in
response to photostimulation until they have regained
photosensitivity, which in many species requires ex-
posure to short day-length. Relatively refractory species
need to experience a decrease in photoperiod to regress
their gonads, but can re-initiate rapid gonad develop-
ment when presented with long photoperiods during
gonad regression (Robinson & Follett 1982). The sig-
nificant increase in gonad sizes in birds exposed to 22 h
of  light (22-h group; Fig. 1) clearly demonstrates
that Spotted Antbirds do not become absolutely
photorefractory when tested at the end of  breeding.
Our experimental design does not allow us to exclude
the possibility that Spotted Antbirds become relatively
photorefractory. Despite this, the demonstration that
Spotted Antbirds are not absolutely photorefractory
in the wild and therefore lack a rigid termination of
breeding is functionally the most critical aspect of
their seasonality (see also Hahn et al. 1997).

Males experiencing a 1-h increase in photoperiod
(13-h group; Fig. 1a) showed a highly significant increase
in testis size, suggesting that even slight changes in
photoperiod remain stimulatory. Females in the
same group lacked a significant reproductive response
(Fig. 1b), which is probably related to the small number
of females tested. However, we cannot rule out the pos-
sibility that females cannot respond to a small increase
in photoperiod at this time of  year and that the two
sexes differ in reproductive control mechanisms
(Ball 1993; Astheimer & Buttemer 1999; Bentley et al.
2003). Interestingly, males in the 12-h (control) group
also tended to grow their testes, albeit at a slower rate
than males in the 13-h group (Fig. 1a). An attractive
explanation related to the ecology of this species (see
discussion at end) could be that males remain respon-
sive to both photoperiodic and non-photic environ-
mental cues at this time of  year (see also Ball 1993;
Hahn et al. 1997). Food cues can stimulate the rate of
gonad growth in Spotted Antbirds prior to the breed-
ing season (Hau et al. 2000), and social cues such as
song might be stimulatory in captive birds housed
closely together. Alternatively, Spotted Antbirds might
possess endogenous annual rhythms like other temperate
and tropical species (Gwinner 1986), and under benign
conditions in captivity spontaneously re-initiate slow
gonadal development irrespective of day-length (in the
wild, Spotted Antbirds maintain regressed gonads at
this time of year; Wikelski et al. 2000).

Males in the 22-h group showed the highest rate
of testis growth of all groups, but despite such a large
increase in photoperiod did not achieve the large
gonad sizes of males exposed to a 1-h increase in photo-
period prior to the breeding season males reached
testis sizes of about 2·5 mm3 within 5 weeks of photo-
stimulation, compared to about 17 mm3 within 4 weeks
of photostimulation in Hau et al. (1998). The size at
which the testes probably produce active sperm in this
species is 5 mm3; Wikelski et al. (2000). This discrep-
ancy could result from a seasonally variable response
of  male Spotted Antbirds to photoperiod, which
might be related to internal (e.g. annual rhythms, body
reserves, moult, initial gonad sizes) or external factors
(e.g. actions of other environmental stimuli).

Plasma LH concentrations in birds from the differ-
ent groups differed in the initial sample and changes in
LH did not parallel the reproductive development of
birds in the different groups very well (Table 1). In pre-
vious experiments LH has not been a reliable marker
for reproductive activation in Spotted Antbirds either
(Hau et al. 1998; Hau et al. 2000), perhaps because of
a suppression of hormone levels in captivity or overall
low concentrations in plasma LH in these birds even in
the wild (Wikelski et al. 2000). LH also failed to parallel
gonad maturation in studies of other temperate and
tropical species, perhaps as a consequence of negative
feedback from gonadal steroids (Sailaja et al. 1988;
Silverin & Viebke 1994; Wingfield et al. 1997; Bentley
et al. 2000; Perfito et al. 2004).
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All hatch-year birds increased gonad sizes in the
present experiment. The variation observed among
hatch-year birds in the degree of gonad growth might
be related to their hatch date (i.e. their age at the start
of the experiment), or to photoperiodic treatment. The
attainment of reproductive maturation in the first year
of life in Spotted Antbirds is similar to opportunistic
breeders (Vaugien 1953 in Lofts & Murton 1968;
Marshall & Serventy 1958; Gibbs, Grant & Weiland
1984; Follett 1991). In complete contrast, the young of
most seasonally breeding temperate birds hatch in a
photorefractory state and are unable to breed in the year
in which they were born (Farner et al. 1983; Follett
1991).

   

In seasonal breeders, reproduction and moult are often
considered to be mutually exclusive life-cycle stages
(Payne 1972; Murton & Westwood 1977; Wingfield &
Farner 1980; Dawson 2002), presumably because both
are energetically costly. It is therefore remarkable that
in the present experiment moult rates of  males were
similar among treatment groups and that none of the
birds interrupted moult. Wild Spotted Antbirds have
not unequivocally been shown to exhibit moult–
breeding overlap (M. Hau & M. Wikelski, unpublished
data), but the present finding suggests that in these
birds these two life-cycle stages are not mutually exclu-
sive (see also Hahn et al. 1992).

In the present experiment, moult and reproductive
maturation might have been energetically compatible
because of unlimited abundance of high-quality food
in captivity and the fact that gonads had just started
to grow and were still small. Alternatively, slow moult
rates in tropical birds (Miller 1961; Fogden 1972;
Gwinner, Dittami & Gwinner 1983) might render an
overlap of moult and breeding generally more feasible.
Indeed, the duration of the primary wing moult in our
captive population (roughly 120 days, or 17 weeks) falls
within the slow moult rates reported for other tropical
birds rather than the fast moult rates of  temperate
birds. Finally, the reproductive hormone testosterone
appears to be one mediator of the incompatibility of
reproduction and moult in temperate birds (Schleussner,
Dittami & Gwinner 1985; Hahn et al. 1992; see also
summary in Payne 1972). Spotted Antbirds generally
have low circulating concentrations of  testosterone
(Wikelski, Hau & Wingfield 1999b; Wikelski et al. 2000)
and this hormone might therefore not have inhibited
moult.

   
 

Early research had argued that equatorial birds might
not become photorefractory in the wild because the
critical day-length to induce this state might not be
exceeded (Murton & Westwood 1977). This suggestion

was based on the fact that in most photoperiodic bird
species, the threshold for the induction of photorefac-
toriness is higher than that for reproductive matura-
tion (Murton & Westwood 1977; Nicholls et al. 1988;
Cockrem 1995). However, there now exists evidence
that the critical day-length for the induction of photo-
refractoriness is below 13 h (which is the maximal
day-length in Panama; Wikelski et al. 2000) in temper-
ate bird species (Nicholls et al. 1988). Furthermore, it
has been shown that even equatorial birds can become
photosensitive when exposed to their natural photo-
period (e.g. Gwinner & Scheuerlein 1999). Since Spotted
Antbirds have an almost exclusively tropical phylo-
genetic history (Ridgely & Tudor 1994), they are likely to
have evolved photoperiodic thresholds that are func-
tionally relevant in their environment, like many other
avian species (Lofts, Murton & Westwood 1966; Lofts,
Murton & Westwood 1967; Lofts & Murton 1968;
Silverin, Massa & Stokkan 1993; Hahn et al. 2004;
MacDougall-Shackleton, Pereyra & Hahn, in press).

The lack of absolute photorefractoriness matches
the ecology of  Spotted Antbirds, in particular their
long breeding season that extends past the summer
solstice (Wikelski et al. 2000). Absolute photorefracto-
riness is typically found in species with a short breeding
season that need to terminate reproductive processes
while day-lengths are very long, while species with a
long breeding season typically are relatively or not
photorefractory (Farner et al. 1983; Nicholls et al. 1988;
Hahn et al. 1997; Dawson et al. 2001). It also fits the
seasonal variability of  the environment in Panama,
where the beginning and end of  the wet season can
vary between years by up to 11 weeks (Windsor 1990).
In such a climate it appears beneficial for Spotted
Antbirds to keep the end of the reproductive period
flexible and extend it in years in which favourable con-
ditions persist (see also Hahn et al. 1997). The environ-
mental and physiological processes that actually
terminate breeding and lead to a regression of  the
reproductive system in these birds remain to be
investigated, but factors such a decrease in day-length,
resource availability or body condition may contribute
to it.
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