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Opportunistic breeding is a strategy used to maximize reproductive success in unpredictable environ-
ments. Birds that breed opportunistically are thought to maintain partial activation of the reproductive
axis in order to rapidly initiate breeding when environmental conditions become suitable. The physiolog-
ical mechanisms that modulate reproduction in seasonally breeding birds have been well explored. In
contrast, the physiological mechanisms that allow opportunistic breeding birds to maintain a continued
state of reproductive readiness has not been well established. Here, we tested the hypothesis that repro-
ductive readiness is modulated through condition-mediated effects on the hypothalamic–pituitaryadre
nal (HPA) axis and its downstream effects on corticosterone (CORT) secretion in wild zebra finches
(Taeniopygia guttata). We examined the variation in body condition, HPA-axis activity (endogenous
and adrenocorticotropic hormone (ACTH)-induced responses), and hypothalamic-pituitary-gonadal
(HPG) axis activity activity (baseline and gonadotropin-releasing hormone (GnRH) induced testosterone
and estradiol levels) in zebra finches across five sites in the Northern Territory in Australia. We found that
birds at the sites in the lowest condition had the highest level of baseline and peak CORT. Additionally,
males at the sites in the lowest condition had the highest fold increase in testosterone following a
GnRH challenge. Across sites, birds with low body condition had high baseline, peak, and ACTH-
induced levels of CORT. Our data suggest that reproductive readiness in opportunistically breeding birds
is modulated by condition-mediated trade-offs between the HPA- and the HPG-axes. Further work is
needed to understand the environmental conditions that influence reproductive activation in opportunis-
tically breeding birds.

� 2017 Elsevier Inc. All rights reserved.
1. Introduction

Animals living in variable or unpredictable environments can
maximize fitness by timing energetically expensive life history
states (e.g. reproduction) to overlap with periods of high resource
availability (Bronson, 1985; Wingfield and Kenagy, 1991). In
unpredictable environments, resources can vary erratically within
or between seasons driving high levels of variability in reproduc-
tive opportunities (Robin et al., 2009). Animals that breed in unpre-
dictable environments (i.e. opportunistic breeders) are thought to
continually maintain a state of reproductive readiness in order to
rapidly exploit reproductive opportunities (Perfito et al., 2007).
Consequently, unpredictable environments exert strong selective
pressure for flexible physiological responses that enable animals
to rapidly transition between life history stages to maximize fit-
ness (Wingfield et al., 1992).

In birds, opportunistically breeding species are purported to
lack periods of absolute reproductive refractoriness, but rather
maintain some degree of a continuous state of reproductive readi-
ness (reviewed in Cornelius et al., 2013; Hahn et al., 2008). In con-
trast to seasonally breeding birds that have dampened
hypothalamic-pituitary-gonadal (HPG) axis activity and com-
pletely regressed gonads outside of the breeding season, some
opportunistically breeding birds such as the Australian zebra finch
(Taeniopygia guttata), maintain an active HPG axis and partially
developed gonads even when not breeding (Perfito et al., 2007).
Other species of opportunistically breeding birds such as Darwin’s
small ground finch (Geospiza fuliginosa), undergo complete collapse
of gonads when not breeding (Hau et al., 2004), but potentially sus-
tain a degree of reproductive readiness via maintenance of the cen-
tral gonadotropic-releasing hormone (GnRH) system (Hahn et al.,
2008). Maintaining a degree of tonic reproductive readiness allows
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Fig. 1. A map of the five field sites used in this study (sites number 1–5 south to
north). Images from Google Earth.
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birds to rapidly initiate reproduction behaviors when favourable
conditions are encountered in unpredictable environments, such
as the arid zone of Australia, where avian species have restricted
and unpredictable breeding opportunities (Duursma et al., 2017).

While seasonally breeding birds are largely dependent on pho-
toperiod to trigger changes in reproductive physiology (Dawson
et al., 2001; Nicholls et al., 1988), opportunistic breeding birds ini-
tiate breeding in response to multiple environmental and social
cues (Hahn, 1995; Hahn et al., 2005). One environmental cue that
may be particularly informative to opportunistically breeding birds
is food availability. In captive and free-living birds, food restriction
has been associated with decreased testosterone and reproductive
behaviors and increased levels of corticosterone (CORT; Fokidis
et al., 2013; Lynn et al., 2003; Lynn et al., 2010). Elevated levels
of CORT can inhibit reproduction via suppression of the HPG-axis
(Wingfield and Sapolsky, 2003), disrupt parental and reproductive
behaviors (Lynn et al., 2010; Silverin, 1986, 1990), and have been
associated with reduced parental care and reproductive success
in free-living birds (Criscuolo et al., 2005; Lendvai and Chastel,
2010; Miller et al., 2009). In birds, body condition has well-
established links to both CORT response (e.g. Breuner and Hahn,
2003; Crino et al., 2017) and reproduction (e.g. Bety et al., 2003;
Chastel et al., 1995). Reproductive readiness in opportunistic
breeders may be modulated through changes in body condition
and its downstream effects on the hypothalamic-pituitaryadrenal
(HPA) and HPG-axes.

The zebra finch, an Estrildid finch native to Australia, is an avian
model system that is characterized by its propensity to breed
opportunistically (Serventy, 1971; Zann, 1996). The zebra finch is
distributed over 75% of continental Australia in habitats ranging
in seasonal climatic variation from temperate, arid, to semi-
tropical environments (Zann, 1996). In unpredictable habitats,
zebra finches are thought to maintain an activated reproductive
system in order to rapidly initiate breeding in response to sporadic
and unpredictable precipitation (Perfito et al., 2007). Early reports
suggested that zebra finches initiate reproduction within hours of
rainfall following a drought (Immelmann, 1963). However, evi-
dence from a seven year study in the grassland biome at Alice
Springs suggests a longer lag time between precipitation and
reproduction in wild zebra finches with reproduction being highest
around four months after a significant rainfall event (Zann et al.,
1995). Likely, wild zebra finches integrate a broad suite of environ-
mental cues to determine when best to time breeding events
(Hahn et al., 2008).

Although the natural history of wild zebra finches has been well
established (Zann, 1996), few studies have examined the physio-
logical mechanisms that modulate reproductive readiness in wild
zebra finches. A notable exception is research by Perfito et al.
(2007) who examined differences in the reproductive readiness
of zebra finches at two sites which varied in the predictability of
rainfall. Perfito et al. (2007) found that male zebra finches at the
unpredictable site maintained a greater degree of gonad develop-
ment and higher levels of luteinizing hormone when not breeding,
compared to birds from the predictable site. Birds from the unpre-
dictable site were in lower condition compared to birds from the
predictable site, but birds had no difference in baseline or
stressed-induced CORT levels between the sites, suggesting that
CORT does not modulate reproductive readiness in zebra finches
(Perfito et al., 2007).

Here, we expand upon the work by (Perfito et al., 2007) by look-
ing at population level differences in HPA- and HPG-axis activity,
body condition, and breeding activity of zebra finches at five vari-
able sites across a broad geographic area in the arid interior of Aus-
tralia which varies in rainfall predictability. We examined these
physiological trade-offs in zebra finches at five sites that were
likely to reflect the quite variable environmental conditions that
typically prevail in the heterogenous landscape of arid Australia
(Morton et al., 2011). We evaluated differences in HPA- and
HPG-axes activity, body size, and condition between sites and
examined the relationship between body condition and endocrine
responses. We examined site differences in breeding activity, and
recent precipitation events and examined associations between
local precipitation and endocrine responses. We predicted that
zebra finches would differ between sites in body condition due
to spatial and temporal variation in resource availability that typ-
ifies the Australian interior. Furthermore, we predicted that zebra
finches in poorer condition would have elevated HPA-axis activity,
dampened HPG-axis activity, and would be less likely to have bred
recently.

2. Methods

2.1. Field sites, trapping, and blood collection methods

We trapped wild zebra finches to measure morphometric vari-
ation from 9-September – 15th-October 2014 (early summer) at
five field sites located in the Northern Territory, Australia (Fig. 1).
The field sites were located on private land and were chosen
opportunistically based on the presence of zebra finches and the
cooperation of the landowners. The sites were located between
106.4 and 594.1 km apart. We sampled birds a second time at
the same sites from 10th – 28th of November 2014 (mid-
summer) to evaluate HPA- and HPG-axis activity and measure
morphometrics. We trapped wild zebra finches between 6:30am
and 12:00 pm using mist nets, positioned at artificial water holes,
used for watering stock.

We obtained an initial blood sample to measure baseline levels
of hormones within three minutes of the birds being captured in
the net for CORT and within five minutes for T. For CORT, samples
collected within three minutes are considered to reflect baseline
levels (Romero and Reed, 2005). For T we found no association
between hormone levels and the amount of time it took to collect
an initial blood sample after a bird made contact with the net (T =
0.38, P = .70), a result that is consistent with other published data
(Prior et al., 2017). To collect blood, we punctured the alar vein
with a 27-gauge needle and collected 25–50 ml of blood with hep-
arinized microcapillary tubes. We stored the blood on ice (<7.5 h)
until it could be centrifuged to separate plasma from red blood
cells (7000 rpm for ten minutes). After separation, the plasma
was isolated and stored at -20 �C until the samples were trans-
ported to Deakin University on dry ice and stored at �80 �C until
assayed. After the initial blood sample was obtained, birds were
exposed to one of the three endocrine treatments (stress response,
ACTH challenge, or GnRH challenge) described below. Males and
females were targeted equally and all birds included in these treat-
ments were adults.

We utilized data collected from the Australian Government
Bureau of Meteorology (BOM) to help infer differences in precipita-
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tion and temperature between sites. We examined site differences
in monthly averages of temperature and precipitation for the year
of 2013–2014 and in daily averages during the month of November
2014.

2.2. Endogenous CORT response, ACTH challenges, and GnRH
challenges

To assess endogenous HPA-axis activity, we collected one blood
sample within three minutes of netting birds (baseline CORT). After
collecting the initial sample, we restrained birds in opaque cloth
bags for 15 min, after which time we collected a second blood sam-
ple (stress-induced CORT).

To measure maximum production of CORT from the adrenal
glands, we conducted ACTH challenges, in a separate group of
birds. We collected an initial blood sample to measure baseline
CORT (as above). After the first blood sample was obtained, we
injected 0.1 ml of 25 IU/kg of ACTH in saline (Sigma Aldrich
A6303) into the right pectoralis muscle. We determined ACTH dose
based on published studies that conducted ACTH challenges on
similarly sized birds (Kriengwatana et al., 2014; Schmidt et al.,
2012). After injections, we placed birds in opaque cloth bags and
held them for 15 min before collecting a second blood sample.

To assess HPG-axis function, we conducted GnRH challenges
and measured increases in testosterone in males and estradiol in
females. After collecting an initial blood sample, we injected 0.1
ml of 0.025 ng/ml of chicken GnRH (Sigma L0637) dissolved in sal-
ine in the right pectoralis muscle (Jawor et al., 2006). After injec-
tions, we placed birds in opaque cloth bags for 30 min before
collecting a second blood sample.

2.3. Morphometrics and condition measurements

One person (O.L.C) measured tarsal length (posterior to anterior
tarsus) and mass for birds following the collection of the final
blood sample. We calculated condition using residual body mass
measurements (mass/tarsus) and the scaled mass index (Peig and
Green, 2009).

2.4. Assessing breeding activity

To assess breeding activity at each site in late summer, we
quantified the percentage of juveniles and sub-adults at each site
from our trapping records between 12th and 28th of November
2014. We trapped at each site 3–4 times. We classified birds with
no adult plumage and black bills as juveniles and birds that had
any adult plumage and partial black bills as sub-adults.

2.5. Hormone assays – corticosterone, testosterone, and estradiol

Baseline, stress-induced, and ACTH-induced corticosterone
levels were quantified with Enzyme Immunoassay (EIA) kits (Cat
No. ADI 900–097, Enzo Life Sciences). Samples were spiked with
one pg of tritiated CORT (1,2,6,7-3H; Perkin Elmer, Australia) prior
to steroid extraction to determine recovery percentage. We
extracted CORT from raw plasma using a double wash of dichloro-
methane. Samples were then dried under nitrogen gas and recon-
stituted in buffer solution (1:30 ratio). We adjusted hormone
values for the average sample recovery (78.0%). We used an
adjusted protocol to assay the reconstituted samples using half
the volume of all the reagents supplied with the EIA kits (Crino
et al., 2017). An external standard of 500 pg/ml was run on every
plate and used to calculate inter-plate variation. All samples and
standards were run in triplicate. Plates were read on a FLUOstar
Omega microplate reader at 405 nm corrected at 595 nm. Levels
of CORT were determined from a six point standard curve ranging
from 20,000 to 15.53 pg/ml. Intra- and inter-plate variation was 5.7
and 9.1% respectively. The detection limit of the assay was 0.02 ng/
ml.

Baseline and GnRH-induced testosterone levels for males were
quantified with EIA kits (Cat No. ADI 900-097, Enzo Life Sciences).
We diluted raw plasma samples to 1:30 using the standard assay
buffer. We used an adjusted protocol to assay the reconstituted
samples using half the volume of all the reagents supplied with
the EIA kits. All samples were run in triplicate against a five point
standard curve ranging from 7.81 to 2000 pg/ml. Plates were read
on a Varioskan LUX microplate reader at 405 nm corrected at 570
nm. An external standard of 500 pg/ml was used to calculate inter-
plate variation. Intra- and inter-plate variation was 9.46 and 8.11%
respectively. The detection limit of the assay was 5.67 pg/ml.

Baseline and GnRH-induced estradiol levels for females were
quantified with a 17-b estradiol high-sensitivity Enzyme
Immunoassay (EIA) kit (Cat No. ADI 901-174, Enzo Life Sciences).
We diluted plasma samples (10–15 ml) in assay buffer to a final vol-
ume of 120 ml and assayed them in duplicate against a ten point
standard curve ranging from 1.95 to 3000 pg/ml. Plates were read
on a Varioskan LUX microplate reader at 405 nm. Intra- and inter-
plate variation was 18.37% and 23.14% respectively. The detection
limit of the assay was 0.8 pg/ml.

2.6. Statistical analyses

2.6.1. Environmental data
Mean weekly precipitation was non-normally distributed

(Shapiro-Wilk P < .001, d.f. = 59) and transformation failed to nor-
malize the data. We used generalized linear effects models with
gamma distributions and identity functions to evaluate the differ-
ences in mean weekly precipitation between sites with precipita-
tion and temperature as dependent variables and site as a fixed
factor. We used post-hoc Bonferonni analyses to compare pairwise
site differences in precipitation and temperature.

2.6.2. Breeding activity
Between all five sites, we netted a total of 630 birds including

541 adults, 81 sub-adults, and 8 juveniles. The overall number of
juveniles we captured was low. For this reason, we combined juve-
niles and sub-adults into one group. We used contingency table
analysis to determine if there were differences in the proportion
of juveniles/sub-adults and adults between sites. To examine site
specific differences, we performed 2x2 contingency tables compar-
ing the proportion of juveniles/sub-adults at each site to the pro-
portion of juveniles/sub-adults in the entire population
(McDonald, 2014).

2.6.3. Morphological and condition measurements
All morphological measurements were normally distributed

(Shapiro-Wilk P > .28, d.f. = 391) except for measures of condition
calculated with the scaled mass index (p = .03). Measures of condi-
tion from the scaled mass index and residual body measurements
were highly correlated (Pearson correlations; P < .001, r2 = 0.89).
For that reason, and given the non-normality of the scaled mass
data, we used only residual body mass values in all statistical anal-
yses. Analyses revealed statistically similar outcomes using either
measure of condition. We examined differences between sites in
body size and condition for early and mid-summer using multi-
variate general linear models with tarsus length, mass, and condi-
tion as dependent variables and season (early or mid-summer),
site, sex, and all interaction terms as fixed factors. Birds from the
early breeding season had higher mass (F = 11.70, P = .001, d.f. =
1, 392) and body condition measurements (F = 11.94, P = .001, d.
f. = 1, 392) than birds from the late breeding season. For this rea-
son, we conducted separate models for early versus mid-summer
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to examine pairwise differences in morphometric traits and condi-
tion between sites using post-hoc Bonferroni tests. We sampled a
total of 95 birds in early summer (for sites 1–5 (females, males);
n = 33 (12, 11); 19 (8, 11); 19 (7, 12); 19 (8, 11); 16 (8, 8) respec-
tively) and 297 birds in mid-summer (for sites 1–5 n = 62 (32, 30);
63 (31, 32); 49 (22, 27); 61 (30, 31); 62 (30, 32) respectively).

2.6.4. Endogenous CORT and ACTH challenges
All CORT data were non-normally distributed (Shapiro-Wilk P <

.0001, d.f. = 196). Log transformation normalized fold measure-
ments of CORT (Shapiro-Wilk P = .53, d.f = 196), but failed to nor-
malize baseline and elevated CORT measurements (Shapiro-Wilk
P = .001, .06, d.f. = 196). To keep analyses consistent, we used gen-
eralized linear models with gamma distributions and log link func-
tions to account for positively skewed data with non-transformed
CORT measures as the dependent variables. For each model, we
used site, sex, and sex by site as fixed factors and time to collect
the blood sample as a covariate. We simplified models using back-
ward selection (McCullagh and Nelder, 1989) and corrected Akaike
Information Criterion (AICc) to determine the most parsimonious
number of parameters (Burnham and Anderson, 2002). Neither
sex nor sex by site were significant in any models and was
removed from the final models. The statistics we report for non-
significant model terms were from full models before the factor
was removed. We compared differences between sites using
post-hoc Bonferroni comparisons. We sampled a total of 95 birds
to measure endogenous CORT levels (for sites 1–5 (females,
males); n = 18 (10, 8); 19 (10,9); 17 (10,7); 21 (10, 11); 20
(10,10). We were unable to obtain a second blood sample for one
male from site 3 and two females from site 1. We sampled a total
of 94 birds to measure CORT levels following an ACTH challenge
(for sites 1–5 (females, males); n = 19 (10, 9); 19 (9, 10); 16 (16,
10); 20 (10, 10); 20 (10, 10). We used identical methods to collect
plasma samples to measure baseline CORT for quantifying endoge-
nous levels and for the ACTH challenge. For this reason, we com-
bined these samples for models involving baseline CORT.

We used Spearman rank correlations to examine associations
between condition and CORT levels. We combined baseline CORT
measures from the ACTH challenge and endogenous CORT measure
and, therefore, the sample size for this analysis is n = 188. Stress-
induced CORT levels from the ACTH challenge (n = 93) and the
endogenous CORT measurements (n = 92) were compared to con-
dition in separate analyses.

2.6.5. GnRH challenge
We calculated fold increase in testosterone as GnRH induced

levels divided by baseline levels. Testosterone and fold increase
in testosterone data were non-normally distributed (Shapiro-
Wilk P < .0001 for both). We used log transformation to normalize
all testosterone data and used the resulting values in analyses. To
examine differences in baseline and GnRH induced levels of testos-
terone between sites, we used a univariate general linear model
with testosterone levels as the dependent variable and site and
pre/post injection as fixed factors. To examine differences in fold
increase between sites, we used a univariate general linear model
with fold increase as a dependent variable and site as a fixed factor.
We compared differences between sites using post-hoc Bonferroni
comparisons. We used linear regression to examine associations
between condition and testosterone variables (baseline, GnRH-
induced, and fold increase). For the GnRH challenges, we sampled
a total of 41 males. We were unable to collect a blood sample fol-
lowing GnRH injection from two males from site 2 and one male
from site 5. Therefore, the sample sizes for analyses with baseline
testosterone are (for sites 1–5): 7, 8, 6, 10, and 10. For analyses
involving GnRH induced levels of testosterone and fold increase
in testosterone the sample sizes are (for sites 1–5): 7, 6, 6, 10, 9.
We calculated fold increase in estradiol as GnRH induced levels
divided by baseline levels. Baseline, GnRH induced, and fold
increase in estradiol levels were non-normally distributed
(Shapiro-Wilk P = .04, .01, and .07). We log transformed estradiol
levels and used the resulting values in all analyses. We examined
site differences in estradiol levels using linear mixed effect models
with estradiol levels as a dependent factor, bird identification as a
subject, the sample time point (pre/post GnRH injection) as a
repeated measure, and site and site by time point as fixed factors.
We simplified models using backward selection and corrected
Akaike Information Criterion (AICc) to determine the most parsi-
monious number of parameters (Burnham and Anderson, 2002).
We used post-hoc Bonferonni test to make pairwise comparisons
in estradiol levels between sites. We used linear regression to
examine associations between condition and estradiol variables
(baseline, GnRH-induced, and fold increase).

We used a multivariate general linear model to examine corre-
lations between hormonal responses (fold increase in CORT, testos-
terone, and estradiol) and precipitation using mean values for each
hormonal response and the average weekly precipitation during
the sampling period.
3. Results

3.1. Environmental data

The mean daily temperature for November 2014 (during the
sampling period for this study) was different between sites (Wald
chi-square = 23.86, P < .0001, d.f. = 4; Fig. S1A). Sites 1 and 2 had
lower mean daily temperatures compared to sites 4 and 5 (P =
.05, .002; .02, .001). The mean weekly temperature for 2013–
2014 was not different between sites (Wald chi-square = 4.81, P
= .31, d.f. = 4; Fig. S1B) Mean daily precipitation was not signifi-
cantly different between sites during the sampling period of
November 2014 (Wald chi-square = 8.02, P = .09, d.f. = 4;
Fig. S2A). Mean weekly precipitation varied significantly between
sites for 2013–2014 (Wald chi-square = 14.40, P = .006, d.f. = 4;
Fig. S2B). However, post-hoc pairwise analyses that accounted for
multiple comparisons yielded no significant differences between
sites in mean weekly precipitation from 2013-2014 (P > .80 for all).
3.2. Breeding activity

The proportion of juveniles/sub-adults differed between sites
(v2 = 14.02, P = .001, d.f. = 4; Fig. 2). The average proportion of
juveniles/sub-adults at all five sites was 14.13%. There was a
greater proportion of juveniles/sub-adults at site 1 (v2 = 9.02, P =
.003, d.f. = 1) compared to all other sites. There were non-
significant trends for lower proportions of juveniles/sub-adults at
sites 3 and 4 compared to all other sites (v2 = 3.58, P = .059, .07
3.25; d.f. = 1, 1 respectively). There was no difference between
the proportion of juveniles/sub-adults at site 2 (v2 = 0.01, P = .93,
d.f. = 1) compared to all other sites (Fig. 2).
3.3. Morphometrics and condition

Overall, birds sampled in the early summer were heavier (F1,
392 = 11.70, P = .001) and in better condition than birds sampled
in mid-summer (F1, 392 = 11.94, P = .001; Fig. 3). There was a signif-
icant site by season interaction for mass and condition (F4,392 >
5.19, P < .0001). In the early summer, tarsus length varied between
sites (F4,95 = 2.59, P = .042) with birds from site 4 having longer
tarsi than birds from sites 2 (P = .007). There were no other signif-
icant differences in pairwise comparisons of tarsus length between



Fig. 2. The percentage of juveniles/sub-adults at each site. Dashed line indicates the
overall average percentage of juveniles/sub-adults for all sites combined (14.13%).
*P < .01, � � 0.07.

Fig. 3. Body condition calculated as mass divided by tarsus length across sites from
the early summer (open circles) and late summer (closed circles).

Fig. 4. Differences between sites for A) baseline and stress induced endogenous
CORT levels, B) baseline and ACTH induced CORT levels. Baseline CORT levels to
measure endogenous CORT responses and ACTH challenges were combined for
analyses, but are shown separate here. Bars represent ±1 SEM.
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sites in early summer (P > .132). Neither mass nor condition varied
between sites in the early summer (F < 1.73, P > .151 for all).

For birds sampled in the mid-summer, tarsus, mass, and condi-
tion varied significantly between sites (F4,297 > 4.11, P < .01 for all).
In the mid-summer, birds from sites 1, 2, and 5 (the southern and
northernmost sites were in significantly better condition compared
to birds from sites 3 (P < .0001 for all), birds from site 2 were in
better condition than birds from site 4 (P = .03), and birds from site
5 were in better condition than birds from site 4 (P = .002). Tarsus
length was significantly different between sites (F4,297 = 4.11, P <
.003) with birds from sites 2 and 4 having smaller tarsi than birds
from site 1 (P = .005 for both). Mass was significantly different
between sites (F4,297 = 21.13, P < .0001). Mass followed a similar
inter-site pattern of variation as shown for condition with birds
from site 1 heavier than birds from sites 2, 3, and 4 (P < .001 for
all), birds from site 2 heavier than birds from sites 3 (P = .01) and
4 (P = .04), and birds from site 5 heavier than birds from sites 3
and 4 (P < .0001 for both; Fig. 3).

There were no sex differences in tarsus, mass, or condition
across all sites and both seasons (F1,392 < 3.58, P > .059 for all). Like-
wise, there were no sex by site effects on morphometric traits nor
sex by season interactions (F4,392 < 2.86, P > .45 for all). There was a
significant effect of sex by season on tarsus length (P = .02, F1, 392 =
5.92). In the early summer the males we trapped had longer tarsi
than females (P = .02, F1, 95 = 5.73; Fig. 3).
3.4. Endogenous CORT responses and ACTH challenges

Baseline CORT levels differed between sites (Wald chi-square =
42.99, P < .0001 d.f. = 4). Birds from site 3 had higher levels of base-
line CORT compared to birds from all other sites (P < .0001, .0001,
=.02, <.001 for sites 1, 2, 4, 5). Birds from site 4 had higher levels of
baseline CORT compared to birds from site 1 (P = .04). All other
pairwise comparisons were non-significant (P > .39; Fig. 4a).

CORT levels following restraint stress differed between sites
(Wald chi-square = 22.50, P = <.0001, d.f. = 4) with birds from site
3 having higher CORT levels compared to birds from all other sites
(P = .01, .02, .002, .01 for sites 1, 2, 4, 5; Fig. 4a). All other pairwise
comparisons between sites were non-significant (P > .9 for all).
Females had higher levels of stress-induced CORT levels compared
to males (Wald chi-square = 6.31, P = .01, d.f. = 1). Neither the time
to collect blood sample (Wald chi-square = 0.71, P = .40, d.f. = 1) or
sex by site (Wald chi-square = 0.48, P = .98, d.f. = 4) had an effect
on stress-induced CORT levels. There was a non-significant trend
for fold increase in CORT levels (stress-induced/baseline) to differ
between sites (Wald chi-square = 8.79, P = .067, d.f. = 4). Neither
sex nor sex by site affected fold increase in CORT levels (Wald ch
i-square = 0.06, P = .81, .48, 4.53, d.f. = 1, 5).
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CORT levels following an ACTH challenge were different
between sites (Wald chi-square = 29.68, P < .0001, d.f. = 4), with
birds from site 3 having higher levels of CORT compared to birds
from sites 1 and 2 (P = .001, .002) and a non-significant trend
toward higher levels of CORT compared to birds from site 5 (P =
.057; Fig. 4b). ACTH induced levels of CORT were not affected by
the time to collect the blood sample (Wald chi-square = 0.13, P =
.72, d.f. = 1), sex (Wald chi-square = 0.36, P = .55, d.f. = 1), or sex
by site (Wald chi-square = 3.77, P = .58, d.f. = 5). Fold increase in
CORT levels in response to ACTH challenge was not significantly
affected by site (Wald chi-square = 4.88, P = .30, d.f. = 4), sex (Wald
chi-square = 0.89, P = .38, d.f. = 1), or site by sex (Wald chi-square
= 11.15, P = .27, d.f. = 9).

Baseline CORT levels were negatively associated with condition
(P < .0001, r2 = -0.29, Fig. 5a). Likewise, ACTH and stress induced
CORT levels were also negatively associated with condition (P < .
0001, =.001, r2 = �0.43,�0.33 respectively; Fig. 5b, c). Fold increase
in CORT levels following restraint stress and the ACTH challenge
Fig. 5. Associations between body condition and A) baseline CORT levels, B) CORT
levels following ACTH injection, and C) CORT levels following restraint stress.
were associated with condition (P = .40, .49, r2 = �0.09, �0.09
respectively).
3.5. GnRH challenges

Across sites, GnRH induced levels of testosterone were higher
than baseline levels (F1,78 = 5.75, P = .02). Baseline levels of testos-
terone were not different between sites (P = .17, F4,40 = 1.71). How-
ever, both GnRH induced levels of testosterone and fold increase in
testosterone differed between sites (F4,37 = 2.83, 5.35, P = .04, .002
respectively). Males from site 1 had higher levels of testosterone
following GnRH injection compared to birds from site 4 (P = .03)
and a non-significant trend for higher testosterone than males
from site 5 (P = .051; Fig. 6). Birds from site 3 had higher fold
increases in testosterone levels following GnRH injection com-
pared to birds from sites 1, 2, and 5 (P = .02, .03, .01 respectively;
Fig. 6b). All other pairwise comparisons were non-significant (P
> .12). Across sites, there was a significant positive association
between condition and baseline testosterone (F1,39 = 5.60, P =
.02,), no association between condition and GnRH induced testos-
terone (F1,36 = 0.38, P = .54), and a significant negative association
between condition and fold increase in testosterone (F1,36 = 8.18,
P = .007; Fig. 7).

Estradiol levels were non-detectable by EIA in 31 of 81 samples
assayed. The sample sizes for the detectable samples were
Fig. 6. Fold increase in testosterone levels, calculated as testosterone 30 min after
GnRH injection over baseline testosterone. Bars represent ±1 SEM. Significant
differences (p < .05) denoted by letter.
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distributed between sites as follows (sites 1–5; baseline, GnRH-
induced): n = 3, 2; 6, 6; 4, 4; 5, 8; 5, 6. Estradiol levels varied
between sites (F = 2.88, P = .049, d.f. = 4), but post-hoc analyses
revealed no significant pairwise differences between sites (P > .09
for all). Neither sample time point (pre or post injection) nor site
by time point had an effect on estradiol levels (F = 0.44, 0.37, P =
.52, .82, d.f. = 4, 4 respectively). Fold increase in estradiol levels
was not different between sites (F = 0.36, P = .84, d.f. = 4; Fig. S3).
Analyses using just baseline estradiol data revealed no differences
between sites in estradiol levels (F4,22 = 1.57, P = .023). Across sites,
Fig. 7. Associations between body condition and A) baseline testosterone levels, B)
testosterone levels following GnRH injection, and C) fold increase (levels following
injection/baseline).
there were no associations between estradiol measures (baseline,
GnRH-induced, fold increase) and condition (F = 0.05, 0.288, 0.27;
P = .82, .60, .61; d.f. = 1,21; 1,24, 1,19).

3.6. Environmental variables and population level hormonal responses

At the population level, fold increase in CORT levels following
the ACTH challenge was positively associated with mean weekly
precipitation across sites (F1,4 = 19.67, P = .02; Fig. 8). Similarly,
population level fold increase in testosterone levels following the
GnRH challenge were negatively, but non-significantly associated
with mean weekly precipitation (F1,4 = 7.94, P = .067; Fig. 8). There
were no significant associations between endogenous fold increase
in CORT levels and precipitation (F1,4 = 0.94, P = .40; Fig. 8) or fold
increase in estradiol levels following a GnRH challenge and precip-
itation (F1,4 = 1.36, P = .33; Fig. 8). There were no associations
between population level hormonal response and mean tempera-
ture (F1,4 < 2.89, P > .18 for all).
4. Conclusion

The physiological mechanisms that modulate reproduction in
seasonally breeding birds are well understood, but, in contrast,
the physiological mechanisms that allow opportunistic breeding
birds to maintain a continued state of reproductive readiness have
not been well explored. Here, we show for the first time that
condition-mediated trade-offs determined by environmental con-
ditions influence reproductive readiness in the opportunistically
breeding zebra finch.

Wild zebra finches varied between five sites in body condition,
HPA and HPG-axes activity (males only), and breeding activity. In
the late breeding season, birds from the southern and northern
sites were in better condition compared to birds from the central
sites. There were no differences between sites in body condition
in the early breeding season, but birds in the early breeding were
overall in better condition compared to birds from the late breed-
ing season. There was a pattern for birds from the geographically
central sites to have higher levels of baseline CORT and higher
levels of CORT following restraint stress (endogenous CORT
response) and an ACTH challenge, compared to birds from the
southern and northern sites. Similarly, males at the central sites
had higher fold increases in testosterone following a GnRH chal-
lenge compared to males from the south and northern sites (but
no differences in baseline testosterone). There were no differences
in female estradiol levels following a GnRH challenge between
sites. Condition was negatively associated with baseline, stress-
induced, and ACTH-induced CORT levels. There was a higher pro-
portion of sub-adults/juveniles to adults at the southernmost site
compared to the average of all sites and a trend for lower propor-
tions of sub-adults/juveniles at the central sites. We found some
evidence for variation in temperate and precipitation between
sites. Overall, our data support the hypothesis that reproductive
plasticity in zebra finches is modulated through condition-
mediated effects on HPA-axis activity.

4.1. HPA-axis activity and body condition

CORT primarily functions as a metabolic hormone and has a
direct role in allocating resources to physiological and behavioral
responses that allow animals to cope with environmental chal-
lenges (Sapolsky et al., 2000; Wingfield and Sapolsky, 2003). When
environmental conditions become challenging, animals are pre-
dicted to forego investing in energetically expensive life-history
stages such as reproduction and re-allocate energy to self-
maintenance and survival (Wingfield et al., 1998). Consequently,



Fig. 8. Associations between mean weekly precipitation measured during the hormone sampling period and mean population level values for fold increase in A) CORT levels
following ACTH injection, B) fold increase in endogenous CORT levels, C) testosterone levels following a GnRH injection, and D) estradiol levels following a GnRH challenge.
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elevated levels of CORT are associated with reduced condition and
fitness in free-living birds (the ‘CORT fitness’ hypothesis; Angelier
et al., 2010; Bonier et al., 2009; Patterson et al., 2014).

In our study, we found strong negative associations between
condition and baseline and stress- and ACTH-induced CORT levels
across sites. Comparisons between sites revealed that sites differed
in population-level HPA-axis and condition profiles such that some
sites were characterized by zebra finches with higher CORT levels
and lower levels of condition. Interestingly, site differences in con-
dition were only apparent in the late summer. Our data are consis-
tent with other studies in wild birds that have shown seasonal
declines in body condition with more pronounced declines in pop-
ulations with limited food availability (Kitaysky et al., 1999).
Although we did not assess food availability at our sites, the sites
that were characterized by high CORT levels and low body condi-
tion were also the sites that showed evidence of higher tempera-
tures and lower precipitation during the sampling period; such
environmental conditions in the arid Australian interior are associ-
ated with low food availability (Robin et al., 2009).

4.2. HPG-axis function and body condition

Acute fasting has been shown to increase CORT levels and
reduce baseline testosterone levels and reproductive behavior in
male zebra finches (Lynn et al., 2010). Consistent with these
results, we found that body condition in males was positively cor-
related with baseline levels of testosterone. In contrast, we found
that body condition was negatively correlated with fold increase
in testosterone levels following a GnRH challenge. A fold increase
in testosterone output greater than one indicates that males are
releasing baseline levels of testosterone that are lower than the
maximum possible output of testosterone from the testes. This
suggests that the HPG-axis in these birds is being downregulated
upstream of the testes at the pituitary level, suggesting that repro-
duction is suppressed in males from these sites. Consistent with
this idea, Perfito et al. (2007), found that male zebra finches at
an unpredictable field site had smaller testes when not breeding,
but no change in luteinizing hormone (LH). In our study, males
from the sites with the highest fold increase in testosterone (sites
3 and 4) had the lowest proportion of sub-adults/juveniles com-
pared to adult birds possibly indicating a smaller proportion of
the population had recently bred.

Although we found differences between sites in HPG-axis activ-
ity in males, we found no site difference in estradiol output in
females following a GnRH challenge. Additionally, we found no
correlations between body condition and baseline or GnRH-
induced estradiol levels in females. Perfito et al. (2007) also found
no marked differences in female reproductive physiology in a two
site comparison between a predictable and unpredictable site. It is
possible that opportunistic breeders have sex-dependent repro-
ductive strategies which allow males, but not females to experi-
ence downstream changes in HPG-axis function in relation to
acute changes in environmental conditions. Females may require
more time or energy to re-grow or activate their gonads and, there-
fore, maintaining a consistent level of reproductive readiness may
allow them to rapidly develop costly egg follicles when environ-
mental conditions trigger acute breeding opportunities.

The lack of difference between baseline and GnRH-induced
levels could indicate that all females in our study had gonads that
were fully developed and, hence, additional GnRH did not elevated
estradiol levels above baseline. Alternatively, it is possible that the
dose of GnRH we used was not high enough to induce a gonadal
response. Few studies have measured estradiol levels in response
to GnRH challenges in females and, thus, our data provide impor-
tant insight to how this technique may be refined in future studies.
Specifically, future studies should explore the use of higher doses
to elicit gonadal responses in females and use lower sample dilu-
tions (where possible) to increase the detectability of estradiol.
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4.3. Environmental conditions and reproduction in zebra finches

Historically, precipitation has been considered the key ecologi-
cal driver of reproduction in zebra finches. Early reports suggested
that zebra finches initiate reproduction within hours of rainfall fol-
lowing a drought (Immelmann, 1963). However, more robust
quantitative evidence suggests a longer lag time between precipi-
tation and reproduction in wild zebra finches of 1–2 months in the
summer and 3–4 months in the winter (Zann et al., 1995). Adults
feed freshly sprouted grass seeds to their young (Zann, 1996)
and, therefore, it is logical to assume that a delay between rainfall
and reproduction would maximize nestling survival. Primary pro-
ductivity in the Australian desert biome is necessarily linked to
precipitation (Lieth and Whittaker, 2012) and there is ample evi-
dence the precipitation and water availability can have stimulatory
effects on reproductive physiology and behavior in zebra finches
(Zann et al., 1995). However, precipitation in the arid interior of
Australia is temporally and spatially unpredictable and highly vari-
able in duration and magnitude, and the relationship between
rainfall and primary production is somewhat complex (Morton
et al., 2011). Likely, zebra finches utilize multiple environmental
cues to determine the optimal timing for reproductive bouts. For
example, a study by (Duursma et al., 2017) utilizing long-term data
sets to assess breeding phenology of Australian birds found evi-
dence that desert breeding birds may time reproduction to avoid
maximum summer temperatures which have a daily average of
>33 �C. Future studies that comprehensively evaluate climatic
and environmental variation in relation to breeding records could
elucidate the importance of multimodal cues in stimulating repro-
duction in zebra finches.

4.4. Conclusions

Endocrine profiles, body condition, and reproductive activity
varied between sites in our study providing support that zebra
finches use local environmental cues to optimally time reproduc-
tion. Zebra finches are an ideal species to evaluate the effect of
environmental variation on endocrine responses because of the
extreme variation in climatic and ecological conditions across their
large geographic range. Our study highlights the importance of
understanding reproductive mechanisms in relation to non-
seasonal breeding in a warming world.
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