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Abstract

Concentrations of gonadal steroids such as testosterone (T) often vary widely in natural populations, but the causes and particularly
the consistency of this variation is relatively unexplored. In breeding males of a wild population of the dark-eyed junco (Junco hyemalis),
we investigated seasonal and individual variation in circulating T during two breeding seasons by measuring the responsiveness of the
HPG axis to a standardized injection of gonadotropin-releasing hormone (GnRH). Individuals were bled prior to and 30 min after injec-
tion. Pre- and post-challenge levels of T were measured using EIA. Many subjects were sampled repeatedly across multiple breeding
stages. Plasma T concentrations nearly doubled in response to GnRH during early spring, but showed signiWcantly smaller increases in
later breeding stages. When controlling for seasonal variation in response to challenge, we also found repeatable diVerences among indi-
viduals, indicating individual consistency in the release of T in response to a standardized stimulus. These seasonal and individual diVer-
ences may arise from comparable variation in responsiveness of the pituitary or a decline in gonadal sensitivity to downstream
gonadotropins. In contrast, pre-challenge T showed almost no seasonal changes and did not diVer consistently among individuals. To our
knowledge, this is the Wrst demonstration of individual repeatability of short-term hormonal changes in a wild population. Such repeat-
ability suggests that hormonal plasticity might evolve in response to changing selection pressures.
© 2006 Elsevier Inc. All rights reserved. 
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1. Introduction indicate seasonal diVerences in concentrations of GnRH in
Gonadotropin-releasing hormone (GnRH) stimulates
the release of luteinizing hormone (LH) from the pituitary,
and in males, LH stimulates the production of testosterone
(T) by the testes. In some species, the pituitary has been
shown to respond similarly to GnRH both during the
breeding season and outside of it (WingWeld et al., 1979),
suggesting that the Xuctuations in T observed over the
course of the year in many species are inXuenced by some-
thing other than the pituitary itself. In male birds, reports
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the brain (reviewed in Ball and Hahn, 1997; Dawson et al.,
2001; Sharp et al., 1998) and in the size and number of cells
that produce GnRH (Bentley et al., 2000a,b; Cho et al.,
1998; Deviche et al., 2000; Foster et al., 1987; Marsh et al.,
2002; Saldanha et al., 1994; Stevenson and MacDougall-
Shackleton, 2005; but see Meddle et al., 2006 for a photope-
riodic species, and Bentley et al., 2003a; MacDougall-
Shackleton et al., 2001 for species that are not strictly
photoperiodic). Seasonal variation in GnRH concentration
has been linked to the initiation of gonadal recrudescence,
seasonal variation in the concentration of circulating T,
and the development of photorefractoriness (Ball and
Hahn, 1997; Dawson and Goldsmith, 1997; Foster et al.,
1987; Marsh et al., 2002; Pereyra et al., 2005).
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GnRH challenges are often used to assess the reproduc-
tive condition of individuals (Goymann and WingWeld,
2004; Hirschenhauser et al., 2000; Lacombe et al., 1991;
Millesi et al., 2002; Moore et al., 2002; Schoech et al., 1996;
Soma and WingWeld, 2001; WingWeld et al., 1979, 1991). In
a typical challenge, GnRH is administered either intrave-
nously or intramuscularly, and concentrations of LH and/
or T prior to and after the challenge are compared. This
method has allowed researchers to compare GnRH
response among classes of individuals and populations and
to relate the level of response to reproductive activities, age,
and, social status.

Quantifying seasonal and individual variation in hor-
monal mechanisms is important for understanding plastic-
ity and evolution of these mechanisms and their associated
behaviors (Adkins-Regan, 2005). GnRH challenges may be
used to examine seasonal and individual variation in the
responsiveness of the hypothalamic–pituitary–gonadal
(HPG) axis, and understanding such variation may be
important for at least two reasons. First, concentrations of
T produced by GnRH challenge represent a response to a
standardized stimulus and thus are more representative of
individual variation than diVerences in endogenous T. Sec-
ond, short-term increases in T, similar to those produced by
a GnRH challenge, may be produced during male–male
and male–female interactions, and may underlie expression
of many T-mediated behaviors (Moore, 1983; Pinxten et al.,
2003; WingWeld, 1985; WingWeld et al., 1994, 2001). Such
short-term responses may allow individuals to increase T
when necessary without paying the costs of constitutively
elevated T (WingWeld et al., 2001). Quantifying variation in
short-term changes of T may lead to a greater understand-
ing of variation in social behaviors and how such behaviors
and their underlying mechanisms may respond to selection.

Male dark-eyed juncos (Junco hyemalis) have season-
ally variable T, with peak levels occurring during terri-
tory establishment (late March and early April in a
population residing in eastern North America; Ketterson
and Nolan, 1992; Ketterson et al., 2005). T declines in
mid-April and remains low while males assist in parental
care (Ketterson and Nolan, 1992; Ketterson et al., 2005).
Yearling males have lower peak concentrations of T than
older males, but this age diVerence disappears after the
seasonal peak (Corbit and Deviche, 2005; Deviche et al.,
2000; Ketterson and Nolan, 1992). After the conclusion
of breeding, juncos undergo pre-basic molt (August to
mid-December, Nolan et al., 2002) during which T is vir-
tually undetectable (Ketterson and Nolan, 1992; Ketter-
son et al., 2005; Nolan et al., 1992, 2002). As is the case in
a number of other Emberizids (e.g., WingWeld, 1985),
males are able to produce short-term increases in T dur-
ing simulated territory intrusions that are similar in mag-
nitude to the maximum early-breeding season baseline
(McGlothlin et al., in preparation). However, the extent
to which the ability to produce these short-term increases
varies across the breeding season and among individuals
is unknown.
In this study, we repeatedly challenged individual male
juncos with GnRH at multiple time points during two suc-
cessive breeding seasons, allowing us to investigate both
seasonal and individual variation in the responsiveness of
the HPG axis in reproductive individuals. We predicted
that T response in male juncos to a GnRH challenge would
remain constant during the breeding season. We also pre-
dicted that individual response would be variable and
repeatable. Given previously described age-related diVer-
ences in peak plasma T (Deviche et al., 2000; Ketterson
et al., 1992) we also investigated whether age inXuenced the
magnitude of T response.

2. Methods

2.1. Captive GnRH challenges

We performed pilot trials on captive juncos to test the eVectiveness of
intramuscular GnRH challenges (see Millesi et al., 2002, for this technique
in mammals) and the time course of the T response. On 12 July 2002,
GnRH challenges were performed on 10 captive male juncos at Kent
Farm Bird Observatory in Bloomington, IN. All birds were in breeding
condition (visible cloacal protuberances) and had no detectable molt.
Before administration of the GnRH challenge, an initial blood sample
(»50 �l) was collected from the alar wing vein using heparinized microcap-
illary tubes. Birds were then assigned randomly to receive either one injec-
tion of 1.25 �g of chicken GnRH-I (Sigma L0637, Moore et al., 2002)
dissolved in 50 �l of 0.1 M phosphate-buVered saline solution (PBS) in the
left pectoralis major (hereafter low dose, n D 5) or one such injection in
each pectoralis major (for a total dose of 2.5 �g in 100 �l, hereafter high
dose, n D 5) using a Hamilton syringe. Following the injection, additional
blood samples (»50 �l) were collected from each bird at 3–4 of 6 time
points: 30 min, 1 h, 2 h, 3 h, 4 h, and 6 h post-injection. Three birds from
each of the two dosage treatments were sampled at each time point.
Between sample collections birds were housed individually indoors in
small cages. Plasma from all blood samples was stored at ¡20 °C until
assayed. Assays were performed using the enzyme immunoassay (EIA)
protocol detailed below.

2.2. Field GnRH challenges

Over the breeding seasons of 2003 and 2004, 90 adult male juncos were
captured near Mountain Lake Biological Station (MLBS) (37°22�N,
80°32�W) in Giles Co., Virginia, USA. Upon capture, each bird was
returned to the central lab at MLBS in a holding bag. There, each bird was
Wtted with an aluminum United States Fish & Wildlife Service leg band
and a unique combination of plastic color bands if the bird had not
already been banded. We obtained standard morphometric measurements
(Xattened wing chord length, tail length, tarsus [all in mm], mass [g]) and
determined the age class of the bird (yearling or older adult [72 years])
using the colors of the primary wing coverts and iris (Nolan et al., 2002).
Older adults were later assigned an age in years using their initial appear-
ance in the capture records of previous years. All birds that were Wrst
banded as pre-adults or yearlings could be assigned an exact age. If a bird
was an older adult when it was Wrst captured, we made the conservative
assumption that it was 2 years old.

After banding and morphometric measurements, we collected a blood
sample from each individual (»100 �l) and then administered a GnRH injec-
tion immediately afterwards. Based on our pilot data we chose to perform
GnRH challenges using the lower dose (1.25 �g cGnRH in 50�l of PBS, see
Section 3). We collected a second blood sample (»100 �l) at exactly 30 min
post-challenge. Birds were placed in holding bags between sample collec-
tions. Following GnRH challenges birds were released back at the site of
capture. Blood samples (both pre- and post-challenge samples) were centri-
fuged and the plasma fraction drawn oV and stored at ¡20 °C until assayed.
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We attempted to challenge males repeatedly, up to four times in a
given year, during four sampling periods classiWed as Early Breeding A,
Early Breeding B, Nesting, and Late Breeding. Birds captured for the Wrst
time in the spring belonged to the Early Breeding A category (2003: 28
April–16 May, nD 53; 2004: 21 April–11 May, nD 46, combined n D 99).
Early Breeding A birds that were recaptured and sampled a second time
during the early spring were classiWed as Early Breeding B (2003: 6 May–
16 May, nD 26; 2004: 1 May–15 May, n D 11, combined n D 37). Early
Breeding B challenges were performed 7–21 days after Early Breeding A
challenges (mean D 10.4 days). During Early Breeding (A and B), many
birds were beginning to nest, but the exact stage of reproduction was
unknown for most of them (dates of Wrst egg were 26 April in 2003 and 25
April in 2004). Some birds were captured a third time and given a GnRH
challenge while feeding 6- to 7-day-old nestlings; these were classiWed as
Nesting (2003: 25 May–29 June, n D 14, 2004: 20 May–20 July, n D 14). A
Wnal set of birds was captured at the end of the breeding season, but prior
to the onset of molt, and these were classiWed as Late Breeding (2003: 15
July–6 August, n D 7; 2004: 20 July–5 August, n D 9). All sampling periods
occurred after the typical early-breeding season maximal T peak in juncos
(26 March–14 April, Ketterson and Nolan, 1992). Overall 5 individuals
were challenged a total of 5 times, 6 were challenged 4 times, 12 were chal-
lenged 3 times, 28 were challenged 2 times, and 39 were challenged once.
Twenty-three (23) individuals received challenges in both 2003 and 2004,
35 were challenged in 2003 only, and 32 were challenged in 2004 only.

During the early breeding stages, individuals were captured at random
using baited mist nets and Potter traps. During the Nesting stage we
attempted to passively capture males with a mist net as they approached
the nest; however, a few birds were captured using conspeciWc song play-
back (5 in 2003; no statistical diVerences in initial or post-challenge T
when compared to birds captured passively). During Late Breeding, males
were again captured randomly using baited mist nets.

2.3. Testosterone assays

We determined T using an EIA kit (Assay Designs, Inc., #901-065)
(described in Clotfelter et al., 2004). For the analysis of samples approxi-
mately 2000 cpm of H3-T were added to allow calculation of recoveries
after extraction (2 extractions with diethyl ether). Extracts were re-sus-
pended in 50 �l of ethanol and diluted to 350 �l with assay buVer from the
kit. From each reconstituted sample, 100 �l were used to determine recov-
eries, and duplicate 100 �l quantities were used in the EIA. T concentra-
tions were determined with a 4-parameter logistic curve-Wtting program
(Microplate Manager; Bio-Rad Laboratories, Inc.) and corrected for
incomplete recoveries. Intra-assay variation, which was calculated as the
coeYcient of variation of values obtained from standard samples of
known concentration, ranged from 1 to 19%, inter-assay variation was
19.7%. Inter-assay variation was increased due the use of plates from mul-
tiple kit lots. For each individual all plasma samples were analyzed in the
same assay and were randomly assigned to wells on the plate.

2.4. LH assay

To conWrm the eVect of the intramuscular GnRH injection on pituitary
output, we measured LH in 29 males from the 2003 and 2004 breeding sea-
sons. The plasma came from pre- and post-challenge samples collected
during Early Breeding A (no additional blood collected, analysis focused
on birds whose plasma samples from this period were suYcient for both
the T and the LH assays). Approximately 30 �l of plasma was used in an
RIA using the homologous chicken LH radioimmunoassay (RIA) (Follett
et al., 1972). All samples were run in duplicate in a single assay. Intra-assay
coeYcient of variation was 4.2% and the detection limit was 0.039 ng/ml.

2.5. Statistical analyses

To ask whether the GnRH challenge was eVective in elevating T, we
used paired-samples t-tests for each breeding stage (Early Breeding A and
B, Nesting, Late Breeding) to test for a diVerence between initial and post-
challenge T. We used a repeated-measures linear mixed model with
restricted maximum likelihood estimation to analyze variation in initial T
and post-challenge T. Such a model accounts for repeated measures on the
same individual while allowing for unbalanced sampling across time
points (Verbeke and Molenberghs, 2000). Each model included breeding
stage and year as Wxed factors, a stage£ year interaction, age in years,
mass, and natural-log transformed handling time (in min, deWned as the
time elapsed between removing a bird from the mist net or Potter trap and
the beginning of the Wrst blood sample) as covariates, and individual iden-
tity as a random repeated eVect. Results did not diVer if age class (yearling
or older adult) was substituted for age in years, so only the latter is
reported. Because we expected T concentrations before and after GnRH
challenge to be correlated, we included initial T as a covariate in the post-
challenge T mixed model. This allowed us to test for diVerences in the
magnitude of increase above initial T while holding variation in initial T
constant. A compound symmetrical covariance structure was used for the
repeated measures. This structure assumes constant variance across mea-
sures and constant covariance between measures. The covariance between
measures was used to calculate the within-individual correlation coeY-
cient, a measure of repeatability (Lessells and Boag, 1987). To explore sea-
sonal eVects further, when appropriate we compared estimated marginal
means for each breeding stage using t-tests. In order to correct for multiple
tests, we used a Bernoulli equation to calculate the probability of Wnding
multiple signiWcant diVerences by chance (Moran, 2003).

3. Results

3.1. Captive GnRH challenges

Results of the preliminary study on captives showed that
the GnRH challenge led to increases in T (repeated mea-
sures linear mixed model with Wrst-order autoregressive
error structure, time F6,23.2D15.84, p < 0.0001, Fig. 1). T was
highest at 30 min post-challenge (p < 0.0001) and remained
elevated above initial levels at 1 h (pD0.003), although lev-
els at 1 h were signiWcantly lower than at 30 min post-chal-
lenge (pD 0.005). By 2 h, T had returned to initial levels
(pD0.562). At 3 and 4 h, T was slightly, but not signiW-
cantly, lower than initial levels (pD0.07, 0.08), and at 6 h, T
was indistinguishable from initial levels (pD 0.50). Results
did not diVer based on dosage (F1,11.5D 1.97, pD0.19) and
there was no dosage£ time interaction (F6,23.2D 0.87,
pD0.54), although T in the low-dose treatment did not

Fig. 1. Time course of response to GnRH challenge in 10 captive male jun-
cos. Males received either a low dose (1.25 �g, open squares/dotted line) or
a high dose (2.5 �g, closed squares/solid line).
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decrease as rapidly post-challenge as did T in the high-dose
treatment (Fig. 1). These data suggest that intramuscular
GnRH challenges produce a peak in T that has begun to
decline by 1 h post-challenge, and that our low dose was
suYcient to induce maximal T steroidogenesis.

3.2. LH levels

Post-challenge levels of LH were greater than initial
levels (mean initial LH, 1.71 ng/ml §0.14 ng/ml, mean post-
challenge LH, 2.39 ng/ml §0.21 ng/ml; paired Samples
t-test; tD 4.005, dfD 28, P < 0.0001), indicating that intra-
muscular GnRH challenge increased circulating LH levels.
Initial and post-challenge levels of LH were correlated
(Pearson Correlation; rD0.59, PD0.001, nD29). However,
initial and post-challenge concentrations of T did not
co-vary with initial or post-challenge LH concentrations
(all r’s < 0.23, all P’s > 0.24).

3.3. Response to GnRH challenge

The GnRH challenge was eVective in elevating T in each
breeding stage (all t’s 73.89, all p’s 60.001, Fig. 2). Post-
challenge T was positively correlated with initial T (Table 1,

Fig. 2. Seasonal variation in initial (open bars) and post-GnRH challenge
testosterone (shaded bars). Plotted data are back-transformed estimated
marginal means § 1 SE from the analyses in Table 1. See Section 3 for
mean testosterone and observed maximum/minimum T.
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Table 1
Linear mixed model analysis of post-GnRH challenge in plasma testoster-
one concentrations

Random eVects Estimate Wald Z p

Repeatability 0.36 3.32 0.001
Residual variance 

component
0.13 8.28 <0.0001

Fixed eVects Estimate df F p

Stage 3, 123.3 17.34 <0.0001
Year 1, 155.0 1.43 0.23
Stage £Year 3, 117.8 1.09 0.36
Age ¡0.019 1, 97.9 0.86 0.36
Mass ¡0.110 1, 165.8 22.77 <0.0001
ln capture time ¡0.070 1, 144.6 2.91 0.09
ln initial testosterone 0.842 1, 156.5 79.40 <0.0001
Fig. 3). For Early Breeding A mean initial T was 3.36 ng/ml
(range 1.81–11.94 ng/ml) and mean post-challenge T was
8.23 ng/ml (range 2.41–24.81 ng/ml). For Early Breeding B
mean initial T was 3.26 ng/ml (range 1.83–7.56 ng/ml) and
mean post-challenge T was 6.40 ng/ml (range 3.09–11.96 ng/
ml). For Nesting, mean initial T was 2.94 ng/ml (range 1.96–
5.367 ng/ml) and mean post-challenge T was 6.81 ng/ml
(range 2.74–17.47 ng/ml). Last, for Late Breeding mean ini-
tial T was 3.25 ng/ml (range 2.30–6.77 ng/ml) and mean
post-challenge T was 7.30 ng/ml (range 2.30–17.02 ng/ml).

3.4. Seasonal variation

Initial T did not vary signiWcantly among breeding
stages (F3,153.1D1.14, pD0.33, Fig. 2) or between years
(F1,168.9D 2.35, pD0.13), and there was no year£breeding
stage interaction (F3,149.8D0.53, pD 0.66). When we exam-
ined seasonal variation with a continuous eVect of Julian
calendar date (instead of breeding stage, thus using a Wner
time scale), both pre- and post-challenge T showed a signiW-
cant decline as the season progressed (pre-challenge T
F1,155.3D6.85, bD¡0.002, pD 0.01; post-challenge T
F1,131.8D53.74, bD¡0.007, p < 0.0001).

The magnitude of the increase in T above initial levels
following the GnRH challenge diVered among breeding
stages (Table 1, Fig. 2). When we compared the estimated
marginal mean increases in each breeding stage, we found
that increases during Early Breeding A were higher than
during the other breeding stages (Early Breeding B,
pD0.030; Nesting pD0.073; Late Breeding p < 0.0001,
Fig. 1). Early Breeding B and Nesting increases were also
higher than those in Late Breeding (p < 0.0001, Fig. 2).
However, Early Breeding B and Nesting increases did not
diVer from each other (pD0.93). The probability of obtain-
ing 4 signiWcant results out of 6 tests at �D0.05 is 0.0001
(Bernoulli equation; Moran, 2003), allowing us to retain the

Fig. 3. Relationship between initial and post-GnRH challenge testoster-
one (for all collection points, Early Breeding A and B, Nesting, and Late
Breeding). Each data point represents the estimated marginal mean value
for each individual, controlling for other variables in the model.
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signiWcance of these Wndings. There was no year eVect or
year£breeding stage interaction (Table 1).

3.5. EVects of age, mass, and handling time

There were no signiWcant eVects of age or mass on initial
T (F6 0.005, p 7 0.94). Male age had no eVect on the
response to the GnRH challenge (Table 1). Heavier males
showed a smaller increase in T above initial levels (Table 1,
Fig. 4). Both initial (�D¡0.063, F1,169.0D3.63, pD 0.059)
and post-challenge T (Table 1) showed marginally non-sig-
niWcant decreases with increased handling time.

3.6. Individual repeatability

When controlling for other variables using a linear
mixed model, the increase in T above initial levels was sig-
niWcantly repeatable (Table 1). Initial T showed low, non-
signiWcant repeatability (rD0.11, Wald ZD 1.17, pD0.24).

4. Discussion

We found that breeding male dark-eyed juncos show sig-
niWcant seasonal and individual variation in the increase in
T following a GnRH challenge. SpeciWcally, the response to
challenge decreased as the breeding season progressed, fall-
ing Wrst early in the breeding season coincident with the
onset of nesting and again later in the breeding season as
nesting activity slowed. Age did not inXuence the level of
response to GnRH challenge. Response was associated
with mass, with lighter individuals showing a higher
response overall. Response decreased slightly with
increased handling time, but the eVect was not statistically
signiWcant. We also found that individual response to a
GnRH challenge was repeatable; birds that were strong
responders to GnRH in one sampling period also

Fig. 4. Relationship between mass and post-GnRH challenge testosterone
(for all collection points, Early Breeding A and B, Nesting, and Late
Breeding). Each data point represents the estimated marginal mean value
for each individual, controlling for other variables in the model.
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responded strongly at other times. Despite the decrease in
response as breeding progressed, the repeatability of the
response indicates that individual diVerences in short-term
hormone increase remain consistent.

4.1. Seasonal variation in response to GnRH challenge

The cause of the decrease in response to GnRH chal-
lenge over the course of the breeding season is not known
and may stem from variation in the number or speciWcity of
receptors for GnRH in the pituitary, receptors for LH on
the testes, or the ability of Leydig cells to respond to LH
challenge. When pituitary response to GnRH, measured as
LH output, has been investigated, most studies in breeding
and non-breeding birds and mammals have seen no varia-
tion in pituitary response (Kriegsfeld et al., 1999; Spinks
et al., 2000; WingWeld et al., 1979; but see Gardiner et al.,
1999). We found that LH increased following an intramus-
cular injection of GnRH, but did not assess LH outside of
the early breeding season and will have to await future
studies to determine whether the seasonal decline in T
response to GnRH reXects seasonal decline in the sensitiv-
ity of the pituitary to GnRH.

When changes in T, as opposed to LH, have been mea-
sured in response to GnRH, the comparisons have typically
involved breeding and non-breeding animals, and smaller
responses were observed in non-breeding animals (Hirsche-
nhauser et al., 2000; Millesi et al., 2002). This cross-seasonal
reduction in response has been clearly linked to gonadal
regression during the non-breeding season. Based on these
prior studies, we did not expect to Wnd a decrease in T
response over the course of the breeding season. Although
we did not measure gonad size, all males in this study were
in reproductive condition (cloacal protuberance evident)
during Early Breeding A and B, and Nesting. We did not
include post-reproductive individuals (indicated by molt) in
our Late Breeding sample.

Although we are not able to address the source of sea-
sonal decline in T in response to GnRH observed in this
study, several studies have now found that a regulatory
neuropeptide, gonadotropin inhibitory hormone (GnIH),
varies in concentration with season in the avian brain
(Bentley et al., 2003b), is inXuenced by changes in melato-
nin (Ubuka et al., 2005), and leads to decreased LH (Bent-
ley et al., 2003b; Ubuka et al., 2006; Yin et al., 2005).
However, studies have not addressed whether GnIH is
upregulated in the brain to inXuence GnRH secretion, pitu-
itary response to GnRH, or testes response to LH. Further
work will be needed to integrate our Wndings from natural
populations with those conducted in the laboratory.

From a functional perspective, a seasonal decline in T
response to GnRH may be favored by selection in biparen-
tal birds because it facilitates a shift from mating eVort (e.g.,
territory acquisition and courtship) to parental eVort (e.g.,
nestling feeding) as nesting progresses (WingWeld et al.,
1990). A seasonal decrease in T response to GnRH may
allow males to respond less strongly to territorial intrusions
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and potential extra-pair mates, thus avoiding a shift of
activity away from paternal care.

4.2. Age and response to GnRH challenge

In previous studies, older male juncos are socially domi-
nant (Ketterson et al., 1992) and have been shown to have
higher levels of T than younger males, particularly early in
the breeding season (Deviche et al., 2000; Ketterson and
Nolan, 1992; Ketterson et al., 1992, 2001). Because of these
factors we predicted that they would have a stronger T
response to GnRH. However, in this study, age had no
eVect on either initial T or response to GnRH challenge.
The lack of an age eVect in our study is likely due to the
timing of our sampling. The primary age diVerence occurs
only in peak seasonal T, which typically occurs earlier than
the initiation of this study (Ketterson et al., 1992, 2001). It is
possible that if GnRH challenges are administered during
territory acquisition, there may be an inXuence of age on
post-challenge levels. An alternative hypothesis takes into
account diVering social pressures experienced by older and
younger males. Older males may acquire territories and
mates earlier in the season than younger males and may
hold onto these resources more readily than younger males.
If older males are settled on territories early, and due to
their social dominance not easily removed from these terri-
tories, then selection may favor a rapid reduction in
response to GnRH inducing stimuli in older males soon
after territory/mate acquisition.

4.3. The eVects of mass and handling time on GnRH 
challenge response

The eVect of mass on the response to GnRH challenges
in which heavier males produced a smaller response may
have occurred due to dosage. Because our pilot data indi-
cated that two very diVerent doses of GnRH led to similar
peak responses, we did not adjust the dose of GnRH given
to birds of varying mass as was done in some other studies
(Millesi et al., 2002). However, because of the intramuscu-
lar method of administration, diVusion of GnRH in males
with more muscle mass may have taken slightly longer,
giving rise to the observed eVect. Such an eVect of diVu-
sion may have led to a later peak in circulating T. Indeed,
birds captured at all time points had very little visible fat,
thus diVerences in mass are largely attributable to diVer-
ences in muscle mass as opposed to fat stores. Examina-
tion of such an eVect would require measuring the GnRH
challenge response at a Wner time scale. Another, not
mutually exclusive, possibility is that a greater ability to
produce T may have led to increased activity and there-
fore to a decrease in mass. Male juncos with experimen-
tally enhanced T are more physically active and show
increased weight loss during early spring but not later
(Ketterson et al., 1991).

Levels of T can be reduced in response to stressors
(Sapolsky et al., 2000), such as handling during capture
prior to the challenge. We found that handling time had a
negative eVect on initial and post-challenge levels of T.
However, this eVect was weak and non-signiWcant, and it is
unlikely that it inXuenced our Wndings.

4.4. Repeatability of response to GnRH challenges

The individual consistency in response to GnRH chal-
lenges is an important result from an evolutionary perspec-
tive. Although species and populations clearly diVer in
hormonal mechanisms of behavior, we know little about
how natural selection acts on hormones and how strong
evolutionary responses to selection may be (Adkins-Regan,
2005). Our results suggest that although levels of T may
vary both seasonally and on a shorter timescale, individual
diVerences remain consistent. Such consistency is necessary
for an evolutionary response to selection because repeat-
ability sets an upper bound for heritability, the percentage
of phenotypic variance that may be inherited by the next
generation (Lynch and Walsh, 1998). Results from domes-
tic animals indicate that GnRH challenge response may
respond to artiWcial selection (Haley et al., 1990; McNeilly
et al., 1988; Robinson et al., 1994), but no studies have yet
measured its heritability or response to selection in natural
populations.

Our Wndings may be of relevance to those interested in
predicting the timing of reproduction and response to cli-
mate change (e.g., Nussey et al., 2005). To the extent that
repeatability predicts heritability (Lynch and Walsh, 1998),
and response to GnRH predicts readiness to initiate breed-
ing, it may be possible to use challenges to compare popula-
tions for potential to show an evolutionary response to
climate change. If the repeatability and heritability of
GnRH response is high, evolutionary response to changing
climate is likely to be rapid.

4.5. Comments on methodology

The method of intramuscular administration of GnRH
is relatively new (Millesi et al., 2002), with intravenous
administration representing the more standard method. As
such, some considerations must be taken into account.
First, greater concentrations of GnRH are needed. There
are several points where GnRH may be lost, either due to
protein degradation prior to it reaching the pituitary, or in
delays in GnRH diVusing from the muscles to the circula-
tory system. In our pilot study, we tested two doses of
GnRH and found no variation in level of response in cap-
tive juncos and chose to use a single dosage. Given that
lighter birds had a stronger response to GnRH it is conceiv-
able that these individuals were experiencing a higher eVec-
tive dose than heavier birds. Using a single dose may not be
suitable for larger species, or individuals with large fat
stores. With perhaps minor methodological adjustments
this method of GnRH administration may allow for an eas-
ier method of conducting GnRH challenges under Weld
conditions.
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5. Conclusions

In summary, this study provides evidence that T
response to GnRH challenge varies among individuals and
over time, but is repeatable within individuals. The gradual
decline of the T response in individuals, and the population
as a whole, suggests plasticity that may lead to adaptive
changes in behavior. We suggest that intramuscular GnRH
challenges should be used in future studies to assess individ-
ual ability to produce T and its relationships to behavior.
Similar studies in other species should be conducted to
determine whether individual consistency of T production
capability is a common phenomenon. Last, the observed
seasonal decrease in responsiveness of the population as a
whole suggests that some downstream factor, in addition to
the available levels of GnRH in the brain, may regulate sea-
sonal diVerences in T production.
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