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SUMMARY
The timing of events associated with spring migration can be an important determinant of fithess for migratory birds. The need to
prepare and maintain physical condition for migration is one demand that must be met for early arrival on breeding areas, and this
demand is compounded by the energetic demands of the physiological transition to breeding. Here, we examined whether
migratory birds, specifically males, can adequately meet both of these demands by elevating the sex steroid testosterone early
during migratory preparation. To test this, we used a captive experiment in which we photostimulated male dark-eyed juncos
(Junco hyemalis) and manipulated circulating testosterone. We predicted males with elevated testosterone would prepare to
migrate and breed faster than control males or males where the ability of testosterone to bind with receptors, or be converted to
estradiol, was inhibited (testosterone inhibited). We measured migratory preparation using mass, food intake, fat deposits and
nocturnal activity (Zugunruhe). To estimate breeding preparation, we measured the diameter of the cloacal protuberance (CP). We
found that males in the testosterone treatment group began migratory preparation approximately 10days before controls. There
was no difference in the magnitude of peak migratory condition between testosterone-implanted birds and controls. Males
implanted with testosterone also reached the onset of breeding preparation faster and had larger peak CP diameter compared
with controls. Testosterone-inhibited birds showed no signs of migratory preparation and only a weak increase in CP diameter.
These results demonstrate that early elevation of testosterone during migratory preparation could incur benefits for males in
terms of the ability to depart earlier from non-breeding areas and arrive in a more advanced breeding condition. This experiment
demonstrates that there may be important physiological underpinnings to known winter to breeding season carry-over effects in

migratory birds.
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INTRODUCTION

During the transition from the non-breeding to breeding life history
stages, migratory animals may be forced to balance the physiological
demands of preparing for and maintaining the migratory state with
the demands of preparing for reproduction. In order to meet these
potentially conflicting demands, migratory birds must allocate
resources towards muscle anabolism and fat deposition, as well as
towards gonadal growth, gamete production and initiation of
reproductive behavior (Holberton and Dufty, 2005; Ramenofsky and
Wingfield, 2006). For males, meeting both of these demands in a
short amount of time can be challenging but crucial, especially for
species that show variation in the degree of protandry, which is often
a strong determinant of male fitness (Morbey and Ydenberg, 2001).
Thus, hormones that enhance migratory performance, while
simultaneously ensuring advanced breeding preparation upon arrival,
should confer a selective advantage to those that can elevate such
hormones early on in the transition between stages.

Environmental conditions during the non-breeding period of
migratory birds are known to impact physical condition (e.g. Marra
and Holberton, 1998; Marra and Holmes, 2001; Latta and Faaborg,
2002; Brown and Sherry, 2006; Studds and Marra, 2007; Smith et
al., 2010) and the timing of migration (Marra et al., 1998; Studds
and Marra, 2005; Gunnarsson et al., 2006; Bridge et al., 2010). This
can ultimately lead to carry-over effects on breeding success (Marra
et al., 1998; Reudink et al., 2009; Inger et al., 2010), survival

(Johnson et al., 2006; Angelier et al., 2009) and natal dispersal
(Studds et al., 2008), such that non-breeding and breeding life history
stages interact across geographical space. While the ecological basis
for these seasonal interactions has received much attention, the
physiological basis is not well understood.

For males of migratory species, the gonadal androgens, primarily
testosterone and its metabolites, are crucial hormones in the
transition into a breeding state (Balthazart, 1983; Ketterson and
Nolan, 1999; Wingfield et al., 2001). In addition to reproductive
functions, most importantly stimulating sperm production and the
cloacal protuberance, testosterone plays an important behavioral role
in birds as a regulator of male—male aggression associated with
acquiring high quality breeding territories (Moore, 1984; Wingfield,
1984; Beletsky et al., 1990) and territory boundary advertisement
(i.e. singing behavior) (Ketterson et al., 1992; De Ridder et al., 2000).
Testosterone is also fundamental in the expression of secondary sex
traits and courtship behaviors that influence breeding success in birds
(Hegner and Wingfield, 1987; Saino and Meller, 1995; Blas et al.,
2007).

Previous research has documented that testosterone plays an
important organizational role in pre-migratory hyperphagia and fat
deposition (reviewed in Deviche, 1995). Migratory birds prepare
for migration through increased feeding (hyperphagia), which
facilitates an increase in both pectoral muscle mass and fat stores
(reviewed in Berthold, 2001; Holberton and Dufty, 2005). What

THE JOURNAL OF EXPERIMENTAL BIOLOGY



2762 C. M. Tonra, P. P. Marra and R. L. Holberton

remains unclear is whether variation in circulating testosterone levels
can lead to variation in the rate and magnitude of preparation for
migration. Testosterone is widely known to have anabolic effects
in vertebrates and can increase locomotion and feeding, without
increasing daily energy expenditure (DEE) (Lynn et al., 2000). While
testosterone can be detrimental to physical condition when
maintained at high levels over long time periods, such as an entire
breeding season (Ketterson et al., 1991), elevating testosterone levels
during the relatively short time frame of migratory preparation could
positively affect performance by increasing the rate of muscle
anabolism and fat deposition. Additionally, males with high
circulating testosterone during preparation for migration, and during
migration itself, may have more advanced testicular development
(Wingfield, 1984; Morton et al., 1990) upon arrival, and thus may
be better prepared to compete for mates and territories. In this way,
variation in the ability of birds to elevate testosterone prior to
departure on spring migration could present a physiological basis
for observed winter to breeding season carry-over effects in
migratory species. Here, we began to examine this proposed
mechanism by experimentally manipulating testosterone levels,
under controlled conditions, early on in the transition from non-
breeding to breeding.

We sought to determine whether elevated testosterone enhances
migratory preparation while simultaneously enhancing breeding
preparation. We used a captive experiment in which we
photostimulated a group of male dark-eyed juncos (Junco hyemalis
L.), a short- to middle-distance North American annual migrant, to
simulate the transition to spring conditions. We predicted that
compared with control males, those with experimentally elevated
testosterone would (a) have earlier onset of migratory and breeding
preparation, (b) take less time to reach peak preparation, and (c)
have higher peaks in all measures of condition. We further predicted
that when the ability of testosterone to bind with receptors or be
converted to estradiol was inhibited, birds would prepare to migrate
and breed more slowly than both testosterone-implanted birds and
controls.

MATERIALS AND METHODS

Male dark-eyed juncos (N=28) were captured in mist nets from 15
October to 15 November 2008, in Penobscot County, ME, USA.
Sex and age were determined by plumage characteristics and degree
of skull ossification (Pyle, 1997). Of the 28 individuals, 12 were
aged as hatching year (HY) birds. We pooled age groups for all
analyses, but HY birds were evenly distributed among treatment
groups. The birds were initially kept in indoor flight cages on short-
day photoperiod, consistent with local winter conditions and
previous studies of juncos (8h light:16h dark) (Dloniak and
Deviche, 2001). We maintained birds on a 50:50 mixture of white
millet and turkey starter, and water ad libitum. Vitamins and minerals
were provided in the drinking water each week throughout the study
period. During the last week of November, all birds were transferred
to individual commercial cages (40X40X40cm), and continued on
the same photoperiod and feeding regime. All subjects were released
at original capture sites in spring 2009. This study was approved
by the University of Maine Institutional Animal Care and Use
Committee (protocol A2009-06-05).

Measurement of dependent variables
All morphometric measurements, food intake data and blood
samples were collected at least 1 h after lights came on to allow the
birds to break their nocturnal fast. All activities were completed
within 2h. We used a digital scale to measure body mass (to the

nearest 0.01¢g) and scored fat deposits in the furcular fossa using
the following criteria: 0, no fat visible; 1, one to three thin strands
of fat; 2, strands of fat merging into a continuous sheet in some
places; 3, fat nearly forming a continuous thin sheet but with one
or two clear areas; 4, continuous thin sheet of fat; 5, fat completely
filling but not bulging from the furcular fossa; 6, fat bulging slightly
from the furcular fossa. As a measure of androgen activity, and a
surrogate for testis size (Wingfield, 1984; Morton et al., 1990), we
recorded cloacal protuberance (CP) diameter using digital calipers
(to the nearest 0.01 mm) at the structure’s widest point along the
coronal plane.

Each cage was equipped with one inactive, immovable perch and
one active perch that rested on two microswitches (one at each end
of the perch). When the active perch was deflected, an electrical
circuit was completed and the event registered on an electric counter.
Nocturnal migratory activity (Zugunruhe) was recorded as the total
number of hops a bird made during the previous dark period when
the perch registration system was active. The system was turned on
half an hour after lights went out in the evening and turned off half
an hour before lights came on in the morning. Each morning, the
preceding night’s activity was recorded for each bird and the mean
values for all 2-night periods were used as measures of Zugunruhe
throughout the study period.

To measure food intake, each cage contained a food cup with a
plastic cover that allowed only the bird’s head to reach into the cup
to get seed, but prevented them from scratching seed out of the cup.
We affixed plastic sheets around each cage to prevent uneaten seeds
from leaving it, and then recovered and weighed the food (including
food removed from the cup) to calculate each bird’s daily food intake
[(initial food mass — final food mass)/no. of days]. We removed
any remaining hulls from eaten seeds by blowing them out of the
dish. We considered CP diameter to be a measure of breeding
preparation and all other variables to be measures of migratory
preparation.

Experimental design

All subjects were assigned to three treatment groups, such that the
groups began the study with equal means and standard errors for
tarsus length. Each male received one 10 mm silastic tubing (Dow
Corning®, Midland, MI, USA; i.d. 1.47mm, o.d. 1.96 mm) implant
subcutaneously under the wing (Lynn et al., 2000). Prior to
implantation, the implants were punctured once with a 27 gauge
needle and stored in sterile saline for 24h. For each subject, we
made a small (1-2 mm) incision in the skin under the wing with iris
scissors. We then used a metal probe to loosen the skin from
connective tissue, slid the implant under the skin, and sealed the
incision with a liquid bandage solution (New-Skin®, Prestige Brands
Inc., www.prestigebrandsinc.com). ‘Testosterone-implanted’ birds
(N=11) received implants packed with testosterone propionate
(product no. T-1875; Sigma-Aldrich Co., St Louis, MO, USA);
‘testosterone-inhibited’ birds (N=8) received implants packed with
flutamide (blocking the ability of testosterone to bind to receptors;
product no. F9397-5G; Sigma-Aldrich) and 1,4,6-androstatriene-
3,17-dione (ATD; an aromatase inhibiter, preventing conversion of
testosterone to estradiol; product no. A7710-1G; Sigma-Aldrich);
and ‘control’ birds (N=9) received empty implants.

On day0 (8 December 2008) we measured baseline condition
(mass, fat, CP diameter) of all subjects and transferred them to long
days (18h light, 6 h dark), to stimulate the transition into migration.
Because of experimental constraints, we did not keep birds on a
short day photoperiod for as long as in previous studies (e.g. Dloniak
and Deviche, 2001). However, all birds began the study in what
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would be considered good condition (i.e. no signs of muscle atrophy
and at the typical mass for non-breeding male junco, 18-19g), and
as we were at high latitude (48°N), these birds had already been
exposed to short day conditions prior to capture. Further, previous
research has demonstrated that temperate migrants generally break
photorefractoriness in late November (e.g. Farner and Lewis, 1971),
and both controls and testosterone-implanted birds showed the
appropriate response to photostimulation (see Results). On day 1
we implanted all subjects with their respective treatments. On day 2,
we measured condition, weighed all food dishes, and activated all
perch counters. On day 4 we measured condition again and calculated
the first values for food intake and activity, such that initial values
for these variables represent the time interval between day?2 and
day4. All variables were subsequently measured every 2 days until
the completion of the study (day24). We removed two individuals
from the study (one each on day 12 and day 20 from the testosterone-
inhibited group) because their implants had fallen out and could not
be replaced.

Implant validation

On day O (pre-implant), day 12 and day 24 we took a blood sample
(50-80pl total volume) from the brachial vein, via venipuncture,
to validate that the implants were effective at manipulating
testosterone activity. Samples were kept on wet ice until centrifuged
within 1h of collection. Plasma was stored at —20°C until assayed
for plasma androgen concentration. All blood samples were collected
within 8 min of technicians entering the bird room and within 3 min
of the birds being removed from the cages. To determine plasma
androgen concentration, we used radioimmunoassay (testosterone
antibody T3-125, Endocrine Sciences/Esoterix®, Calabasas, CA,
USA) following Wingfield et al. (Wingfield et al., 1992). The
testosterone antibody has high specificity for testosterone but also
at least 44% cross-reactivity with dihydrotestosterone (DHT).
Therefore, our results represent total androgen, and are reported as
such. For the testosterone-inhibited treatment, we expected to see
an increase in circulating endogenous androgen, possibly higher than
controls, because of the lack of negative feedback normally imposed
by high androgen levels reaching the pituitary and hypothalamus.
Aromatase-inhibited birds might also experience higher plasma
androgen levels if they are unable to funnel the substrate into the
aromatase pathway.

Statistical analysis
We used linear mixed models to test the prediction that, for all
measures of migratory and breeding preparation, there would be an
interaction between ‘treatment group’ and ‘day of photostimulation’.
‘Individual male’ was included as a random factor and ‘day of
photostimulation” was included as a repeated variable with a
diagonal residual covariance structure and the initial baseline
sample as the reference value. All models included treatment and
the treatment X day of photostimulation interaction as fixed effects.
Fat score was treated as an ordinal variable. Within each treatment,
we examined the coefficients of all interaction pairs for each
response variable to determine the points at which birds (a) first
began showing evidence of migratory preparation [i.e. first day
where 95% confidence intervals (CI) for coefficient did not overlap
with zero] and (b) reached peak condition in a given metric (i.e. the
day with the largest positive coefficient; see also Results). We used
t-tests to compare peak means of body mass, food intake and
Zugunruhe, and the Kolmogorov—Smirnov test for different
distributions to compare peak fat scores (these two-sample tests were
adequate because only two experimental groups increased in these
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metrics; see Results). Differences in baseline preparation metrics,
circulating androgen and peak CP diameter means were analyzed
using generalized linear models (GLM) and Tukey HSD multiple-
comparison tests. Zugunruhe (hops per bird per night) and circulating
androgen were square-root transformed to normalize their residuals;
the residual distributions of all other variables were normal. All
analyses were done with SPSS 17.0 (SPSS Inc., 2008).

RESULTS

At the onset of the study, the three treatment groups did not differ
in mass (£525=2.32, P=0.12), food intake (£ ,5=0.23, P=0.80), fat
(Fr25=0.74, P=0.49), Zugunruhe (F,;s=1.49, P=0.25) or CP
diameter (/25=0.59, P=0.57). Treatment groups also did not differ
in circulating androgen on day 0 (pre-implant; / »5=0.11, P=0.90),
but were significantly different on day 12 (F25=40.49, P<0.001)
and day24 (F,23=40.32, P<0.001). Androgen levels for the
testosterone-implanted group were the highest, followed by
testosterone-inhibited, then control groups, indicating that the
implants were effective (Fig. 1).

For all measures of migratory preparation (mass, fat, food intake
and Zugunruhe), there was an interaction between treatment group
and day of photostimulation (summarized in Tablel). Fig.2
illustrates how we determined when birds in each treatment began
migratory preparation and when they reached peak condition using
mass as an example. Testosterone-implanted birds began migratory
preparation and reached peak migratory condition earlier than
controls and testosterone-inhibited birds (Fig.3; Table 2).

With regard to breeding preparation, there was an interaction
between treatment and day of photostimulation in the model of CP
diameter (Table 1). Testosterone-implanted birds began preparation
before the other two groups and reached peak CP diameter before
testosterone-inhibited birds, although they reached peak CP diameter
on the same day as controls. Controls reached both points before
testosterone-inhibited birds (Fig.3; Table2).

Although testosterone-implanted birds reached peak preparation
values earlier than controls, their peak values were not different
from those of controls for mass (Fig.3A; #;3=1.17, P=0.20), food
intake (Fig.3B; #g=—1.61, P=0.12), fat score (Table2;
Kolmogorov—Smirnov criterion value=0.41, P=0.28) or Zugunruhe
(Table2; #,5=0.34, P=0.74). Testosterone-inhibited birds did not
show an increase in any of these metrics and thus had no peak values
above baseline. Peak breeding preparation, as measured by CP
diameter, was different between treatment groups (Fig.3C;
F>23=62.82, P<0.001), and multiple comparisons revealed that
testosterone-implanted birds had larger CPs than either of the other
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Fig. 1. Circulating androgen levels on days 0, 12 and 24 of photostimulation
in each of the three implantation treatments: control (black), testosterone
(light grey) and testosterone inhibited (dark grey).
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Table 1. Statistical tests for the treatment X day of photostimulation interaction from linear mixed models explaining variation in metrics of
migratory and breeding preparation in captive male dark-eyed juncos

Dependent variable Numerator d.f. Denominator d.f. F P
Migratory condition Mass 36 45.912 3.677 <0.001
Fat 36 50.908 3.505 <0.001
Food intake 33 44.718 3.199 <0.001
Zugunruhe 33 23.281 13.255 <0.001
Breeding condition CP diameter 36 45.463 43.635 <0.001
CP, cloacal protuberance.
two groups (testosterone vs control: mean difference=1.67, lower DISCUSSION

95% CI=1.25, upper 95% CI=2.09; testosterone vs testosterone-
inhibited: mean difference=1.67, lower 95% CI=1.19, upper 95%
CI=2.15) which were not different from each other (control vs
testosterone-inhibited: mean difference=0, lower 95% CI=-0.49,
upper 95% CI=0.49).
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Fig. 2. Parameter estimates (+95% confidence intervals) for treatment X
day of photostimulation interaction for linear mixed model explaining mass
of male dark-eyed juncos in the three implantation treatments: (A) control,
(B) testosterone and (C) testosterone inhibited. Day 0 was used as a
baseline reference value. We considered ‘onset of preparation’ to be the
first day with a significant positive coefficient (i.e. confidence intervals do
not overlap zero line; denoted by *) and ‘peak preparation’ to be the largest
positive coefficient (denoted by T).

Several classic studies, using a combination of gonadectamy and
testosterone administration, revealed that androgen activity prior to
photostimulation is necessary for the onset of fat deposition, one of
the major components of migratory preparation in birds (e.g.
Stetson and Erickson, 1972; Schwabl and Farner, 1989). The results
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Fig. 3. Means (+s.e.) of (A) mass (arrows indicate blood sampling events),
(B) food intake and (C) cloacal protuberance (CP) diameter X day of
photostimulation for captive male dark-eyed juncos in three implantation
treatments: control (black), testosterone (light grey) and testosterone
inhibited (dark grey).
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Table 2. Estimates for day of migratory (mass, food intake, fat score and Zugunruhe) and breeding preparation (CP diameter) onset and
peak for male dark-eyed juncos in three implantation treatments

Preparation metric Group Onset Peak
Mass Control Day 20 Day 22
Testosterone Day 8 Day 18
Testosterone inhibited n.c. n.c.
Fat score Control Day 20 Day 24
Testosterone Day 10 Day 18
Testosterone inhibited n.c. n.c.
Food intake Control Day 16 Day 18
Testosterone Day 8 Day 18
Testosterone inhibited n.c. n.c.
Zugunruhe Control Day 16 Day 24
Testosterone Day 6 Day 12
Testosterone inhibited n.c. n.c.
CP diameter Control Day 12 Day 18
Testosterone Day 6 Day 18
Testosterone inhibited Day 18 Day 20

‘Day’ refers to the day of photostimulation.
n.c., no change.

of the present study demonstrate that the timing of increased
androgen activity following photostimulation can affect the timing
of migratory preparation while simultaneously enhancing
preparation for breeding. Male juncos implanted with testosterone
began both migratory and breeding preparation, and also reached
peak migratory condition, faster than controls. As further evidence
of a role for androgens in migratory preparation, testosterone-
inhibited males failed to show any change in these measurements
by the conclusion of the study. This supports the hypothesis that,
in addition to the important role of androgens in reproduction in
males, androgens can also simultaneously play an important role in
the timing of migration events.

Early exposure to elevated testosterone soon after
photostimulation resulted in an advance in the timing of migratory
and breeding preparation; however, it did not affect the magnitude
of peak migratory condition. Testosterone-implanted birds did not
put on greater mass or fat stores than controls. Perhaps because food
was unlimited, given enough time, controls were able to reach the
same upper threshold of condition as testosterone-implanted birds.
This apparent upper limit suggests that at some point, the benefits
of condition may be outweighed by the detrimental effects of
carrying too much fat during migration (Lindstrdom and Alerstam,
1992; Jehl, 1997). Adding the complexity of weather and food
limitation to this experiment would enable future research to
determine whether the external environment can bring about
differences in peak condition between treatments. Our results
illustrate that elevated testosterone is associated with earlier
stimulation of increased activity and foraging, which in turn supports
body mass gain and fat deposition. The ability of testosterone to
increase activity, without increasing DEE (Lynn et al., 2000), could
make it possible for birds with elevated testosterone to acquire
energy stores more efficiently, i.e. while using less energy for
hyperphagia than controls and testosterone-inhibited birds. The
important question remaining is whether environmental variability
in wild migratory populations causes natural variation in the onset
of testosterone production prior to migratory departure, as has been
observed in experimental studies (Bauchinger et al., 2007,
Bauchinger et al., 2009) (R.L.H. and P.P.M., unpublished). This
appears likely when considering the effects habitat quality can have
on physical condition in wintering migratory birds (Marra and
Holberton, 1998; Brown and Sherry, 2006; Studds and Marra, 2006)

and the effects of natural variation in environmental conditions
on the onset of breeding development in tropical residents (Hau,
2001).

While arrival time-dependent fitness in males has long been a
major component of hypotheses for the evolution of differential
migration in dark-eyed juncos (Ketterson and Nolan, 1983;
Holberton, 1993), to our knowledge no studies have examined the
relationship between individual male arrival time and breeding
success in this species. A positive relationship between early arrival
and reproductive success has been observed in many other migratory
bird species (e.g. Aebischer et al., 1996; Gil and Slater, 2000; Currie
et al., 2000). This gap in knowledge of the role arrival time plays
in male breeding success in juncos prevents us from drawing
conclusions on how variation in the timing of testosterone elevation
may impact fitness for this species.

A recent experimental study demonstrated that migration
phenology in juncos is dependent on food availability and its effects
on condition (Bridge et al., 2010). Males of other songbird species,
such as the American redstart (Setophaga ruticilla), that winter in
higher quality winter habitats arrive early at breeding sites and
ultimately produce more offspring (Marra et al., 1998; Reudink et
al., 2009). Further, males that arrive early have higher circulating
testosterone on arrival than late arrivers (Tonra et al., in press). In
this study, we observed that male juncos implanted with testosterone
reached peak migratory condition approximately 4 days earlier than
controls. Field studies have found that differences of about 3—5 days
in mean arrival dates are enough to significantly affect the number
of genetic offspring produced by a male (Reudink et al., 2009) or
the probability of a male experiencing successful reproduction
(Tonra et al., in press). Based on our experimental findings and
previous research, it appears that variation in conditions on the
wintering grounds during migratory preparation could lead to
variation in circulating testosterone, which could, in turn, affect
migration phenology and male breeding success.

More observational and experimental work is needed to fully
elucidate the role androgens play in winter to breeding season carry-
over effects. If changes in testosterone production are acting as a
cue for migratory preparation, our results raise questions about why
unmanipulated males do not begin elevating testosterone earlier.
One potential reason could be countervailing selection on earlier
arrival dates, due to increased mortality risk for early arrivers from
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severe weather (Newton, 2007). Further, birds may be responding
to environmental cues (such as food availability) when timing
reproduction, to appropriately time later reproductive stages, such
as feeding young. For example, Nager and colleagues demonstrated
that supplementing food during laying in great tits (Parus major)
advanced laying date and increased clutch size, but did not increase
breeding success (Nager et al., 1997). This was likely because
supplemented birds were mismatched with caterpillar outbreaks
during the nestling stage. In other words, manipulating the timing
of a physiological cue (testosterone) that may, in nature, respond
to environmental cues [e.g. food availability (Bauchinger et al.,
2009); rainfall (Hau, 2001)], produced individuals that were
mismatched with their environment. Thus, future studies would
benefit by looking at finer scale differences in the timing of
testosterone elevation. Furthermore, our experimental administration
of testosterone resulted in circulating testosterone levels that were
much higher than biological levels, which presumably was enough
to effectively ‘flood’ receptors. Control males did show an increase
in circulating testosterone, concurrent with their increase in
migratory preparation; however, these elevated testosterone levels
were well below those of testosterone-implanted birds. Therefore,
we must limit our interpretation to the overall effects of maximum
binding of testosterone to all available receptors during migratory
preparation. However, Soma and colleagues demonstrated that the
density and number of cells with androgen receptors can change
seasonally (Soma et al., 1999). Our study demonstrates that juncos
have adequate receptor densities early on in the photoreceptive
period to respond to increases in circulating testosterone by preparing
to migrate and breed. Given the very high testosterone concentrations
to which the birds were exposed, however, we do not know how
naturally occuring variation among individuals in a wild population
would influence variation in measures of performance. Additionally,
our testosterone-inhibited treatment not only inhibited the ability of
testosterone to bind to receptors but also inhibited conversion to
estradiol by aromatase. Thus, our ‘androgen’ effects may be either
direct or manifested through estrogen-dependent activities inhibited
by our experimental treatments. Further, other hormones and
neuropeptides such as prolactin, cholecystokinin and neuropeptide
Y are known to influence migratory feeding and fattening (for a
review, see Holberton and Dufty, 2005). It would be of particular
interest to investigate interactions between gonadal steroids and
adrenocorticosteroids such as corticosterone (CORT) as these two
pathways are known to interact (Viau, 2002) and previous studies
have shown that an elevation in plasma levels of baseline plasma
CORT is needed to support migratory fattening (Landys et al., 2006;
Holberton et al., 2007).

While our results illustrate that early elevation of circulating
testosterone is enough to initiate endocrine systems associated with
migratory preparation, there may be some costs associated with
being exposed to high circulating testosterone, including negative
effects on immune function (Casto et al., 2001; Zysling et al., 2006),
condition (Ketterson et al., 1991) and survival (Dufty, 1989;
Redpath et al., 2006). In fact, Redpath and colleagues demonstrated
that the breeding benefits of elevated testosterone can be offset by
the costs of increased overwinter mortality (Redpath et al., 2006).
Our manipulations maintained higher testosterone levels, for a longer
period of time, than experienced in nature. If free-living birds do
maintain more appropriate, but elevated, levels for reaching peak
condition (~20days), these may be costs that males must pay to
acquire the benefits of early arrival. It is more likely that individuals
modulate testosterone production, maintaining higher than non-
breeding levels as they transition from non-breeding to breeding

and migration, but with the ability to reduce testosterone circulation
as needed in order to minimize such costs.

Taking these limitations into account, we feel our results clearly
demonstrate that the role of androgens in preparing for breeding
has been co-opted to facilitate the migratory events needed to reach
breeding areas. Males with elevated testosterone early on during
migratory preparation would be better equipped to depart early,
potentially increasing individual fitness. Further, males with elevated
testosterone can effectively prepare for migration while
simultaneously preparing to breed (as measured by CP diameter
here). Thus, increasing circulating testosterone as early as possible
in the transition between life history stages (winter to breeding)
would presumably result in an early arriving male (meeting the
demands of migration) being in a superior condition for attracting
and copulating with females (meeting the demands of the transition
to breeding).

ACKNOWLEDGEMENTS

This research was funded by grants awarded to P.P.M. (0649679) and R.L.H.
(0615701) from the National Science Foundation and to C.M.T. from the Frank M.
Chapman Memorial Fund of the American Museum of Natural History. We are
grateful to Evan Adams, Leah Culp, Kristi Kennedy, Mel Kierman, Adrienne
Leppold, Doug Perez, Kayla Porcelli and Wes Wright for assistance with bird care
and data collection, and K. Porcelli for assistance with androgen assays. Bill
Halteman and Colin Studds provided valuable input on data analysis. We thank
Bill Glanz, Brian Olsen, members of the UMaine Lab of Avian Biology reading
group and three anonymous reviewers for comments on an earlier draft of this
manuscript.

REFERENCES

Aebischer, A., Perrin, N., Krieg, M., Studder, J. and Meyer, D. R. (1996). The role
of territory choice, mate choice and arrival date on breeding success in the Savi's
Warbler Locustella luscinioides. J. Avian Biol. 27, 134-152.

Angelier, F., Holberton, R. L. and Marra, P. P. (2009). Does stress response predict
return rate in a migratory bird species? A study of American redstarts and their non-
breeding habitat. Proc. R. Soc. Lond. B 276, 3545-3551.

Balthazart, J. (1983). Hormonal correlates of behavior. In Avian Biology, Vol. 7 (ed. D.
S. Farner, J. R. King and K. C. Parkes) pp. 221-365. New York: Academic Press.
Bauchinger, U., Van't Hof, T. and Biebach, H. (2007). Testicular development during

long-distance spring migration. Horm. Behav. 51, 295-305.

Bauchinger, U., Van't Hof, T. and Biebach, H. (2009). Food availability during
migratory stopover affects testis growth and reproductive behavior in a migratory
passerine. Horm. Behav. 55, 425-433.

Beletsky, L. D., Orians, G. H. and Wingfield, J. C. (1990). Effects of exogenous
androgen and antiandrogen on territorial and nonterritorial blackbirds (Aves:
Icterinae). Ethology 85, 58-72.

Berthold, P. (2001). Bird Migration: A General Survey, 2nd edn. New York: Oxford
University Press.

Blas, J., Perez-Rodriguez, L., Bortolotti, G. R., Vinuela, J. and Marchant, T. A.
(2007). Testosterone increases bioavailability of carotenoids: insights into the
honesty of sexual signaling. Proc. Natl. Acad. Sci. USA 103, 18633-18637.

Bridge, E. S., Kelly, J. F., Bjornen, P. E., Curry, C. M., Crawford, P. H. C. and
Paritte, J. M. (2010). Effects of nutritional condition on spring migration: do migrants
use resource availability to keep pace with a changing world. J. Exp. Biol. 213,
2424-2429.

Brown, D. R. and Sherry, T. W. (2006). Food supply controls the body condition of a
migratory bird wintering in the tropics. Oecologia 149, 22-32.

Casto, J. M., Nolan, V., Jr and Ketterson, E. D. (2001). Steroid hormones and
immune function: experimental studies in wild and captive dark-eyed juncos (Junco
hyemalis). Am. Nat. 157, 408-420.

Currie, D., Thompson, D. B. A. and Burke, T. (2000). Patterns of territory settlement
and consequences for breeding success in the Wheatear Oenanthe oenanthe. Ibis
142, 389-398.

De Ridder, E., Pinxten, R. and Eens, M. (2000). Experimental evidence of a
testosterone induced shift from paternal to mating behavior in a facultatively
polygynous songbird. Behav. Ecol. Sociobiol. 49, 24-30.

Deviche, P. E. (1995). Androgen regulation of avian premigratory hyperphagia and
fattening: from eco-physiology to neuroendocrinology. Am Zool. 35, 234-245.

Dloniak, S. M. and Deviche, P. (2001). Effects of testosterone and photoperiodic
condition on song production and vocal control region volumes in adult male dark-
eyed juncos (Junco hyemalis). Horm. Behav. 39, 95-105.

Dufty, A. M., Jr (1989). Testosterone and survival. Horm. Behav. 23, 185-193.

Farner, D. S. and Lewis, R. A. (1971). Photoperiodism and reproductive cycles in
birds. In Photophysiology, Vol. 6 (ed. A. C. Giese), pp. 325-370. New York:
Academic Press.

Gil, D. and Slater, P. J. B. (2000). Multiple song characteristics in the willow warbler
(Phylloscopus trochilus): correlations with female choice and offspring viability.
Behav. Ecol. Sociobiol. 47, 319-326.

Gunnarsson, T. G., Gill, J. A., Atkinson, P. W., Gélinaud, G., Potts, P. M., Croger,
R. E., Gudmundsson, G. A., Appleton, G. F. and Sutherland, W. J. (2006).

THE JOURNAL OF EXPERIMENTAL BIOLOGY



Population-scale drivers of individual arrival times in migratory birds. J. Anim. Ecol.
75, 1119-1127.

Hau, M. (2001). Timing of breeding in variable environments: tropical birds as a model
system. Horm. Behav. 40, 281-290.

Hegner, R. E. and Wingfield, J. C. (1987). Effects of experimental manipulations of
testosterone levels on parental investment and breeding success in male house
sparrows. Auk 104, 462-469.

Holberton, R. L. (1993). An endogenous basis for differential migration in the dark-
eyed junco. Condor 95, 580-587.

Holberton, R. L. and Dufty, A. M., Jr (2005). Hormone patterns and variation in life
history strategies of migratory and non-migratory birds. In Birds of Two Worlds: The
Ecology and Evolution of Migratory Birds (ed. P. P. Marra and R. Greenberg), pp.
90-302. Baltimore: Johns Hopkins Press.

Holberton, R. L., Wilson, C. M., Hunter, M. J., Cash, W. B. and Sims, C. G. (2007).
The role of corticosterone in supporting migratory lipogenesis in the dark-eyed junco,
Junco hyemalis: a model for central and peripheral regulation. Physiol. Biochem.
Zool. 80, 125-137.

Inger, R., Harrison, X. A., Ruxton, G. D., Newton, J., Colhoun, K., Gudmundsson,
G. A., McElwaine, G., Pickford, M., Hodgson, D. and Bearhop, S. (2010). Carry-
over effects reveal reproductive costs in a long-distance migrant. J. Anim. Ecol. 79,
974-982.

Jehl, J. R., Jr (1997). Fat loads and flightlessness in Wilson’s Phalaropes. Condor 99,
538-543.

Johnson, M. D., Sherry, T. W., Holmes, R. T. and Marra, P. P. (2006). Assessing
habitat quality for a migratory songbird wintering in natural and agricultural habitats.
Conserv. Biol. 20, 1433-1444.

Ketterson, E. D. and Nolan, V., Jr (1983). The evolution of differential bird migration.
In Current Ornithology, Vol. 1 (ed. R. F. Johnston), pp. 357-402. New York: Plenum
Press.

Ketterson, E. D. and Nolan, V., Jr (1999). Adaptation, exaptation, and constraint: a
hormonal perspective. Am. Nat. 153, S4-S25.

Ketterson, E. D., Nolan, V., Jr, Wolf, L., Zeigenfus, C., Dufty, A. M., Jr., Ball, G. F.
and Johnson, T. S. (1991). Testosterone and avian life histories: the effect of
experimentally elevated testosterone on corticosterone and body mass in dark-eyed
juncos. Horm. Behav. 25, 489-503.

Ketterson, E. D., Nolan, V., Jr, Wolf, L. and Zeigenfus, C. (1992). Testosterone and
avian life histories: effects of experimentally elevated testosterone on behavior and
correlates of fitness in the dark-eyed junco (Junco hyemalis). Am. Nat. 140, 980-999.

Landys, M. M., Ramenofsky, M. and Wingfield, J. C. (2006). Actions of
glucocorticoids at a seasonal baseline as compared to stress-related levels in the
regulation of periodic life processes. Gen. Comp. Endocrinol. 148, 132-149.

Latta, S. C. and Faaborg, J. (2002). Demographic and population responses of Cape
May Warblers wintering in multiple habitats. Ecology 83, 2502-2515.

Lindstrom, A. and Alerstam, T. (1992). Optimal fat loads in migrating birds: a test of
the time-minimization hypothesis. Am. Nat. 140, 477-491.

Lynn, S. E., Houtman, A. M., Weathers, W. W., Ketterson, E. D. and Nolan, V., Jr
(2000). Testosterone increases activity but not daily energy expenditure in captive
male dark-eyed juncos, Junco hyemalis. Anim. Behav. 60, 581-587.

Marra, P. P. and Holberton, R. L. (1998). Corticosterone levels as indicators of
habitat quality: effects of habitat segregation in a migratory bird during the non-
breeding season. Oecologia 116, 284-292.

Marra, P. P. and Holmes, R. T. (2001). Consequences of dominance-mediated habitat
segregation in American redstarts during the nonbreeding season. Auk 118, 92-104.

Marra, P. P., Hobson, K. A. and Holmes, R. T. (1998). Linking winter and summer
events in a migratory bird by using stable-carbon isotopes. Science 282, 1884-1886.

Moore, M. C. (1984). Changes in territorial defense produced by changes in circulating
levels of testosterone. A possible hormonal basis for mate-guarding behavior in
white-crowned sparrows. Behavior 88, 215-226.

Morbey, Y. E. and Ydenberg, C. (2001). Protandrous arrival to breeding areas: a
review. Ecol. Lett. 4, 663-673.

Testosterone and migratory preparation 2767

Morton, M. L., Peterson, L. E., Burns, D. M. and Allen, N. (1990). Seasonal and
age-related changes in plasma testosterone levels in mountain white-crowned
sparrows. Condor 92, 166-173.

Nager, R. G., Ruegger, C. and Van Noordwijk, A. J. (1997). Nutrient or energy
limitation on egg formation: a feeding experiment in great tits. J. Anim. Ecol. 66, 495-
507.

Newton, I. (2007). Weather-related mass-mortality events in migrants. /bis 149, 453-
467.

Pyle, P. (1997). Identification Guide to North American Birds: Part 1. Bolinas, CA:
Slate Creek Press.

Ramenofsky, M. and Wingfield, J. C. (2006). Behavioral and physiological conflicts in
migrants: the transition between migration and breeding. J. Ornithol. 147, 135-145.

Redpath, S. M., Mougeot, F., Leckie, F. M. and Evans, S. A. (2006). The effects of
autumn testosterone on survival and productivity in red grouse, Lagopus lagopus
scoticus. Anim. Behav. 71, 1297-1305.

Reudink, M. W., Marra, P. P., Kyser, T. K., Boag, P. T., Langin, K. M. and Ratcliffe,
L. (2009). Non-breeding season events influence sexual selection in a long-distance
migratory bird. Proc. R. Soc. Lond. B 276, 1619-1626.

Saino, N. and Mgller, A. P. (1995). Testosterone-induced depression of male parental
behavior in the barn swallow: female compensation and effects on seasonal fitness.
Behav. Ecol. Sociobiol. 36, 151-157.

Schwabl, H. and Farner, D. S. (1989). Dependency on testosterone of
photoperiodically-induced vernal fat deposition in female White-crowned Sparrows.
Condor 91, 108-112.

Smith, J. A. M., Reitsma, L. R. and Marra, P. P. (2010). Moisture as a determinant of
habitat quality for a nonbreeding neotropical migratory songbird. Ecology 91, 2874-
2882.

Soma, K. K., Hartman, V. N., Windfield, J. C. and Brenowitz, E. A. (1999).
Seasonal changes in androgen receptor immunoreactivity in the song nucleus HVc
of a wild bird. J. Comp. Neurol. 409, 224-236.

SPSS (2008). SPSS for Windows, version 17.0. Chicago, IL, USA: SPSS Inst.

Stetson, M. H. and Erickson, J. E. (1972). Hormonal control of photoperiodically
induced fat deposition in white-crowned sparrows. Gen. Comp. Endocrinol. 19, 355-
362.

Studds, C. E. and Marra, P. P. (2005). Nonbreeding habitat occupancy and
population processes: an upgrade removal experiment with a migratory bird. Ecology
86, 2380-2385.

Studds, C. E. and Marra, P. P. (2007). Linking fluctuations in rainfall to nonbreeding
season performance in a long-distance migratory bird, Setophaga ruticilla. Clim. Res.
35, 115-132.

Studds, C. E., Kyser, T. K. and Marra, P. P. (2008). Natal dispersal driven by
environmental conditions interacting across the annual cycle of a migratory songbird.
Proc. Natl. Acad. Sci. USA 105, 2929-2933.

Tonra, C. M., Marra P. P. and Holberton, R. L. (in press). Migration phenology and
winter habitat quality are related to circulating androgen in a long-distance migratory
bird. J. Avian Biol. doi: 10.1111/.1600-0587.2011.05333.x.

Viau, V. (2002). Functional cross-talk between the hypothalamic-pituitary-gonadal and
adrenal axes. J. Neuroendocrinol. 14, 506-513.

Wingfield, J. C. (1984). Environmental and endocrine control of reproduction in the
song sparrow, Melospiza melodia: agonistic interactions as environmental
information stimulating secretion of testosterone. Gen. Comp. Endocrinol. 56, 417-
424.

Wingfield, J. C., Vleck, C. M. and Moore, M. C. (1992). Seasonal changes in the
adrenocortical response to stress in birds of the sonoran desert. J. Exp. Zool. 264,
419-428.

Wingfield, J. C., Lynn, S. and Soma, K. (2001). Avoiding the “costs” of testosterone:
ecological bases of hormone-behavior interactions. Brain Behav. Evol. 57, 239-251.

Zysling, D. A., Greives, T. J., Breuner, C. W., Casto, J. M., Demas, G. E. and
Ketterson, E. D. (2006). Behavioral and physiological responses to experimentally
elevated testosterone in female dark-eyed juncos (Junco hyemalis carolinensis).
Horm. Behav. 50, 200-207.

THE JOURNAL OF EXPERIMENTAL BIOLOGY



	SUMMARY
	Key words: androgen, condition, dark-eyed junco, Junco hyemalis, migration phenology.
	INTRODUCTION
	MATERIALS AND METHODS
	Measurement of dependent variables
	Experimental design
	Implant validation
	Statistical analysis

	RESULTS
	Fig. 1.
	DISCUSSION
	Table 1.
	Fig. 2.
	Fig. 3.
	Table 2.
	ACKNOWLEDGEMENTS
	REFERENCES

