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Year-class differences in reproductive function were in- decreased earlier in SY than in ASY males. Plasma CORT
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vestigated in a free-living population of adult male Dark-
eyed Juncos, Junco hyemalis, breeding in interior Alaska.

econd-year males (SY, entering their first breeding sea-
on) were compared with after-second-year males (ASY,
ntering at least their second breeding season). We mea-
ured body mass, size of the cloacal protuberance (CP),
estis mass, onset of prebasic molt, and concentrations of
lasma luteinizing hormone (LH), testosterone (T), cor-
icosterone (CORT), and prolactin (PRL) throughout the
eproductive season (April to mid-July). There were no
ifferences in SY and ASY body weights but SY males had
maller CPs and testis masses than ASY males during
onadal recrudescence and at the end of the breeding
eason. Plasma LH was elevated from April until mid-
une and then decreased in the same way in both year
lasses. In contrast, plasma T was high from April until
id-May and was lower in SY than in ASY juncos shortly

fter they arrived on their breeding grounds at the end of
pril, but not at other times. In July, SY males started to
olt earlier, suggesting that they became photorefractory

arlier than ASY males. Plasma PRL increased progres-
ively in both year classes between April and early June
nd decreased in early July. At this time, plasma PRL
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hanged seasonally, but did not differ between SY and
SY juncos. Thus, year-class differences in CP sizes and

estis mass apparently did not result from SY males se-
reting less LH or more PRL or CORT than ASY males. It
s suggested that differences in reproductive condition in
Y and ASY juncos are mediated by interactions with
onspecific birds and do not result from an intrinsic ef-
ect of age. © 2000 Academic Press

Key Words: reproduction; luteinizing hormone; LH;
photoperiodism; photorefractoriness; seasonal breeding;
gonads; testosterone; testis; androgen.

INTRODUCTION

Most species of birds breeding at middle and high
latitudes use photoperiod as the main environmental
factor for timing the onset and the end of their annual
reproductive period. In these species exposure to day-
length exceeding approximately 12 h (long days, LD),
as is normally the case in spring, promotes the release
of gonadotropin-releasing hormone. Continued expo-
sure to LD eventually leads to a centrally mediated
desensitization of the hypothalamo–pituitary–go-
nadal axis to the stimulating effects of long days and



birds become photorefractory (for reviews, see Ni-
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plasma T levels than older males (Sorenson et al., 1997).
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cholls et al., 1988 and Juss, 1993). The transition from
photosensitive to photorefractory condition takes
place in summer, when photoperiod is still well in
excess of the vernal threshold for stimulation (Wing-
field et al., 1980; Dawson, 1983; Stokkan et al., 1986;

arry et al., 1997). In most species, photorefractoriness
s signaled not only by rapid gonadal involution but
lso by onset of prebasic (or postnuptial) molt (Morton
t al., 1969; Dawson, 1997; Dawson and Sharp, 1998).

In addition to stimulating the hypothalamo–pitu-
tary–gonadal axis, exposure of photosensitive birds
o LD induces the release of pituitary prolactin (PRL;

ingfield and Goldsmith, 1990). Photoinduced
lasma PRL levels are generally highest at the onset of
eproductive photorefractoriness and then decline
radually (European Starling, Sturnus vulgaris: Daw-
on and Goldsmith, 1983; Dawson, 1997; Dawson and
harp, 1998). Although PRL administration inhibits
he reproductive system (Buntin and Tesch, 1985;
anik and Buntin, 1985), this hormone is not consid-
red responsible for induction of photorefractoriness
Juss, 1993; Sharp et al., 1998). However, it probably
ontributes to the rapid inactivation of the pituitary–
onadal axis that occurs at the onset of photorefracto-
iness and it may stimulate prebasic molt (Dawson
nd Sharp, 1998).
The activity of the reproductive system and plasma

oncentrations of pituitary–gonadal hormones can be
odulated by numerous factors in addition to photope-

iod. These factors include weather conditions (Wing-
eld et al., 1983; Wingfield, 1985a), especially tempera-

ture (Engels and Jenner, 1956), food availability (Ligon,
1974), social interactions with conspecific young and
adults (Schwab and Lott, 1969; Delville et al., 1984; Dufty
nd Wingfield, 1986; Wingfield and Wada, 1989; Ketter-
on et al., 1990; Silverin and Westin, 1995; for review, see

ingfield et al., 1994), and breeding effort (Wingfield
and Farner, 1979; Hegner and Wingfield, 1986; Ball and
Wingfield, 1987). A small number of studies have also
described effects of year-class on the reproductive sys-
tem activity of adult birds. Specifically, plasma testoster-
one (T) and follicle stimulating hormone (FSH) concen-
trations are lower during the breeding season in young
than in older adult male Dark-eyed Juncos (Junco hyema-
lis; Ketterson and Nolan, 1992) and Great Tits (Parus
major; Silverin et al., 1997), respectively. Captive yearling
male Northern Pintails (Anas acuta) also have lower
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
Similarly, free-living yearling Mountain White-crowned
Sparrows (Zonotrichia leucophrys oriantha) have lower
plasma T levels and smaller testes and cloacal protuber-
ances (CP, an androgen-dependent male secondary
character; Deviche, 1995; Schwabl and Farner, 1989) than
older males during the reproductive period (Morton et
al., 1990). The two age classes of sparrows, however,
have similar plasma luteinizing hormone (LH) concen-
trations and are equally successful in rearing young.
Other investigations have uncovered effects of age on
reproductive success (see review by Sæther, 1990), but
the underlying bases of these effects remain poorly un-
derstood. Specifically, little information is available on
whether the above differences are intrinsic to age or
result from breeding experience.

The present investigation compares aspects of the re-
productive morphology and endocrine physiology in
free-living second-year (SY, birds hatched the previous
year and entering their first breeding season) and older
(after-second-year) (ASY, birds having undergone at
least one photoinduced gonadal cycle) male Dark-eyed
Juncos. Based on previous research on this species
(Ketterson and Nolan, 1992) and on White-crowned
Sparrows (Morton et al., 1990), we predicted that SY
males would have seasonally lower plasma T levels and
smaller testis and CP sizes than ASY males, but similar
plasma LH concentrations. In addition to measuring pa-
rameters of reproductive function, we determined
plasma concentrations of corticosterone (CORT) and
PRL, two hormones that inhibit the reproductive system
(Wilson and Follett, 1975; Deviche, 1983) and may, there-
fore, play a role in the control of year-class differences in
gonadal activity. We compared the timing of prebasic
molt between the two age groups and examined
whether this timing relates to differences in circulating T
and PRL levels. Prebasic molt is inhibited by T (Nolan et
al., 1992; Deviche, 1995) and may be promoted by PRL
(Dawson and Sharp, 1998).

MATERIALS AND METHODS

Subjects

A total of 257 adult male Dark-eyed Juncos were
caught using either Japanese mist nets (93%) or seed-



baited Potter traps (7%) in the vicinity of Fairbanks,
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Insufficient volumes of plasma were available to
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Alaska (65°N; 148°W) between end of April and July
1997. Based on 10 consecutive years of study (Deviche,
personal observations), it appears that the time course
of breeding events varies little from one year to an-
other, especially at the beginning of the reproductive
season. Birds belonging to this population generally
arrive on breeding grounds at the end of April and
early May. During this month, pairs are formed, nests
built, and first-clutch eggs laid. Many young hatch at
the end of May and early June. Young leave the nest
when 11–12 days old (Ketterson et al., 1992), at which
ime they continue to be fed by their parents for about
0 days before becoming independent. Pairs that lose
heir clutch will attempt to renest until approximately
arly July.

Mist-netted birds were attracted by playing taped
onspecific songs. Most birds were caught within 5–10
in of the beginning of song playback and there was

o evidence of either age group (see below) being
ifferently responsive to playbacks than the other.

mmediately after capture, blood (approximately 200
ml) was collected from a brachial vein into heparinized
microcapillary glass tubes. Blood samples were placed
on ice until they were centrifuged (3000 rpm at 4° for
10 min) in the laboratory, generally within 5 h of
collection. Plasma was collected and stored at 220°
until assayed for T, CORT, PRL, and LH (see below).
After blood collection, birds were weighed to the near-
est 0.1 g and weights were corrected for the amount of
blood removed. Wing chords and CP widths were
measured to the nearest 1 and 0.1 mm, respectively.
We also examined whether birds were undergoing
prebasic primary feather molt. Juncos as well as most
other small passerine birds undergo a complete (pre-
basic) molt at the end of the breeding season. This
molt starts with the loss and replacement of proximal
primary wing feathers (Pyle, 1997). Whenever possi-
ble, males were categorized as SY or ASY based on
plumage characteristics (Pyle, 1997). Five males that
could not be assigned to either age category were
excluded. Males received a U.S. Fish and Wildlife
numbered aluminum leg band (Permit No. 22640) and
in some cases a unique combination of plastic colored
leg bands and they were released at the capture site.
All required State and Federal Scientific/Educational
collecting permits were obtained prior to the studies.
assay samples collected in 1997 for PRL. Concentra-
tions of this hormone were, therefore, measured in
samples (n 5 217) collected in 1996 under the same
conditions and in the same area as in 1997.

To determine seasonal changes in testicular masses,
we combined data obtained for 182 adult males of
known age (SY or ASY) that were sacrificed between
April and July, 1991–1997. The annual number of sac-
rificed males ranged from 2 (1991) to 46 (1995). Males
were sacrificed on the same day as they were cap-
tured, either by decapitation or by in vivo intracardiac
perfusion under complete anesthesia. Shortly after
sacrifice, both testes were excised and weighed to the
nearest mg. Testes that could not be weighed imme-
diately after sacrifice were placed in 0.9% NaCl solu-
tion until weighing to prevent dehydration. The Uni-
versity of Alaska Institutional Animal Care and Use
Committee approved all experimental protocols.

Hormone Assays

Testosterone, corticosterone, and luteinizing hor-
mone. Total plasma T concentrations were measured
using a commercial solid-phase radioimmunoassay
(RIA) system (Diagnostic Products Co., Los Angeles,
CA). Briefly, plasma (25 ml) was added to T antibody-
precoated plastic tubes. 125I-labeled T solution (1 ml;
approximately 44,000 dpm) was added to all the tubes
that were then incubated in a water bath at 37° for 3 h.
The content of the tubes was decanted and the anti-
body-bound radioactivity was measured in a g

counter. Plasma T concentrations were calculated by
reference to a standard curve generated by incubating
human plasma samples containing known T concen-
trations (0.1 to 16 ng/ml) under the same conditions as
the junco plasma samples. The antibody used in the
assay has low (,5%) cross-reactivity with CORT, es-
tradiol, progesterone, and 5a-dihydrotestosterone. A
junco plasma dilution curve was parallel to the stan-
dard curve. T was undetectable in samples obtained
from captive males that either were castrated or were
chronically exposed to artificially short photoperiod,
as well as from most field-sampled adult breeding
females (Deviche and Gulledge, 2000).

In small passerine birds, plasma CORT concentra-
tions increase rapidly following exposure to adverse
conditions (Schwabl et al., 1991; Astheimer et al., 1994;
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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ally, this increase does not occur until at least 3 min
after capture and handling. We measured plasma
CORT levels as previously described (10–20 ml
plasma/tube; Wingfield et al., 1992) and only in sam-
ples obtained from mist-netted males for which blood
collection was completed within 3 min of capture.
Results, therefore, represent baseline circulating hor-
mone concentrations.

We measured plasma LH concentrations (10–20 ml
plasma/tube) using a double-antibody precipitation
RIA as described by Follett et al. (1972) and modified
by Follett et al. (1975). This assay uses purified chicken
LH as the standard and detects the hormone in vari-
ous passerine species (Wingfield et al., 1982; Wing-
field, 1985b; Wingfield and Wada, 1989; Saldanha et
l., 1994).

Prolactin. We determined plasma PRL levels (10
ml plasma/tube) using a recombinant-derived Euro-
pean Starling PRL RIA (Bentley et al., 1997). Recombi-
nant-derived European Starling PRL was used to pro-
duce 125I-labeled tracer and assay standards. A

ilution curve generated by diluting an adult junco
lasma pool was parallel to the standard curve.
lasma PRL was much higher in female juncos that
ere incubating or feeding young than in pre- or
ostbreeding females (Deviche and Sharp, unpub-

ished results).
For each hormone, all samples were assayed in du-

licate and in a single series. The assay sensitivities
ere 5 (T), 7.8 (CORT), 10 (LH), and 91 (PRL) pg

ormone detectable/assay tube. Intraassay coeffi-
ients of variation averaged 9.99% (T), 1.88% (CORT),
.87% (LH), and 10.4% (PRL).

Statistical Analyses

The specific breeding status of most sampled birds
was unknown and data were, therefore, organized by
calendar date rather than by stages of reproduction.
For this, data were sorted by capture date and then
divided into groups such that each time point in-
cluded at least eight SY and eight ASY males. For each
parameter, age- and capture date-related differences
were analyzed using two-way analysis of variance
(ANOVA) with age and date as main factors. When
appropriate, ANOVAs were followed with Student–
Newman–Keuls multiple pairwise comparison tests.
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
variance criteria for ANOVA were either ranked
(plasma T and CORT, testis masses, CP widths, and
body masses) or transformed into square root (PRL)
before analysis. Data that were ranked before ANOVA
are presented as medians 6 1

2 interquartile intervals
(Nicholson et al., 1997). Other data are presented as

eans 6 standard deviations. We analyzed correla-
ions between plasma T and CORT concentrations
sing Pearson product moment correlation coeffi-
ients. We compared the percentages of SY and ASY
ales undergoing replacement of primary flight feath-

rs between July 1 and 10 and between July 11 and 20
sing Fisher exact probability tests. Statistical signifi-
ance level was in all cases set at a 5 0.05.

RESULTS

Plasma Hormone Concentrations

The concentrations of the four plasma hormones
under study underwent highly significant seasonal
changes (see ANOVA results, Table 1). Plasma con-
centrations of T were elevated shortly after arrival and
during territory establishment (end of April–early
May) and had decreased significantly by mid-May
(Fig. 1). By the end of June, they were very low and by
July, levels of this hormone were undetectable in most
individuals. ASY males had seasonally higher plasma
T concentrations than SY males (Table 1). Multiple
comparison tests revealed that the two year-class
groups differed at the time of arrival on breeding
grounds (end of April), but not later.

CORT levels were highest at the beginning of the
breeding season (early May) and, as was the case for T,
had decreased significantly by mid-May. A further
statistically significant decrease occurred between
mid-June and July (Fig. 1). Levels did not differ be-
tween SY and ASY juncos (Table 1) and there was no
age 3 date interaction. Concentrations of plasma
CORT and T were positively correlated in SY, as well
as in ASY males (Fig. 2).

Plasma LH was high and did not vary statistically
between April and June, but was significantly lower in
July than during the 2 previous months (Fig. 3). Cir-
culating concentrations of this hormone did not differ
between SY and ASY males (Table 1).



time, testes rapidly involuted, decreasing in mass

p
a
S

TABLE 1

R
t
F
M
M
i

C

B

i
n

Reproductive Physiology in Junco hyemalis 429
Circulating PRL concentrations were low shortly
after arrival in early May, started to increase within 10
days (May 8 vs May 16: P , 0.05), were highest in
June, and then started to decrease (Fig. 3). Seasonal
changes in plasma PRL concentrations did not exhibit
an overall year-class difference (age effect: P 5 0.09),
but there was a year class 3 date interaction (Table 1).
In July, but not earlier in the breeding season, ASY
males had higher plasma PRL concentrations than SY
males (Student–Newman–Keuls tests: P , 0.05).

Reproductive Morphology

Testis masses and CP sizes generally followed a
similar seasonal time course of changes (Fig. 4). Birds
had partially developed testes upon reaching their
breeding area (average weight, April 25–May 3: 109 6
47 mg (n 5 17), compared to less than 5 mg in fully
photoregressed males (Deviche et al., 2000)). Testis
masses more than tripled during the following 5
weeks and remained high until the end of June. At this

esults of Two-Way Analyses of Variance (ANOVA) Indicating
he Effects of Age and Time Plus the Interaction between These
actors on Circulating Concentrations of Four Hormones, Testis
asses, Cloacal Protuberance Widths, and Body Masses of Adult
ale Dark-Eyed Juncos Sampled from a Free-Living Population

n Interior Alaska during Their Reproductive Period

Parameter

ANOVA

Age Date Interaction

irculating hormone concentrations
Testosterone F1,231 5 4.99 F10,231 5 61.41 F10,231 5 0.94

P 5 0.027 P , 0.001 n.s.
Corticosterone F1,185 5 1.78 F7,185 5 17.97 F7,185 5 0.93

n.s. P , 0.001 n.s.
Luteinizing hormone F1,197 5 0.19 F8,197 5 22.18 F8,197 5 1.37

n.s. P , 0.001 n.s.
Prolactin F1,216 5 2.89 F7,216 5 93.70 F7,216 5 2.22

n.s. P , 0.001 P 5 0.03
Testis mass F1,181 5 10.86 F8,181 5 24.47 F8,181 5 1.44

P 5 0.001 P , 0.001 n.s.
Cloacal protuberance width

F1,253 5 38.97 F11,253 5 81.92 F11,253 5 0.89
P , 0.001 P , 0.001 n.s.

ody mass F1,252 5 1.04 F11,252 5 4.82 F11,252 5 0.79
n.s. P , 0.001 n.s.

Note. For each parameter, the calculated F values and correspond-
ng degrees of freedom and probabilities are shown; n.s. (nonsig-
ificant) indicates P . 0.05.
from 309 6 102 mg (n 5 21) to 85 6 110 mg (n 5 19)
between July 1 and 14. CPs were undeveloped (i.e.,
similar to those of nonphotostimulated males: Deviche
et al., 2000) on arrival and then rapidly increased in
size for the next 6 weeks. They remained large until
the end of June before rapidly involuting in July.

ASY juncos had seasonally heavier testes than SY
males (Table 1). As shown by multiple comparison
tests, the two groups of males differed at one time
during gonadal recrudescence (mid-May) as well as
immediately before regression (early July). ASY males
also had larger CPs than SY males. CP sizes differed
between the two year-classes during gonadal recru-
descence (May) as well as at the end of the reproduc-
tive season (end of June to mid-July).

FIG. 1. Top: Seasonal changes in plasma testosterone concentra-
tions (medians 6 1

2 interquartile intervals; n $ 8 per point) in
free-living interior Alaska (65°N; 148°W) adult male Dark-eyed
Juncos (Junco hyemalis) belonging to two age classes: second-year
(SY; males hatched the previous year and entering their first breed-
ing season) and after-second-year (ASY; males that are at least 2
years old). Bottom: Seasonal changes in baseline plasma corticoste-
rone concentrations (medians 6 1

2 interquartile intervals; n $ 8 per
oint) in two age classes of adult male Dark-eyed Juncos. *Denotes
significant difference between the two age groups (P , 0.05;

tudent–Newman–Keuls multiple comparison test).
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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Molt

Prebasic molt started at the end of June, as indicated
by the fact that 18 males (SY, n 5 10; ASY, n 5 8)
caught between June 20 and 29 were not molting, but
3 of 8 males sampled on June 30 had lost at least one
primary. Between July 1 and 10, 9 of 19 (47%) SY, but
only 1 of 14 (7%) ASY males had initiated primary
molt (P 5 0.02). Similarly, more SY (19 of 19: 100%)
than ASY (5 of 10: 50%) juncos had lost at least one
primary between July 11 and 20 (P 5 0.002).

Body Mass and Wing Chord

Body masses underwent highly significant seasonal
changes (Table 1, Fig. 5). They were lowest during the
weeks following arrival, then increased during the
second half of May (May 23 vs May 13: P , 0.05), and
emained relatively constant thereafter. SY and ASY
ales had similar masses throughout the study pe-

iod. Thus, seasonal changes and age-related differ-
nces in reproductive tissues were not due to overall
hanges and differences in body mass.

FIG. 2. Linear correlation between plasma testosterone and base-
ine corticosterone concentrations in two age classes of adult male
ark-eyed Juncos. Each point represents one individual. Probabili-

ies (Ps) were calculated from Pearson product moment correlation
oefficients. See legend of Fig. 1 for additional information.
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
The present investigation reports seasonal changes
in plasma hormone concentrations and reproductive
activity in free-living adult male juncos and demon-
strates differences in some of these parameters, as well
as in the timing of prebasic molt, in males experienc-
ing their first cycle of gonadal development and re-
gression and males that have undergone at least one
such cycle. At the beginning of the breeding season,
SY males had lower plasma T concentrations than ASY
males. SY males also had seasonally smaller testes and
CPs than ASY males. At the end of the breeding sea-
son, plasma PRL concentrations decreased earlier in
SY males, and these males initiated prebasic molt ear-
lier than ASY males. In contrast, seasonal changes in
plasma LH and CORT concentrations and in body
masses were year-class independent. What factors
may be responsible for the observed hormonal and

FIG. 3. Top: Seasonal changes in plasma concentrations (medi-
ans 6 1

2 interquartile intervals; n $ 8 per point) of luteinizing
hormone (LH) in two age classes of adult male Dark-eyed Juncos.
Bottom: Seasonal changes in plasma prolactin concentrations
(means 6 standard deviations; n $ 8 per point, except for ASY
males, June 11–20 (n 5 4)) in two age classes of adult male Dark-
yed Juncos. See legend of Fig. 1 for additional information.
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morphological differences between the two age
classes?

Before addressing this issue, it should be noted that
we do not know whether the observed differences
between SY and ASY males resulted from an intrinsic
effect of age on the reproductive system or from an
influence of previous experience on the responsive-
ness of this system to environmental (e.g., territory
size or quality) and/or social (e.g., mated vs not
mated) factors. In a long-lived species (Common Tern,
Sterna hirundo), plasma T gradually increases as a
function of age in breeding, but relatively young
males, whereas it does not exhibit marked age-related
changes in older males (Nisbet et al., 1999). In this
species, therefore, the activity of the reproductive sys-
tem may increase as a function of breeding experience
until birds reach final maturation. At least some SY
male juncos belonging to our study population hold
territories and breed successfully (personal observa-
tions), but neither the specific breeding status of the
sampled males (e.g., territorial vs “floaters”) nor their

FIG. 4. Top: Seasonal changes in paired testis masses (medians 6
1
2 interquartile intervals; n $ 8 per point) in two age classes of adult
male Dark-eyed Juncos. Bottom: Seasonal changes in cloacal protu-
berance (CP) widths (medians 6 1

2 interquartile intervals; n $ 8 per
oint) in two age classes of adult male Dark-eyed Juncos. See legend
f Fig. 1 for additional information.
SY and ASY males differed with respect to age as well
as breeding experience. The present study does not
separate these two variables.

The two age groups had similar circulating LH con-
centrations throughout the breeding cycle, as was re-
ported for White-crowned Sparrows (Morton et al.,
1990). In addition, and as noticed in other species
(Wingfield and Farner, 1978a,b; Schwabl et al., 1980;
Dawson, 1983; Wingfield, 1984; Hegner and Wing-
field, 1986; Morton et al., 1990), changes in plasma T
and LH concentrations followed a different seasonal
time course, with T levels decreasing in May, but LH
levels remaining high until the end of June. We spec-
ulate that plasma T levels decreased in June despite
continued elevated plasma LH levels because the an-
drogen was then confined to the testes and/or other
tissues rather than released into the circulation, per-
haps as a result of increased PRL levels (see below).
This hypothesis is supported by research on the endo-
crine response of passerines to behavioral challenges
such as simulated territorial intrusion. Plasma T con-
centrations in males can increase within minutes of
this challenge (Wingfield, 1985b; Wingfield and Wada,
1989; Wingfield and Hahn, 1994; see review by Wing-
field et al., 1994). This increase is accompanied by
elevated plasma LH concentrations and may play a
role in final sperm maturation. However, in male Song
Sparrows, Melospiza melodia, elevated LH levels result-
ng from an agonistic encounter do not precede, but
ollow, an initial increase in T levels (Wingfield and

ada, 1989). Thus, the initial increase in T levels in
esponse to a behavioral challenge may result not
rom LH stimulation, but from the release of a preex-
sting (possibly gonadal) pool of androgen. At the

FIG. 5. Seasonal changes in body masses (medians 6 1
2 interquar-

ile intervals; n $ 8 per point) of two age classes of adult male
ark-eyed Juncos. See legend of Fig. 1 for additional information.
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
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secreting capacity of the testes differs between birds
undergoing their first gonadal recrudescence and
older birds, and the mechanism mediating a rapid,
presumably LH-independent, activation of T secretion
is not identified. Nevertheless, the year-class differ-
ence in plasma T concentrations that we observed was
apparently not related to plasma LH levels.

Previous investigations demonstrated inhibitory ef-
fects of chronically elevated glucocorticoid levels on
the avian reproductive system (Wilson and Follett,
1975; for review, see Deviche, 1983), but the present
study provides no support for a role of adrenocortical
function in the induction of differences in gonadal
function in SY and ASY males. First, year-class differ-
ences in plasma T levels and testicular masses were
not associated with differences in plasma CORT lev-
els. Although baseline CORT levels were not year-
class dependent, we cannot exclude the possibility of a
year-class-related difference in stress response. In
other species, this response varies as a function of
physiological and ambient conditions (Schwabl et al.,
1991; Astheimer et al., 1994; Wingfield et al., 1994;

omero et al., 1998a,b), but we do not know whether it
s year-class dependent in adults. Second, plasma T
nd CORT concentrations decreased gradually during
he breeding season and they were positively corre-
ated with each other on an individual basis. This
attern resembles that described in other species (star-

ing: Dawson and Howe, 1983; White-crowned Spar-
ow: Wingfield and Farner, 1978a,b; Snow Bunting,
lectrophenax nivalis: Romero and Wingfield, 1998c)
nd possibly resulted from androgen stimulation of
lucocorticoid levels, as demonstrated previously in

uncos (Klukowski et al., 1997). Decreasing plasma
ORT levels as the breeding season progresses may be
f adaptive significance because administration of this
ormone to breeding birds has detrimental effects on

erritorial and parental behavior (Pied Flycatcher,
icedula hypoleuca: Silverin, 1986).
Prolactin treatment inhibits gonadal activity (Buntin

nd Tesch, 1985; Janik and Buntin, 1985; for review,
ee Sharp et al., 1998). This hormone probably acts at
ultiple levels of the hypothalamo–pituitary–gonadal

xis to promote the rapid involution of the reproduc-
ive system that takes place when birds become pho-
orefractory (Dawson and Sharp, 1998; for reviews see

icholls et al., 1988 and Juss, 1993). Our results are
Copyright © 2000 by Academic Press
All rights of reproduction in any form reserved.
RL levels were relatively low during gonadal recru-
escence and highest in June, in advance of decreasing
H concentrations and gonadal involution. A contri-
ution of circulating PRL to year-class differences in
eproductive system activity is, however, unlikely be-
ause SY and ASY males differed with respect to their
onadal mass, plasma T concentrations, and CP sizes

n May–June, but had different plasma PRL concen-
rations only in July. Furthermore, if the reproductive
ystem activity of SY and ASY males differed as a
esult of plasma PRL-mediated inhibition, we would
xpect levels of this hormone to be higher in SY than
n ASY males. This was not the case as plasma PRL

as lower in SY than in ASY males in July. Thus,
ifferences in reproductive function prior to gonadal
egression were not related to PRL secretion.

There was a marked age difference in onset of pre-
asic molt, but the endocrine basis of this difference is
urrently unknown. It seems unlikely that this differ-
nce resulted from a year-class difference in the time
lapsed after the previous molt because molt into the
rst adult plumage in hatching-year male juncos takes
lace at the same time (July to early September) as
rebasic molt in adult males (Deviche, unpublished
bservations). Experimentally elevated T levels inhibit
olt in juncos (Nolan et al., 1992; Deviche, 1995) and

ther birds (Payne et al., 1972). However, ASY males in
he present study had higher plasma T levels than SY

ales only at the end of April, 2 months before molt
tarted. This makes it unlikely that an age class differ-
nce in circulating concentrations of this steroid was
he proximate factor responsible for the fact that SY

ales started molting earlier than ASY males. A recent
nvestigation on starlings suggested that photoin-
uced PRL release is required for molt (Dawson and
harp, 1998). In the present study, maximum plasma
RL concentrations were reached shortly before the
eginning of molt, at which point they did not differ
etween SY and ASY juncos. In July, SY males had

ower PRL levels, but started to molt earlier, than ASY
ales. Thus, there was no positive relationship be-

ween the onset of molt and the circulating PRL con-
entrations and our data do not support a role for PRL
n the onset of prebasic molt in Dark-eyed Juncos.

The onset of prebasic molt is generally considered to
ndicate photorefractoriness (Nicholls et al., 1988). Al-
hough CP sizes and testicular masses declined at the



same time in SY and ASY males, the molt data suggest
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sources and being able to allocate more energy to
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the intriguing possibility that SY males became pho-
torefractory earlier than ASY males despite the fact
that all birds were exposed to identical environmental
conditions of photoperiod and temperature while on
the breeding grounds. During the breeding season,
some male juncos apparently do not mate (Ketterson
et al., 1992) and, although at least some SY males nest
successfully, more SY than ASY males may fail to
obtain and hold a breeding territory. In other male
songbirds, activity of the reproductive system is mod-
ulated by social influences, especially interactions
with mates (Schwab and Lott, 1969; Moore, 1982;
Dufty and Wingfield, 1986; Sorenson et al., 1997; but
ee Silverin, 1991). Runfeldt and Wingfield (1985) re-
orted that administration of estradiol to female Song
parrows delays molt and maintains elevated circu-
ating T levels for several weeks in their untreated

ates. In Pied Flycatchers, males with an experimen-
ally shortened brooding period had lower PRL con-
entrations than controls, although only females of
his species normally brood (Silverin and Goldsmith,
990). Thus, behavioral interactions (or a lack thereof)
ith females possibly contributed to mediating year-

lass differences in male juncos, especially at the end
f the reproductive period. Consistent with this con-
lusion, captive SY and ASY male juncos that were not
n contact with females showed largely similar phys-
ological responses to artificial photostimulation
Crain et al., in preparation) and photoinduced go-
adal growth rates did not differ between captive SY
nd ASY White-crowned Sparrows (Lewis and Farner,
973).
Chronically elevated T levels in males exert multi-

le behavioral and physiological effects, some of
hich apparently are beneficial (e.g., increased attrac-

iveness to females, enhanced nest defense), while oth-
rs are detrimental (compromised immune system,
oss of fat reserves, inhibition of molt, decreased over-

inter survival; Ketterson et al., 1992, 1994; Casto et al.,
1999). At the present time, the long-term conse-
quences, if any, of higher T levels only at the very
beginning of the breeding period in ASY than in SY
males are not known. Many male juncos are philopat-
ric, returning to the same breeding territory from one
year to the next (personal observations). Conceivably,
familiarity with aspects of this territory results in ASY
males having access to more and/or better food re-
growth of reproductive tissues, including testes and
secondary sexual characters such as cloacal protuber-
ances, than SY males. Studies are fully warranted to
evaluate this possibility and to determine whether
differences in gonadal development between the two
age classes result in age-specific effects on sperm pro-
duction or fecundity.
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