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We tested the effects of naturally relevant environmental
temperatures on long day-induced reproductive develop-
ment in male and female white-crowned sparrows, Zono-
trichia leucophrys gambelii. Transfer from short days (8L
16D) to long days (20L 4D) resulted in rapid testicular
development and partial ovarian development as has
been reported many times previously. Exposure of ex-
perimental groups to low (5°), moderate (20°), and high
(30°) temperature during photostimulation had only
subtle effects on plasma levels of follicle-stimulating
hormone and luteinizing hormone over time and no ef-
fects on the size of testes, cloacal protuberance, ovaries,
or brood patch at Day 30 of treatment. Long days re-
sulted in the well known increase in body mass and fat
score, indicative of preparations for migration. In fe-
males, treatment with low temperature resulted in a re-
duction in the premigratory increase in fat and body
mass when transferred to long days. This was accompa-
nied by an increase in plasma levels of corticosterone
during the early stages of photostimulation at low tem-
perature. Temperature regimes had no effects on fatten-
ing or body mass in males, despite an early increase in
plasma corticosterone at low temperature. Circulating
levels of thyroxine (T4) and triiodothyronine (T3) in-
creased to varying degrees following photostimulation.

Temperature treatment had no effect on plasma levels of
thyroid hormones in males, but low temperature did
inhibit thyroid hormone secretion (particularly T4) in
females. Although reproductive development appears to
be resistant to naturally relevant temperature extremes
in both sexes, low environmental temperature impaired
preparations for migration in females but not males.
This effect may be mediated through glucocorticoste-
roids and not thyroid hormones. Reasons for the sexual
dimorphism in this response are unknown, but may be
related to sexual selection for males to arrive on the
breeding grounds ahead of females regardless of local
weather conditions. © 1996 Academic Press, Inc.

The environmental control of seasonal breeding has
received almost continual experimental investigation
for 7 decades. However, in birds most of these studies
have focused on effects of the annual change in day
length and less on other environmental factors (e.g.,
Farner and Follett, 1979; Follett, 1984; Wingfield and
Kenagy, 1991). Although there is no question that pho-
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toperiodic regulation of gonadal development and re-
gression is of major importance in at least north tem-
perate species, it must be borne in mind that other
environmental cues are also critical for the regulation
of gonadal development (e.g., Marshall, 1970; Immel-
mann, 1971, 1973; Wingfield, 1983; Wingfield and
Kenagy, 1991). More recently, Wingfield et al., (1992,
1993) have suggested that the degree to which popu-
lations integrate environmental signals to time gonad-
otropin secretion leading to gonadal development de-
pends upon the predictability of their breeding sea-
sons.
Cohen (1967) suggested that if a future event such as

onset of breeding was highly predictable, then only
one, or few, reliable environmental cues should be
required to time breeding. Many other environmental
signals could be ignored. On the other hand, if the
breeding season is less predictable, i.e., varies due to
cold or warm spring seasons etc., then an individual
should integrate many environmental cues to ensure
that reproduction is timed optimally. The idea that
long term predictive cues (i.e., initial predictive infor-
mation of Wingfield, 1983) would be important if the
breeding season itself is predictable, has been applied
to demographic data on breeding in several species of
birds (Wingfield et al., 1993). Log-linear analysis of
egg-laying dates organized in matrices by month for
as many years as there were data available, revealed
that the white-crowned sparrow, Zonotrichia leucophrys
gambelii, has a highly predictable breeding season and
that initial predictive information such as photoperiod
should provide the major cue to time gonadal devel-
opment (Wingfield et al., 1993).
Colwell (1974) pointed out that predictability has

two components, constancy (i.e., the environment is
predictable because it is always the same) and contin-
gency (i.e., there are major, but predictable, fluctua-
tions in environmental conditions). Wingfield et al.
(1992) applied Colwell’s formulae to matrices of egg-
laying dates in birds and suggested that the ratio of
contingency to constancy (called the environmental
information factor, Ie) indicated the degree to which
an individual within a population should integrate
several environmental cues, i.e., both long term (initial
predictive) and short term (supplementary cues of
Wingfield, 1983). The data for Z.l. gambelii revealed
that predictability was high, favoring a strong effect of
photoperiod, and that the Ie factor was about 1.13.

Comparisons with other taxa of Zonotrichia showed
that populations of Z.l. pugetensis and Z.l. nuttalli (that
breed at lower latitudes and have more flexible breed-
ing seasons) had higher Ie factors (4.27 and 6.26, re-
spectively, Wingfield et al., 1992, 1993). Log-linear
analysis indicated that all these taxa should, neverthe-
less, be highly responsive to photostimulation (see be-
low). On the other hand, the Ie factors suggest that
supplementary cues such as local temperature, food
availability, etc. would be of rising importance as Ie
increases. This does not mean that Z.l. gambelii with
the smallest Ie would not also be responsive to tem-
perature, food, and other cues, but rather that it
should be less responsive than Z.l. pugetensis and Z.l.
nuttallii. Wingfield et al., (1993) point out that the Ie
factor is relative and caution should be exercised
when attempting to infer how many cues a population
of interest should be responsive to based on specific Ie
ratios.
There is much evidence that at least four taxa of

white-crowned sparrow respond to increasing day
length with gonadal development (e.g., Farner and
Lewis, 1973). This is consistent with the predictions of
log-linear analysis (Wingfield et al., 1993). However,
the degree to which other environmental signals, such
as temperature, influence photoperiodically induced
gonadal development has been less well studied. The
hypothesis derived from the calculations of Wingfield
et al., (1992, 1993) is that Z.l gambelii, with a highly
predictable breeding season in the subarctic and arctic
regions of North America, should respond primarily
to increased day length and be less responsive to high
or low temperature. Previous studies have suggested
that male and female Gambel’s white-crowned spar-
rows were indeed resistant to the effects of low tem-
perature on gonadal development induced by expo-
sure to long days (Farner and Mewaldt, 1952; Lewis
and Farner, 1973). It nonetheless remains unclear
whether temperature may affect photoperiodically in-
duced changes in hormones related to reproductive
function.
In this paper we have tested the hypothesis derived

from Wingfield et al. (1992, 1993) by exposing photo-
stimulated male and female Z.l. gambelii to long days
at low, moderate, and high environmental tempera-
tures within the realistic range experienced by free-
living birds. We investigate possible effects on both
reproductive physiology (i.e., gonadal development,
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secondary sexual characters) and premigratory physi-
ology (i.e., body mass and fat deposition) further by
measuring circulating gonadotropin levels as well as
concentrations of corticosterone (to assess potential
stress of treatment) and thyroid hormones (to assess
whether any effects could be attributed to a mecha-
nism of action via the thyroid gland). We also wish to
point out that other related taxa, with higher Ie factors,
have also been investigated and reports on their re-
sponses will follow.

MATERIALS AND METHODS

Capture and housing of birds. Male and female Z.l.
gambelii were captured in Japanese mist nets during
their autumn migration (September and October) at
Sunnyside Game Refuge, Yakima County, Washing-
ton (47°N). Birds were transported to Seattle and held
in roof aviaries at the Department of Zoology for at
least 3 weeks. Birds were then housed in cages (55 × 25
× 25 cm), one per cage, in environmental chambers
held at 20° and a daily photoperiod of 8 hr light 16
dark (8L 16D). Each chamber contained both males
and females and both sexes could see and hear one
another throughout the experiment, although contact
was prevented by housing one bird per cage. Birds
were assigned to treatment groups at random. Groups
of both sexes contained adults and first year birds
(identified by crown color). Previous studies have
shown that the photoperiodic responses of first year
birds and adults are identical (Farner and Lewis, 1973;
J. C. Wingfield, unpublished observations). Sample
sizes were 11 for males and 12 for females eventually
exposed to 5°; 7 and 9, respectively, at 20°; and 9 and
7, respectively, at 30°. All birds had seeds, Mazuri
small bird chow (PMI Feeds Inc., St. Louis, Missouri)
and water ad libitum.
Sampling techniques. Birds were sexed by unilateral

laparotomy at least 1 month before the experiment
began. Further laparotomy was performed at Day 30
of photostimulation and temperature treatment. Just
prior to the surgical procedure, a local anesthetic was
applied to the exposed left flank. This procedure has
been in routine use for over 30 years and has been
approved for these investigations by the University of
Washington Institutional Animal Care and Use Com-
mittee. Gonads can be easily observed through a

single incision between the last pair of ribs on the left
side. Testis length and width were measured to the
nearest mm, as was diameter of the largest ovarian
follicle. Volume of the testis was calculated from the
formula for volume of an ovoid sphere (see Boswell,
1991):

V= 4/3 πa2b

where V is volume, a is the radius of the testis at its
widest point, and b is half the long axis.
Volume of the largest ovarian follicle was calculated

from the formula for a sphere (Boswell, 1991):

V= 4/3 πr3

where V is volume, and r is the radius of the largest
ovarian follicle. The volumes of both the testes and
largest ovarian follicles were expressed as cubic mil-
limeters.
Blood samples were collected in heparinized micro-

capillary tubes from a wing vein after puncture with a
26-g needle. Approximately 200–250 ml of whole blood
were collected from each bird. Plasma was separated
by centrifugation, harvested with a Hamilton micro
syringe, and stored at −20° until assay.
Body mass was measured to the nearest 0.1 g on a

Pesola spring scale for weighing wild birds. Fat score
was assessed in the furcular and abdominal regions
using an arbitrary scale (see Wingfield and Farner,
1978) from 0 to 5, in which 0 = no visible fat, and 5 =
gross bulging fat bodies that far exceed the normal
limits for wild birds. Stage 5 is usually only seen dur-
ing the height of migration or under artificial condi-
tions in the laboratory.
Where appropriate, secondary sex characters were

also assessed. In males, the length of the cloacal pro-
tuberance (an androgen-dependent copulatory organ)
was measured to the nearest millimeter. In females,
presence of a brood patch was assessed by examining
the ventral skin of the breast and abdomen. Absence
of a patch was scored as 0% development. Percentage
defeathering can be estimated (i.e., 10, 50, 80, or 100%)
because the patch has a very clear edge (see Wingfield
and Farner, 1976).
We checked for prebasic moult in all birds by exam-

ining the number of primary flight feathers absent or
growing on both wings. True moult is symmetric, i.e.,
both wings show the same number of primaries (and
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other feathers) shed and growing in. Asymmetric
moult often occurs as a result of accidental loss of
feathers and subsequent replacement, and was thus
ignored in these experiments. At no time during the
experiments described below was any pre-basic moult
observed.
Experimental protocol. All birds were maintained on

8L 16D at 20° for at least 10 weeks prior to onset of
experimental treatments. Exposure to short days for
this period is known to result in complete recovery of
photosensitivity (i.e., all birds would have been pho-
torefractory when captured in autumn) in this species
(e.g., Farner and Follett, 1979). Five days prior to trans-
fer to long days, all birds were bled, weighed, and fat
score, cloacal protuberance length (CPL), and brood
patch assessed. At Day 0, all three constant environ-
ment chambers were transferred to 20L 4D, and one
chamber set to 5°, a second maintained at 20°, and a
third adjusted to 30°. These temperatures were se-
lected as representative of extremes likely to be expe-
rienced by free-living Z.l. gambelii during gonadal de-
velopment and vernal (April to early May) migration.
Examination of weather records at selected locations
along the migratory route from southwestern U.S.A.
to Alaska (see Wingfield et al., 1992) confirms these
selections as appropriate.
Day 1 after transfer to experimental treatments, all

birds were bled, weighed, and fat score assessed. The
same sampling procedure was performed on all birds
at Day 10 of treatment also. At Day 30, when the rapid
phase of gonadal development was nearing comple-
tion (e.g., Farner and Follett, 1979; Wingfield and
Farner, 1980), all birds were bled, weighed, and fat
score, CPL, and brood patch assessed. Unilateral lap-
arotomy was also performed on all birds to determine
developmental state of the gonads.
It should be noted that because plasma levels of

corticosterone rise as a result of capture and handling
(e.g., Wingfield et al., 1982), we recruited several labo-
ratory personnel to assist the sample collection pro-
cess. Each chamber was entered independently and
blood samples were collected from all birds within the
range 0.5–10 min (most within 5 min). It is likely that
some increase in corticosterone had occurred by 5–10
mins of entering the chambers, but this would still be
well below the maximum attained during capture,
handling, and restraint (see Wingfield et al., 1982). Fur-
thermore, all chambers were entered and birds

sampled in an identical manner and thus we feel that
any effects of stress on corticosterone were minimal.
Hormone assays. Plasma levels of luteinizing hor-

mone (LH) were measured by a double antibody,
postprecipitation radioimmunoassay for chicken LH
as developed by Follett et al. (1972) and updated by
Sharp et al. (1987). We have used this assay extensively
for determination of LH levels in many passeriform
species (see Wingfield et al., 1991 for details). The as-
say uses purified chicken LH for standards and for
iodination by the chloramine T method. Plasma vol-
umes for assay were between 10 and 20 ml. All
samples were measured in duplicate within a single
assay to avoid interassay variation. Intra-assay varia-
tion was assessed by duplicate determinations of three
dilutions of high and low LH plasma pools from
white-crowned sparrows. Intra-assay variation was
within limits (15% coefficient of variation) seen in pre-
vious assays (Wingfield et al., 1991).
Circulating follicle-stimulating hormone (FSH) was

also measured by a double antibody postprecipitation
radioimmunoassay (Sakai and Ishii, 1985) using
chicken FSH for standards and iodination (again by
the chloramine T method), and an anti-chicken FSH
serum that shows very low cross-reaction with
chicken LH (Sakai and Ishii, 1985). All samples were
assayed within a single assay, in 20-ml duplicates and
intra-assay variation determined on the breeding and
nonbreeding (i.e., high and low FSH) plasma pools
from white-crowned sparrows. As for LH, intra-assay
variation was less than 15% (coefficient of variation).
Corticosterone in plasma was measured by radioim-

munoassay after extraction in freshly redistilled di-
chloromethane. Approximately 10-ml aliquots of
plasma were equilibrated with 2000 cpm of tritiated
corticosterone (for determination of percentage recov-
ery following extraction in each sample) and diluted
to 200 ml in distilled water. After equilibration,
samples were extracted in 5 ml dichloromethane and
the organic phase was aspirated and taken to dryness
under a stream of nitrogen in a water bath at 45°.
Dried extracts were then reconstituted in 550 ml phos-
phate-buffered saline with gelatin and sodium azide,
and 200-ml aliquots assayed in duplicate. A small (100
ml) aliquot was taken to a scintillation vial for deter-
mination of percentage recovery following extraction.
The assay followed that of Wingfield et al. (1991).
Bound and free fractions were separated by addition
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of dextran-coated charcoal. Assay reliability criteria
were well within the limits (intra-assay variation
<9.6%; inter-assay variation <12.6%) described by
Wingfield and Farner (1975) and Wingfield et al.
(1991).
Plasma levels of thyroxine (T4) and tri-iodo-

thyronine (T3) were assayed by separate radioimmu-
noassay with polyethylene glycol precipitation for
separation of bound and free counts (after Tasaki et al.,
1986; Wada, 1993). The antibodies were purchased
from Endocrine Sciences (Tarzana, CA) and used in
appropriate dilutions (×1000 for T4 and ×3000 for T3)
determined by preliminary binding tests. Stock solu-
tions for standards were prepared by diluting T4 (free
salt) and T3 (sodium salt), both purchased from Cal-
biochem (La Jolla, CA), into methanol and distilled
water (1:1) containing 1% ammonium hydroxide so-
lution. These were then further diluted with methanol
to make a final solution of 1 mg/ml. Working standard
solutions (32 ng/ml) were made up fresh from these
stocks using 0.11M barbital buffer (pH 8.6) containing
1% gelatin. Standard curves were generated by serial
dilution from 32 ng/ml in barbital buffer containing
8-anilino-1-naphthalenesulfonic acid (0.55 mg/ml)
and bovine gamma globulin (15 mg/ml). All the
samples were assayed within a single assay in 5-ml
duplicates. Intra-assay variation (<15%) was deter-
mined on breeding and nonbreeding plasma pools
from white-crowned sparrows.
Statistics. Changes in hormone levels, body mass,

and fat deposition over time were assessed by
ANOVA for repeated measures with one grouping
factor (temperature treatment). When necessary, hor-
mone data were natural logarithm transformed to re-
duce heteroscedasticity. Univariate F-tests were used
for post hoc comparisons both between different sam-
pling dates within temperature treatments and be-
tween the different temperature treatments at each
sampling date. In general, significance was set at P =
0.05, and post hoc comparisons were only considered
significant if they met the Bonferroni criterion of P
divided by the total number of comparisons made.
When sampling date was the only significant ANOVA
effect, then we made nine pairwise comparisons of the
adjacent sampling dates within each treatment, and
we considered the differences robust if P = 0.006 or
less. When temperature treatment and/or the interac-
tion of sampling date and temperature treatment also

were significant in the ANOVA, then we compared
each temperature treatment at each sampling date as
well (12 additional comparisons). In this case we con-
sidered differences to be robust if P = 0.002 or less. In
one case (T3 levels in females) we made further within
treatment comparisons of some nonadjacent sampling
dates in an attempt to understand the complex varia-
tion that occurred; here we considered the difference
truly robust only if P = 0.001 or less. This approach to
the statistics is conservative; some of the “marginally”
significant differences that failed to survive adjust-
ment for multiple comparisons (see Tables 1 and 2)
may reflect biologically real phenomena.
Data on gonadal condition and length of the cloacal

protuberance (CPL) in relation to temperature were
analyzed by one factor ANOVA since repeated mea-
sures were not taken (i.e., only at day 30 of photo-
stimulation).

RESULTS

Effects of Temperature on Photoperiodically
Induced Testicular and Ovarian Development

Temperature did not affect photoinduced develop-
ment of testes and cloacal protuberance in males (Fig.
1). By Day 30 after transfer to 20L 4D, testes showed
similar enlargement in all three groups (ANOVA, F =
0.568, P = 0.5741, df = 2,24, Fig. 1A). Likewise, cloacal
protuberance length was similar in the three tempera-
ture treatments after 30 days of photostimulation (F =
0.36, P = 0.7016, df = 2,25, Fig. 1B). As in males, the
effects of temperature on photoperiodically induced
ovarian follicle development in females were not sig-
nificant at 30 days of treatment (F = 1.199, P = 0.3182,
df = 2,25, Fig. 2). There was no development of the
brood patch (i.e., 0% defeathering) by Day 30 in any
group.

Effects of Temperature on Photoperiodically
Induced Changes in Plasma Gonadotropins

Following photostimulation, plasma levels of both
LH and FSH increased in males (Fig. 3; Table 1; note
that all further statistics for males appear in Table 1).
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LH rose significantly by Day 1 and then increased
further by Day 10 in all three treatments except in the
5° group, where the change between Day −5 and Day
1 was not significant. Note, however, that there was
neither a main effect of temperature on LH nor an
interaction of temperature with sampling date in

males (Table 1). LH levels on Day 30 were similar to
those on day 10 in all treatments. Although there was
no main effect of temperature on FSH levels, the tem-
poral profiles of FSH in the three treatments were dif-
ferent (Fig. 3B; Table 1). The increase in FSH following
photostimulation appeared to be delayed in the 5°
birds. However, the increase by Day 1 within the 20°
and 30° birds, as well as the differences between the 5°
and the 20° and 30° birds on Day 1, only approached
significance (Table 1). The only robust change in FSH
levels between adjacent sampling dates within any
temperature treatments occurred in the 5° group be-
tween Day 1 and Day 10 of photostimulation (Table 1).
Likewise in females, plasma levels of LH and FSH

increased following transfer to long days (Fig. 4; Table
2; note that all further statistics for females, except
where noted in the text, appear in Table 2). There was
no main effect of temperature on plasma FSH in fe-
males, and although there was a trend toward more
rapid elevation of FSH on Day 1 in the 30° group (Fig.
4B), the interaction of date and temperature was not
significant; none of the groups showed significant el-

FIG. 1. Effects of temperature on testicular development (A) and
length of the cloacal protuberance (B) in male white-crowned spar-
rows exposed to 20L 4D and three different experimental tempera-
tures for 30 days. Bars are means ± standard errors.

FIG. 2. Effects of temperature on ovarian follicle development in
female white-crowned sparrows exposed to 20L 4D and three dif-
ferent experimental temperatures for 30 days. Bars are means ±
standard errors.

FIG. 3. Effects of temperature on plasma levels of luteinizing hor-
mone (A) and follicle-stimulating hormone (B) in male white-
crowned sparrows transferred to 20L 4D from 8L 16D at Day 0. Each
point is the mean and vertical lines are the standard errors.
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evation of FSH by Day 1 compared with Day -5 (Table
2). In all three treatments, FSH first rose significantly
between Day 1 and Day 10 and then declined signifi-
cantly by Day 30. In contrast to FSH, temperature sig-
nificantly affected LH levels, producing both a main
effect and an interaction with sampling date (Fig. 4A;
Table 2). LH in the 30° group increased by Day 1, but
did not do so until day 10 in the other two groups.
These profile differences resulted in significantly
greater LH levels after 1 long day in the 30° group
than in both of the other groups. By Day 10 LH levels
were indistinguishable in the three groups. The appar-
ent declines in LH between Days 10 and 30 were only
marginally significant (Table 2).

Effects of Temperature and Photoperiod on Body
Mass and Fat Score

Photostimulation resulted in an increase of body
mass in males (Fig. 5A; Table 1); temperature had no

effect. Despite the main effect of sampling date, none
of the adjacent dates within any treatment differed
significantly, reflecting the gradual nature of the
changes. Fat score also varied significantly over time
(Fig. 5B; Table 1), but again temperature treatment
was without effect. The significant date effect appears
to be primarily due to sharp increases between Days 1
and 10 in the 5° and 20° groups (Table 1). Curiously,
body mass did not change significantly concomitant
with these changes in fat deposition (Table 1).
Similarly in females, body mass increased following

photostimulation (Fig. 6A; Table 2); however, unlike
in males there was a significant main effect of tem-
perature, with the 5° birds showing little gain of body
mass and the 30° group showing the greatest mass.
The only robust difference in mean body mass be-
tween treatments occurred between the 5° and 30°
birds at Day 10, when the 30° birds had reached a peak
and the 5° birds had not changed; several other com-
parisons approached significance (Table 2). The tem-

TABLE 1

Statistical Analysis for Males

Note. Summary of statistical analyses for male Gambel’s white-crowned sparrows. First three rows show main repeated measures ANOVA
results for main temperature treatment effect, sampling date effect (whether the variable changed over time during the experiment), and the
date by temperature interaction (whether the different temperature treatments varied in their temporal profiles of the variable). Remaining
rows summarize post hoc comparisons for adjacent sampling dates within treatments, and for the same sampling date between treatments.
Robust differences (i.e., differences that remained significant after adjustment for multiple pairwise comparisons, see Methods section under
“Statistics”) are in italics and marked with double stars. Less robust differences (i.e., post hoc comparisons with P # 0.05, but greater than P
adjusted for multiple comparisons) are marked with single stars. Due to variation in amount of available plasma for different birds and
occasional loss of individual blood samples for a variety of reasons, sample sizes are not identical for all analyses. For temperature effect,
degrees of freedom (df) vary from 2,21 to 2,25. For date effect, df vary from 3,63 to 3,75. For date*temperature effect, df vary from 6,63 to 6,75.
For post hoc comparisons, df vary from 1,21 to 1,25.
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poral pattern of change in fat deposition in females
paralleled that of body mass (Fig. 6B; Table 2).

Effects of Temperature and Photoperiod on
Circulating Levels of Corticosterone

There was a general trend for increased plasma lev-
els of corticosterone following transfer to long days in
both sexes (Fig. 7; Tables 1 and 2). Experimental tem-
perature treatments had no main effect on plasma cor-
ticosterone concentrations in males, but there was a
significant date by temperature interaction. This ap-
pears to be due to the fact the 5° males showed a
significant increase in B levels after exposure to 1 long
day, while neither of the other temperature treatments
changed during this interval (Table 1). None of the
post hoc comparisons between treatments at each date
were significant after adjustment for multiple com-
parisons, though it is notable that the comparisons
between the 5° group and the 20° and 30° groups ap-
proached significance on Day 1.

Temperature also affected B levels in females, in this
case emerging as a main effect (Fig. 7B; Table 2). The
5° group appeared to show high and sustained levels
of corticosterone compared with the other two treat-
ments. None of the post hoc comparisons between
treatments were significant after adjustment for mul-
tiple comparisons, but as for males the difference be-
tween the 5° and 30° groups after 1 long day ap-
proached significance. The temporal changes in fe-
male corticosterone levels were very gradual, and
there were no differences between adjacent dates
within any of the treatments.

Effects of Temperature and Photoperiod on
Thyroxine (T4) and Tri-Iodothyronine (T3) Levels

T4 levels in males showed parallel increases follow-
ing photostimulation in all three temperature treat-
ments (Fig. 8A; Table 1). The most striking increase
occurred between Days 1 and 10 in the 5° and 20°
birds; the mean T4 level of the 30° birds on Day 10 was
similar to the other two groups, but there was sub-
stantially greater variability and the change from Day
1 levels was not significant in this group (Table 1). The
changes in T3 over time in males were much less dra-
matic (Fig. 8B), but still significant (Table 1). As for T4
levels there was no effect of temperature treatment.
Changes in T3 levels of males were gradual, and none
of the post-hoc comparisons of adjacent dates within
temperature treatments were significant (Table 1).
Patterns of T4 and T3 secretion in females differed

from those of males (Fig. 9; Table 2). As for males,
female T4 levels changed over time, but there also was
a significant interaction of date and temperature, in-
dicating that the female T4 profiles differed among the
temperature treatments (Table 2). This appears to be
due to increases between Days 1 and 10 of photo-
stimulation in the 20° and 30° birds but not in the 5°
birds. These increases in the 20° and 30° birds are not
quite significant after adjustment for multiple com-
parisons, but they are very nearly so (Table 2). T3
levels of females also varied significantly over time
(Fig. 9B), but the variation was rather complex. There
was no main temperature effect, but there was a sig-
nificant interaction of date and temperature treatment.
This interaction appears to be due to the fact that lev-
els did not change in the 20° birds (within treatment
comparisons between all dates, including nonadjacent

FIG. 4. Effects of temperature on plasma levels of luteinizing hor-
mone (A) and follicle-stimulating hormone (B) in female white-
crowned sparrows transferred to 20L 4D from 8L 16D at Day 0. Each
point is the mean and vertical lines are the standard errors.
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TABLE 2

Statistical Analysis for Females

Note. Summary of statistical analyses for female Gambel’s white-crowned sparrows. See Table 1 caption for detailed explanation. As for
males, due to variation in amount of available plasma for different birds and occasional loss of individual blood samples for a variety of
reasons, sample sizes are not identical for all analyses. For temperature effect, degrees of freedom (df) vary from 2,19 to 2,25. For date effect,
df vary from 3,57 to 3,75. For date*temperature effect, df vary from 6,57 to 6,75. For post hoc comparisons, df vary from 1,19 to 1,25.

FIG. 5. Effects of temperature on body mass (A) and fat score (B)
in male white-crowned sparrows transferred to 20L 4D from 8L 16D
at Day 0. Each point is the mean and vertical lines are the standard
errors.

FIG. 6. Effects of temperature on body mass (A) and fat score (B)
in female white-crowned sparrows transferred to 20L 4D from 8L
16D at Day 0. Each point is the mean and vertical lines are the
standard errors.
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ones, all F < 3.827, all P > 0.064, all df = 1,20), but did
fluctuate in the other two treatments. In particular, T3
levels appeared elevated in the 30° birds by Day 10 as
compared with Day −5, though this difference only
approached significance when corrected for multiple
comparisons (F = 9.290, P = 0.006, df = 1,20). The in-
crease by Day 30 in the 5° birds was the most robust
change of all (Day 1 versus Day 30, F = 24.060, P <
0.001, df = 1,20), and it was on Day 30 that T3 levels of
5° birds exceeded those in the 20° birds (Table 2).

DISCUSSION

The failure of low environmental temperature to in-
hibit photoperiodically induced testicular develop-
ment or for high environmental temperature to en-
hance it in Z.l. gambelii is consistent with the observa-
tions of Farner and Mewaldt (1952) and Lewis and
Farner (1973). Female Z.l. gambelii were also unaf-

fected by environmental temperature, at least during
the period of ovarian development. Furthermore,
there was no main effect of temperature on plasma
levels of LH and FSH in males consistent with the
observations of Wingfield et al. (1982) for brief epi-
sodes of low (5°) and high (30°) temperature. The
somewhat sluggish increase in FSH in males at 5° sug-
gests that FSH secretion in males can be modulated by
temperature. However, by Day 10 this effect was no
longer evident. Furthermore, this slight delay in FSH
increase did not appear to influence testicular devel-
opment. A similar argument can be made for the high
level of LH in females of the 30° group at Day 1 of
treatment. In this case LH levels were higher than in
both the 5° and 20° groups. By Day 10, however, LH
titers in blood had increased in the other two groups
to the level of the 30° group, and there was no effect on
ovarian follicle development at Day 30. It is possible
that gonadal development was enhanced or inhibited
during early maturation before we performed laparot-
omies at Day 30. However, we feel that Day 30 is the

FIG. 7. Effects of temperature on circulating levels of corticoste-
rone in male (A) and female (B) white-crowned sparrows trans-
ferred from 8L 16D to 20L 4D at Day 0. Each point is the mean, and
vertical lines are the standard errors.

FIG. 8. Effects of temperature on plasma levels of thyroxine (A)
and tri-iodothyronine (B) in male white-crowned sparrows trans-
ferred to 20L 4D from 8L 16D at Day 0. Each point is the mean and
vertical lines are the standard errors.
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time when an effect will most likely be seen because
although the logarithmic phase of growth is ending,
full maturation (at a slower rate) is not attained for
another 10–20 days (e.g., Farner and Mewaldt, 1952).
In other species studied, temperature effects on go-
nadal development were certainly clear by this stage
(see Wingfield et al., 1992 for review).
In other species it has been shown that low tempera-

tures may inhibit testicular development, possibly re-
lated to migratory status (see Wingfield et al., 1992 for
review). Lewis and Farner (1973) did detect a slight
effect of low temperature on oviduct development in
Gambel’s white-crowned sparrows, suggesting that
although ovarian growth was not affected, its endo-
crine function may have been. Our data on gonado-
tropin levels suggest that if there is an effect of tem-
perature on ovarian endocrine secretions, it is not me-
diated through gonadotropin release.
In willow tits, Parus montanus, photostimulation at

20° resulted in advanced maturation up to 2 weeks
earlier than in willow tits photostimulated at 10° or 4°

(Silverin and Viebke, 1994). However, maximum testis
size attained was rather small. No such effect was
found following similar treatment of great tits, P. ma-
jor (Silverin and Viebke, 1994). It is also interesting
that the patterns of LH secretion in willow tits were
identical despite differences in temperature-mod-
ulated photostimulation of testis growth. In contrast,
LH levels in great tits exposed to 20° were markedly
higher than in groups held at 10° and 4°, despite no
effect on gonadal development. Silverin and Viebke
(1994) suggest that the increase of LH in great tits at
20° may be related to androgen release and activation
of singing/aggressive behavior that occur early in the
breeding season of this species. These results resemble
ours in the sense that temperature-induced differences
in photoinduced gonadotropin secretion do not nec-
essarily translate into differences in gonadal develop-
ment.
In migratory species that have a highly predictable

and brief breeding season, low ambient temperature
had no effect on testicular recrudescence (Suoma-
lainen, 1937; Engels and Jenner, 1952; Rowan 1925).
Sedentary species with longer or more flexible breed-
ing seasons showed reductions in rates of testicular
recrudescence at low temperatures (e.g., Kendeigh,
1941; Jones 1986; Storey and Nicholls, 1982). Data for
ovarian development are sparse but support the re-
sults for males (Ibid). The mechanisms by which tem-
perature may modulate gonadal recrudescence re-
main unknown.
It is possible that greater extremes of temperature

would have had an effect on gonadal development in
Z.l. gambelii, especially since there were no effects of 5°
on circulating levels of thyroid hormones in males.
Interestingly, temperature did affect thyroid hor-
mones in females, but these effects were only apparent
later in the experiment, when gonadotropin levels
were similar in all three treatments. Thus, differences
in thyroid hormone secretion do not appear to help
explain accelerated gonadotropin secretion in females
at 30° on Day 1. Furthermore, T4 levels tended to be
reduced in females at low temperature. Smith (1982)
has shown that low ambient temperature can increase
circulating T3 and T4, suggesting that in this experi-
ment, the temperature limits were within a range that
will not directly influence thyroid hormone secretion.
However, we were careful to select low and high tem-
peratures that were within the normal (i.e., predict-

FIG. 9. Effects of temperature on plasma levels of thyroxine (A)
and tri-iodothyronine (B) in female white-crowned sparrows trans-
ferred to 20L 4D from 8L 16D at Day 0. Each point is the mean and
vertical lines are the standard errors.
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able) range that Z.l. gambelii would experience during
spring (see Wingfield and Kenagy, 1991). Exposure to
temperatures outside this range may potentially elicit
a stress response and gonadal development would be
affected by a different mechanism. In other words,
temperatures outside the normal range to be expected
for the season may act as modifying factors — a dif-
ferent category of environmental signals with poten-
tially very different transduction pathways within the
central nervous system (see Wingfield, 1983, 1988).
In the domestic fowl, low environmental tempera-

ture has the potential to increase circulating levels of
corticosterone that in turn inhibits the reproductive
system (e.g., Siegel, 1980). Elevated adrenocortical se-
cretions can have profound inhibitory effects on the
reproductive systems of most vertebrates (e.g., Moore
and Miller, 1984; Greenberg and Wingfield, 1987). In
this study, corticosterone levels were indeed some-
what elevated in the 5° birds of both sexes on Day 1.
This difference in corticosterone secretion on Day 1
could explain the slightly reduced FSH secretion in
males at 5° on that day; apparently it had no effect on
LH in males. In females, on the other hand, gonado-
tropin secretion was similarly sluggish in the 5° and
20° birds on Day 1, whereas corticosterone was (mar-
ginally) elevated only in the 5° birds on that day. After
Day 1, there were no differences in corticosterone lev-
els among treatments, and the highest corticosterone
levels were still well below those induced by stress
(Wingfield et al., 1982), indicating that although the
experimental temperatures were at the limits normally
expected during gonadal development, they were not
stressful. In any case, none of the differences observed
in corticosterone or other hormones translated into
differences in ovarian development. These data sug-
gest that temperatures which may potentially have
dramatic effects on gonadal recrudescence in passeri-
form species breeding at lower latitudes are ineffective
in modulating photoperiodically induced gonadal de-
velopment in Z.l. gambelii consistent with the hypoth-
esis from Wingfield et al. (1992, 1993).
It is also possible that a combination of photostimu-

lation at shorter day lengths with the same tempera-
ture treatments may have resulted in a significant ef-
fect on gonadal development. This aspect could be
tested but would require more birds and environmen-
tal chambers than were feasible in the current inves-
tigation. The plan here was to test the possibility that

temperature may modulate gonadal development in a
bird with a highly predictable breeding season and a
low Ie factor so that these results can be compared
with other closely related taxa with higher Ie factors.
To do this requires careful comparisons, and we felt
that each taxon should be tested at the maximal day
length normally experienced by that population to
avoid possible artifacts of longer or shorter day
lengths. We feel that additional experiments are cer-
tainly warranted, but this does not detract from the
conclusions being made here. Note especially that
other experiments investigating effects of low tem-
perature on testis development in Z.l. gambelii used
different day lengths. Farner and Mewaldt (1952) ex-
posed males to 15L 9D; Lewis and Farner (1973) used
18L 6D, and we used 20L 4D. In all cases the effects of
temperature on gonadal development were nonexis-
tent or very slight, suggesting that the photoperiod we
chose did not mask effects of temperature.
The classification of types of environmental factors

regulating reproduction (Wingfield, 1983) has also
been applied to the regulation of vernal and autumnal
migration (Wingfield et al., 1990). It was proposed that
initial predictive information such as photoperiod
provides long term predictive cues to begin prepara-
tions for migration. Then short term predictive factors
such as temperature, wind, food availability, etc. (i.e.,
supplementary factors) are integrated to varying de-
grees depending upon the predictability of the migra-
tion season. There have been extensive investigations
on the control of body mass and fat depots for migra-
tion by photoperiod in several avian species (e.g., Ra-
menofsky, 1990; Wingfield et al., 1990), but few have
studied integration of photoperiodic responses with
temperature. In male Z.l. gambelii, photoperiodically
induced increases in body mass and fat score were
unaffected by temperature, but in females, the 5°
group showed less accumulation of fat and lower
body mass than the other groups (particularly than the
30° group), suggesting that low temperature may in-
deed inhibit preparations for migration in females.
These data are unlike the results of Lewis and

Farner (1973) who found that premigratory fattening
progressed normally at low temperatures but was in-
hibited at higher temperatures (e.g., 34.5°). Reasons
for this disparity are not clear, but may be related to
different temperature regimes used, length of the ex-
perimental long days, or the fact that their birds were
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acclimated gradually to the experimental temperature
regimes. Clearly, temperature has an effect on vernal
premigratory functions in female Z.l. gambelii, but fur-
ther experiments are needed to clarify the relation-
ship.
In the investigations reported here, the low tempera-

ture groups of both sexes had marginally higher cir-
culating levels of corticosterone, but only after the first
day of photostimulation and temperature treatment.
Whether or not this early rise in corticosterone may
represent a possible mechanism in females for re-
duced fattening later in the photostimulation cycle re-
mains to be determined; it appears not to have this
effect in males. As noted above it is unlikely that the
birds were stressed since the highest corticosterone
levels were still well below those measured in chroni-
cally stressed individuals (Wingfield et al., 1982), and
furthermore, gonadal development was not affected.
These data suggest that preparations for migration
may be influenced more by temperature than is ovar-
ian development, but the nature of the endocrine
mechanisms require further work.
There is evidence from the field that bad weather,

including low temperature, can delay onset, slow
down, or even reverse vernal migration in several
avian species (e.g., Elkins, 1983; Williams and Willi-
ams, 1990). Greater temperature sensitivity of the fat-
tening response in females could reflect some propen-
sity to modify the migratory schedule. However, the
reasons underlying the sexual dimorphism of the fat-
tening response in Z.l. gambelii are obscure. One could
speculate that the resistance of males to an effect of
temperature on migration physiology may be related
to the selective pressure for them to arrive on the
breeding grounds first. Females on the other hand ar-
rive later when weather may be more benign.
Increased day length resulted in dramatic increases

in T4 levels in both sexes. This is consistent with a role
for T4 in the induction of photorefractoriness and
postnuptial moult (e.g., Nicholls et al., 1988). However,
the 5° treatment appeared to suppress this cycle of T4
secretion in females which is contrary to expectations
that low temperature should increase thyroid hor-
mone release that is thought to regulate metabolism
accordingly (e.g., Assenmacher, 1973; Smith, 1982). It
does appear that temperature may have influenced
the rate at which photoperiodically induced functions
progress. This aspect clearly requires further study

and may represent a hitherto unexpected effect of am-
bient temperature on photoperiodically induced ver-
nal functions.
Clearly there is great flexibility of the control sys-

tems for reproductive and associated cycles and the
mechanisms by which they integrate environmental
signals. Further tests on other taxa that experience
varying predictability and that have different Ie factors
will indicate whether models for integration of envi-
ronmental signals will prove to be useful in general.
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