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abstract: Reproductive allochrony presents a potential barrier to
gene flow and is common in seasonally sympatric migratory and sed-
entary birds. Mechanisms mediating reproductive allochrony can in-
fluence population divergence and the capacity of populations to re-
spond to environmental change. We asked whether reproductive
allochrony in seasonally sympatric birds results from a difference
in response to supplementary or photoperiodic cues and whether the
response varies in relation to the distance separating breeding and
wintering locations as measured by stable isotopes. We held season-
ally sympatric migratory and sedentary male dark-eyed juncos ( Junco
hyemalis) in a common garden in early spring under simulated nat-
ural changes in photoperiod and made measurements of reproduc-
tive and migratory physiology. On the same dates and photoperiods,
sedentary juncos had higher testosterone (initial and gonadotropin-
releasing hormone induced), more developed cloacal protuberances,
and larger testes than migrants. In contrast, migratory juncos had
larger fat reserves (fuel for migration). We found a negative relation-
ship between testis mass and feather hydrogen isotope ratios, indicat-
ing that testis growth was more delayed in migrants making longer
migrations. We conclude that reproductive allochrony in seasonally
sympatric migratory and sedentary birds can result from a differen-
tial response to photoperiodic cues in a common garden, and as a re-
sult, gene flow between migrants and residents may be reduced by
photoperiodic control of reproductive development. Further, earlier
breeding in response to future climate change may currently be con-
strained by differential response to photoperiodic cues.
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Introduction

Organismal and evolutionary mechanisms that underlie di-
vergence in seasonal strategies have important implications
for both the generation and the maintenance of biodiver-
sity (Ricklefs 2000; Ricklefs and Wikelski 2002; Wikelski and
Cooke 2006; Wingfield 2012) as well as the biotic responses
to environmental change (Cohen et al. 2012;Wingfield 2015).
Seasonally breeding animals use a combination of predictive
and supplementary environmental cues to time reproductive
development with the phenology of local resource pulses.
Photoperiod (day length), the primary predictive cue used by
most temperate breeding animals to time seasonal changes
(Bronson and Heideman 1994; Dawson et al. 2001; Bronson
2009), is robust due to the invariability of the annual orbit of
the earth around the sun. Nonphotic cues (supplementary
cues) such as food abundance, weather conditions, and so-
cial interactions vary from year to year and serve to fine-tune
seasonal timing decisions (Charmantier et al. 2008; Bronson
2009; Visser et al. 2009; Davies et al. 2015). Numerous stud-
ieshave identifiedgeneral signal transductionresponsemech-
anisms by which predictive and nonphotic supplementary
cues are integrated into seasonal timing decisions (Rasmus-
sen et al. 2008; Schoech et al. 2009; Ramenofsky et al. 2012;
Wingfield 2012), and the hypothalamic-pituitary-gonadal
(HPG) and hypothalamic-pituitary-adrenal (HPA) axes (and
their potential interactions) are key to explaining variation
in the relative importance of predictive and nonphotic cues
in seasonal timing.
In general, in the temperate zone, where day length varies

widely on a seasonal basis, supplementary cues are consid-
ered to induce relatively minor adjustments in phenology as
compared to changes in day length (Wingfield et al. 1992).
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In some situations, however, particularly in comparisons of
populations residing at the same latitude and photoperiod
but differing in when they reproduce, supplementary cues
have been shown to substantially alter the timing of gonadal
development (El-Bakry et al. 1999; Perfito et al. 2004; Wube
et al. 2008; Atwell et al. 2014). Corsican blue tits (Parus cae-
ruleus) provide an example. Two populations found only
25 km apart differ by 1 month in the onset of egg laying.
As an ultimate explanation, this difference in reproductive
timing has been attributed to female adaptation to habitat
differences in optimal breeding time (Caro et al. 2009).

In other, more widely distributed temperate-zone species
in which some populations migrate while others do not, mi-
gratory and sedentary populations frequently coexist during
late fall, winter, and early spring under sympatry (fig. 1). De-
spite experiencing similar photoperiodic and supplementary
cues on wintering habitats throughout a large portion of the
annual cycle, there is often clear phenological divergence in
spring, when individuals from sedentary populations transi-
tion into breeding, while migrants delay reproduction, pre-
pare for migration, and complete their journeys northward
before breeding. As a result, sedentary and migratory birds
are allopatric during their peak breeding seasons but are sea-
sonally sympatric during periods of overlap (heteropatry;
Getz and Kaitala 1989; Winker 2010; Ketterson et al. 2015).

Situations such as these provide an excellent opportunity
to examine three important questions. First, at a proximate
level, do such populations differ in timing because they dif-
fer in their response to day length or to supplementary cues?
Second, from an evolutionary perspective, how might the
mode of regulation of timing influence gene flow between
migratory and nonmigratory populations that coexist on a
seasonal basis? Third, from both an ecological and an evolu-
tionary perspective, how might the mode of regulation of
timing, day length or supplementary cues, influence howdis-
tributions and patterns of gene flowwill be altered by climate
change?

With respect to the first question, study of seasonally sym-
patric populations makes it possible to examine the physio-
logical mechanisms that allow closely related populations to
adapt to different breeding environments despite identical
exposure to environmental cues during much of the annual
cycle. With respect to the second and third questions, if dif-
ferential responses to supplementary cues are the primary
cause of allochrony, a change in the environment could lead
to earlier reproduction inmigrants and thus a greater chance
of gene flow between migratory and sedentary populations.
Alternatively, if the primary cause of allochrony is differen-
tial responses to spring photoperiod, seasonal sympatry may
promote population divergence but slow phenological re-
sponses to environmental change.

Here, we investigated developmental and endocrinolog-
ical components of divergence in timing of reproductive de-
This content downloaded from 149.1
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velopment for two seasonally sympatric subspecies of dark-
eyed juncos ( Junco hyemalis) and evaluated the association
betweenmigratory distance and timing of reproductive mat-
uration.We asked whether reproductive allochrony observed
between seasonally sympatric migrant hyemalis and seden-
tary carolinensis juncos results from a differential response to
photoperiodic versus supplementary cues. Using stable hydro-
gen isotopes, we also asked whether the differential response
to photoperiodic cues was affected by migratory distance.
We measured morphological and physiological correlates
of reproductive and migratory development across 4 weeks
in early spring for birds held in a captive common garden
that simulated natural photoperiod and provided ad lib.
food, mild temperatures, and reduced social interactions. If
supplementary cues suppress gonad development and delay
reproduction in migratory juncos, we predicted convergence
of seasonal timing of gonadal development and endocrine
profiles of migratory and sedentary juncos in the common
garden. Alternatively, if reproduction of migrants is delayed
because the HPG axis of migratory and sedentary juncos re-
sponds differentially to photoperiodic cues, we predicted
that timing of gonadal development and endocrine profiles
should remain divergent in the common garden.
If response to photoperiod differed among migrants de-

pending on how far their winter site was from their breeding
site, we predicted that those with the longest spring migra-
tionsmight be the last to exhibit gonadal developments. Thus,
we also measured stable hydrogen isotope ratios in feathers
grown on breeding grounds to evaluate the scope of geo-
graphic variation in breeding latitude of migrants and to test
for associations between breeding latitude and the phenology
of reproductive development.
Material and Methods

Study Species

Slate-colored dark-eyed juncos, small passerine birds that breed
in temperate forests throughoutmuch of NorthAmerica, ex-
hibit a continent-wide distribution across breeding and win-
tering ranges, including a latitudinal band in which they are
observed year-round (fig. 1; Nolan 2002). In more northerly
latitudes, migratory slate-colored dark-eyed juncos (Junco
hyemalis hyemalis) breed across primarily boreal and mixed
coniferous-deciduous forests of Alaska, Canada, and north-
ernNewEngland,migrating south in early autumn and spend-
ing the nonbreeding season throughout the central and eastern
United States (fig. 1). At the southerly end of the slate-colored
junco breeding range, where coniferous forests are found at
higher elevations of the Appalachian Mountains, sedentary
slate-colored dark-eyed juncos (Junco hyemalis carolinensis)
remain at or near breeding sites year-round and are thus
seasonally sympatric with the migratory subspecies ( J. h.
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hyemalis) from early October to late April each season (fig. 1).
Throughout this period, wintering hyemalis and sedentary
carolinensis juncos, which are distinguishable based on slight
differences in bill and plumage coloration, are routinely ob-
served together, often foraging in mixed flocks (Cristol et al.
2003). In late winter and early spring, when resources are
still scarce and conditions harsh, sedentary juncos prepare to
breed in the Appalachians, while migratory juncos delay re-
production and prepare for springmigration northward (Nolan
2002), despite exposure to similar photoperiodic and supple-
mentary cues during the prior ∼6 months.
Bird Capture and Housing

FromDecember 4 to 12, 2013, we captured 11migratory and
nine sedentary male dark-eyed juncos at the University of
Virginia’s Mountain Lake Biological Station in Giles County
(37.377N, 80.527W) using mist nets. We determined subspe-
cies using bill coloration (J. h. hyemalis, pink bill; J. h. caro-
linensis, gray bill) and wing chord differences (Ketterson and
Nolan 1976). Age class was determined for each bird based
on wing plumage color, as dark-eyed juncos have a limited
first prebasic molt, making it possible to distinguish between
first-year birds and after-first-year birds (Nolan 2002; Cristol
et al. 2003).

After capture, we housed birds temporarily for 1–10 days
(depending on capture date) in identical outdoor aviaries
at Mountain Lake Biological Station, where they were pro-
vided food (2∶1 mixture of white millet and cracked corn)
and water ad lib. On December 14, we transported the birds
by car to Indiana University, where they were housed in
mixed flocks consisting of equal proportions of migrants
and residents in two climate-controlled indoor aviaries
(6.4 m # 3.2 m # 2.4 m). At Indiana University, we pro-
vided water containing Nekton-S Multi-Vitamin for Birds
(Arcata Pet, Arcata, CA) and food ad lib. Birds were fed a
seed mix containing white millet and sunflower chips (2∶1),
mealworms, orange slices, and a soft diet containing ground
puppy chow, hard-boiled eggs, and carrots.

On February 27, we individually housed birds in 61 #
46# 46-cm cages and separated them into seven replicate
rooms (2.5 m # 2.1 m # 2.4 m). Each room housed six
birds, three migrants and three residents. Half of the birds in
six rooms (three birds/room) were being held for another ex-
periment. The seventh room contained only two birds for the
current experiment (one migrant and one resident). Due to
a minor injury prior to the start of the experiment, we did
not include one sedentary bird in the weekly blood sampling
and measurement protocols (described below); however, it
recovered by the end of the experiment, so we included it in
our analysis of feathers and gonad mass. Final sample sizes
were 11 migrants and eight residents for weekly measure-
ments and 11 migrants and nine residents for feather and
This content downloaded from 149.1
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gonad mass comparisons. In each room, we arranged cages
so that birds were visually isolated from each other. We ad-
justed lights in the aviary every 3� 1 days to track the nat-
ural seasonal changes in day length from the site of capture.
Throughout the experiment, the temperature in the aviary
was maintained at 167 � 27C.
All sampling procedures were approved by the Indiana

University Institutional Animal Care and Use Committee
and conducted under scientific collecting permits issued
by the Virginia Department of Game and Inland Fisheries
(permit 47553) and the US Fish and Wildlife Service (per-
mit MB093279).
Blood Sample Collection

We collected small blood samples (∼150 mL total) from each
bird every 6 or 7 days fromMarch 4 to 26 to measure plasma
corticosterone (CORT), initial plasma testosterone, and plasma
testosterone in response to a standardized “gonadotropin-
releasing hormone (GnRH) challenge” protocol (testosterone
post-GnRH). In brief, the GnRH challenge protocol involves
collecting a blood sample 30min after an intramuscular injec-
tion of GnRH, which is administered following the initial
blood sample. This assay allows for a robust and repeatable
measure of an individual male’s ability to produce testoster-
one in response to a standardized physiological stimulus and
is known to vary seasonally in relation to reproductive devel-
opment in juncos (see Jawor et al. 2006 for details). Blood
samples for plasma CORT and initial testosterone (∼75 mL)
were almost invariably takenwithin 3min of entering a room,
and rooms were entered only once per sampling day. We did
not include blood taken after 3 min in our analysis of plasma
CORT. Five minutes after entering a room (2–5 min after
initial blood sample), we injected birds with 1.25 mg chicken
GnRH (American peptide 54-8-23) in 50 mL of phosphate
buffer solution. Thirtyminutes after an injection, we collected
a second blood sample (∼75 mL) to assess an individualmale’s
potential maximum testosterone. Samples were kept at 47C
until they were centrifuged (within 4 h). We collected plasma
using a Hamilton syringe, and aliquots were frozen at2207C
until they were assayed.
Morphological Measurements

Each sampling day, after the last blood sample was collected
from an individual, we measured subcutaneous fat and clo-
acal protuberance volume. Seasonal fat deposition in passer-
ines is predicted and documented to vary seasonally in rela-
tion to transitions between both (1) wintering and breeding
condition (reduced fat) and (2) wintering and migratory
condition (increased fat; Clark 1979). We visually estimated
an ordinal fat score (0–4) for subcutaneous fat deposition
in the furcular and abdominal regions, separately, as follows:
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0 p no fat present, 1 p trace amounts, 2 p half full, 3 p
full, and 4 p bulging. We summed furcular and abdominal
fat scores to obtain a total fat score (range 0–8).

The cloacal protuberance (CP), the terminal part of the
passerine ductus deferens, is the primary location of sperm
storage and is a reliable measure of breeding condition in
male passerines (Wolfson 1952). Cloacal protuberance vol-
ume (V ) was estimated by using the formula to calculate the
volume of a cylinder (Vp p(radius)2(height)). Cloacal width
(diameter; w, 50.1 mm) was measured with dial calipers,
and height (h,50.5 mm) was measured with a ruler, which
allowed us to ensure that our measurement started flush
against the body.
Gonadal Development

To investigate differences in the seasonal timing of gonadal
development, at the end of the study (March 31 and April 1),
we euthanized birds with isoflurane and dissected both testes,
which were immediately flash frozen on dry ice and trans-
ferred to 2807C, where they were stored until weighed. To
compare testis size among individuals and subspecies, we
measured frozen testis mass of one testis from each bird in
the lab using a digital microbalance accurate to 50.001 g.
Hormone Assays

Following established methods for our species (Jawor et al.
2006), we determined plasma CORT and testosterone con-
centrations from 10- and 20-mL aliquots, respectively, after
a diethyl-ether extraction of steroids using enzyme immu-
noassays (CORT: 500655, Cayman Chemical; testosterone:
ADI-900-065, Enzo Life Sciences). Intra- and interplate co-
efficients of variation were as follows: CORT: np 5 plates,
intraplatep 11:33%� 1:8% (mean 5 SE), interplatep
17:6%; testosterone: np 10 plates, intraplatep 6:33%�
1:0% (mean5 SE), interplatep 15:9%. All plates had equal
numbers of residents andmigrants, and sampling dates were
assigned equally across plates.
Hydrogen Isotopes in Feathers

On capture, we collected the outermost (distal) secondary
feather from each bird’s right wing to examine stable hy-
drogen isotope (d2H) signatures. Because juncos complete
their annual molt cycle before leaving breeding habitats or
retain juvenile wing feathers throughout their first annual
cycle (Nolan 2002), d2H of these feathers permits assign-
ment of breeding latitude based on known patterns of isoto-
pic variation in precipitation (Bowen et al. 2005). Feathers
were stored in paper envelopes at room temperature and
transported to Indiana University, where they were cleaned
of oils using a 2∶1 chloroform ∶ methanol solution and al-
This content downloaded from 149.1
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lowed to air-dry under a fume hood. Approximately 0.5 mg
of feather tissue was clipped from the proximal end of each
feather, weighed, and loaded into a 3# 5-mm pressed silver
capsule. Plated capsules were shipped to the US Geological
Survey Stable Isotope Laboratory in Denver. The nonex-
changeable hydrogen isotope composition was measured by
continuous-flow isotope ratiomass spectrometry using a Fin-
nigan TC/EA interfaced to a Finnigan DeltaPlus XL mass
spectrometer (Thermo Scientific, Bremen, Germany), using
established methods (Wunder et al. 2012). The d2H values
are reported in per mil notation (‰) relative to V-SMOW
(Vienna Standard Mean Ocean Water), using internal stan-
dards (278‰ and2172‰, respectively) calibrated to CFS-
CHS-BWB (chicken feather standard–cow hoof standard–
bowheadwhale baleen;Wassenaar andHobson 2003). Benzoic
acid (d2Hp261‰) and IAEA-CH-7 (d2Hp2100‰)
were also analyzed within analytical sequences with a preci-
sion of less than 54‰.
Statistical Analyses

To analyze the effects ofmigratory strategy, sampling period,
and the interaction between strategy and sampling period
(fixed effects) on serialmeasures across the4-week study (sub-
cutaneous fat score, cloacal protuberance volume, plasma tes-
tosterone, testosterone post-GnRH challenge, and CORT),
we used generalized linear mixed models, with individuals’
identity included as a random factor. Age distribution was
equal in migrants and residents (Fisher’s exact test, Pp 1:00;
first-year residents p 3, adult residents p 5, first-year mi-
grantsp 4, adult migrantsp 7); however, because first-year
and adult birds are known to differ in the rate of sexual mat-
uration (Dawson 2003), we included age as a factor in both
the testosterone models and the cloacal protuberance vol-
ume model. A priori, we excluded three CORT, two base-
line testosterone, and three post-GnRH testosterone outliers
from statistical analyses. These samples were excluded be-
cause they were outside of the typical range we see in juncos.
We square root transformed gonad mass before all anal-

yses to fit the data to a normal distribution. We tested for
differences between migrant and resident hydrogen isotope
ratios using independent sample t-tests. To analyze the ef-
fect of migratory strategy on gonad mass, we used a general
linear model with age included as a covariate. To test for in-
dividual differences in timing of gonadal recrudescence as-
sociated with breeding latitude, we tested the correlation
between gonad mass and hydrogen isotope values with a
Pearson correlation as well as a linear regression for visual-
ization of the relationship. Gonad mass was the only vari-
able that we transformed. To test whether individual differ-
ences in fat score were associated with migratory distances
travelled, we examined correlations between fat score and
hydrogen isotope values with a Pearson correlation and lin-
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ear regression for visualization of the relationship. We per-
formed all statistical analyses using SPSS, version 22 (IBM).
All reported P values are two-tailed. Data have been depos-
ited in the Dryad Digital Repository: http://dx.doi.org/10
.5061/dryad.d76mm (Fudickar et al. 2015).
Results

Cloacal Protuberance Volume

Resident juncos had larger cloacal protuberances when com-
pared to migrant juncos, and residents increased their cloa-
cal protuberance volumes markedly throughout the exper-
iment, whereasmigrants did not (fig. 2a). Cloacal protuberance
(CP) volumes were predicted by migratory strategy (F1, 15:35p
23:941, P ! :001), sampling period (weeks 1–4; F3, 45:29p
14:134, P ! :001), and the interaction between migratory
strategy and sampling period (F3, 45:295 p 10:980, P ! :001).
There was no effect of age (F1, 18:09 p 0:079, Pp :781), nor
any interactions with age included.
Testosterone

Residents’ initial plasma testosterone was higher than mi-
grants’ (F1, 15:29 p 14:306, Pp :002), and there was an in-
crease across the experiment (sampling period: F3, 39:19 p
3:523, Pp :024) but no significant interaction between
migratory strategy and sampling period (F3, 39:19 p 0:959,
Pp :422; fig. 2b).We found nomain effect of age on plasma
testosterone or interactions between age and population or
sampling period (F1, 15:29 p 0:429, Pp :522; F3, 39:19 p 0:490,
Pp :691); however, there was a three-way interaction be-
tween week, age, and population (F3, 39:19 p 7:027, Pp :001).
Post-GnRH plasma testosterone levels were higher in resi-
dents (F1, 15:41 p 13:606, Pp :002) and appeared to increase
throughout the study more markedly in migrants, but we
found no significant effect of sampling period (F3, 41:93p
1:218, Pp :315) or any interaction between strategy and
sampling period (F3, 41:93 p 20:966, Pp :418) on GnRH-
induced testosterone (fig. 2c). We found no main effect of
age on GnRH-induced testosterone (F1, 15:413 p 1:493, Pp
:240). Interactions between age and sampling period and
population were not significant (F3, 41:93 p 0:629, Pp :600;
F1, 15:41 p 0:106, Pp :749). The full model including age,
sampling period, and migratory strategy was not significant
(F3, 41:93 p 1:739, Pp :174).
Gonads

At the end of the 4-week sampling period, migratory juncos
had smaller gonads than sedentary juncos (F1 p 39:117, P !

:001). Untransformedmean resident gonadmass was 0.153 g
(SEp 0:015), and migrant gonad mass was 0.046 g (SEp
This content downloaded from 149.1
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0:012). The corrected model including age as a covariate was
significant (F2 p 21:981, P ! :001, adjusted R2 p 0:688).
Fat

Migrants exhibited more subcutaneous fat than residents
throughout the study (F1, 17 p 51:125, P ! :001), and there
was an interaction between strategy and sampling period
(F3, 51 p 4:975, Pp :004) wherein migrants tended to in-
crease fat while residents did not, but a main effect of sam-
pling period was not detected (F3, 51 p 0:897, Pp :449;
fig. 3a).
CORT

Residents had higher plasma CORT than migrants through-
out the study (F1, 16:39 p 10:003, Pp :006; fig. 3c). Plasma
CORT was significantly affected by migratory strategy but
not by date. There was no main effect of sampling period
(F3, 48:095 p 0:364, Pp :779) or interaction between strategy
and sampling period (F3, 48:095 p 0:769, Pp :517).
Hydrogen

Themean hydrogen isotope composition of secondary feath-
ers of migrants was markedly lower than that of residents
(d2H means: migrantsp2102‰, residentsp275‰,
t18 p 5:506,P ! :001), confirming thatmigrants hadmolted
at higher latitudes. Migrants also exhibited a much wider
range in hydrogen isotope compositions, indicating that they
likely breed over a substantially broader latitudinal band (d2H:
migrants, rangep285‰ to 2123‰, SDp 14, SEp 4;
residents, rangep266‰ to 291‰, SDp 8, SEp 3).
Hydrogen and Fat

Pooled individual fat scores at the end of the study were cor-
relatedwith d2H values (r19 p20:773, P ! :001,R2 p 0:597;
fig. 3b), a result driven by population differences in fat score,
as this correlation was not significant within either population
separately (migrant, r11 p20:282, Pp :400, R2 p 0:080;
resident, r8 p20:643, Pp :086, R2 p 0:413).
Hydrogen and Gonads

When considering all birds (populations pooled), gonadmass
was significantly correlated with hydrogen isotope values
(r20 p 0:743, P ! :001, R2 p 0:553), though isotopic varia-
tion was lower within the resident population. Accordingly,
this result was also significant within themigrant population
(r11 p 0:603,Pp :050,R2 p 0:364) butnot the residentpop-
ulation (r9 p20:660, Pp :053, R2 p 0:435; fig. 4). The
positive correlation within the migrant population provides
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strong evidence that migrants breeding farther north had
smaller testes at the end of the study.
Discussion

It is well established that photoperiodic and supplementary
cues influence seasonal timing of reproduction in temper-
ate breeding birds (Rowan 1925; Dawson et al. 2001; Wil-
liams 2012; Dawson 2015). However, the specific cues (i.e.,
supplementary and photoperiodic) influencing divergence
in timing of reproduction in seasonally sympatric popula-
tions have received little attention despite implications for
population divergence. We demonstrated a differential re-
sponse to photoperiod in late winter and early spring in
juncos that spend 16 months of the year together. Under
identical captive conditions with ad lib. food, reduced social
interactions, mild temperatures, and naturally increasing pho-
toperiod, male migratory dark-eyed juncos significantly de-
layed reproductive development in the spring compared to
sedentary males. Migratory male juncos had lower initial
and GnRH-induced plasma testosterone levels and smaller
cloacal protuberances over 4 weeks in early spring (fig. 2),
and at the end of the 4-week study, migrants also had smaller
testes (fig. 4). The study was undertaken in early spring, the
time period during which migratory and sedentary juncos
are sympatric in the wild (Nolan 2002) and thus when indi-
viduals would be most likely to interbreed, if in fact they did.
We found considerable variation in hydrogen isotope sig-

natures of juncos’ secondarywing feathers, inparticular among
migrant juncos, which implies broad geographic variation in
breeding origins, as these feathers are grown on breeding
grounds before autumnalmigration (fig. 4). Formigrants, hy-
drogen isotope values ranged nearly 40‰, which, when con-
sidered alongside an established north-south gradient in pre-
cipitation d2H across North America (Bowen et al. 2005;
Wunder et al. 2012), indicates that they likely breed across
a wide latitudinal band within the slate-colored junco breed-
ing range. Further, we found that migrants varied in testis
growth and that growth varied positively in relation to d2H
and hence positively in relation to individuals’ estimated
breeding latitudes (fig. 4). We interpret this finding to
strongly suggest that juncos wintering closer to their breed-
ing sites initiated reproductive development earlier, while
more northerly breeders delayed growth in response to iden-
tical photoperiod cues. Accordingly, several migrants with
breeding sites that were estimated to be relatively close to
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Figure 2: Male sedentary juncos (filled circles) showed larger cloacal
protuberance volume (a), higher levels of plasma testosterone (b), and
higher levels of testosterone in response to a gonadotropin-releasing
hormone (GnRH) challenge (c) than migrant male juncos (open cir-
cles). There was a significant interaction between sampling period and
cloacal protuberance. Graphs show mean 5 SE.
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the wintering site had gonads that were similar in size to
residents, which was also similar to testis mass of reproduc-
tively viable juncos (Bergeon Burns et al. 2014).
Continuous covariation between reproductive timing and

breeding origins has not previously been described in birds
held in a controlled captive environment, and this finding
points to the need for additional studies about the regulation
of migratory and reproductive timing. For example, are the
differences in gonadal development between migrants and
residents reported here fixed genetically, or do they reflect
day length experienced in early development? MacDougall-
Shackleton and Hahn (2007) proposed that broadly distrib-
uted species with latitudinal variation in reproductive timing
could be the result of conditional plasticity, where differ-
ences are the result of the samephotoperiod response system.
Individual timingwouldvarydependingon theday lengthex-
perienced in a given spring—long days are later at high lati-
tudes, so reproduction is delayed (MacDougall-Shackleton
and Hahn 2007). Our results suggest that this is not the case
inmigratory juncos; otherwise, migrants and residents would
have similar timing of reproductive maturation in captivity.
The reliance of gonadal growth on a specific photoperiod pro-
vides a mechanism that could limit gene flow among vari-
ably migratory populations that encounter each other during
early spring.
Previous work on populations breeding in close proxim-

ity but in heterogeneous habitat has shown adaptive differ-
ential timing in breeding independent of photoperiod (Lam-
brechts and Dias 1993). Interestingly, differences in timing
in these populations were shown to be the result of female
differences (Caro et al. 2009). In this study, we did not mea-
sure female timing, but as male juncos typically become re-
productively mature before females (Nolan 2002), it is un-
likely that there is overlap in reproductive timing during the
period of this study.
Although we found a clear effect of photoperiod on timing

of reproduction in migratory juncos, other factors can also
influence gonadal development in the spring. Free-living
male juncos in their first breeding season in interior Alaska
have delayed gonadal maturation compared to adult males,
and there is strong evidence to suggest that differences in
timing are the result of social interactions and not intrinsic
age differences in HPG function (Deviche et al. 2000).
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Figure 3: a, Male migrant juncos (open circles) showed larger sub-
cutaneous fat scores than sedentarymale juncos (filled circles;mean5
SE). There was a significant interaction between sampling period and
strategy. b, Individual variation in subcutaneous fat on the fourth
week of the experiment covaried with stable hydrogen isotope (d2H)
values of breeding latitude in all samples pooled; however, subcutane-
ous fat and d2H did not significantly covary in individual populations.
c, Male resident juncos had higher plasma corticosterone than mi-
grants. We found no effect of sampling period or interaction between
strategy and sampling period.
60.136.206 on March 16, 2016 07:03:54 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).



Allochrony in Seasonal Sympatry 000
Biogeographic and genetic data indicate that the migra-
tory versus sedentary subspecies studied here are closely re-
lated and likely diverged ∼10,000–20,000 years ago in asso-
ciation with recolonization of northern latitudes following
the Last Glacial Maximum (Mila et al. 2007). In this study,
we found clear evidence for persistence of reproductive tim-
ing differences in the common garden, providing strong ev-
idence for genetic or early organizational underpinnings for
photoperiodic responses. In contrast, a similar comparison
made inmore recently diverged junco populations (∼35 years
diverged, following contemporary colonization) found con-
vergence in reproductive development under common gar-
den conditions (Atwell et al. 2014). This prior study found
that these two populations converged in reproductive timing
when held in captivity. The apparent plasticity in reproduc-
tive timing in recently diverged populations, as compared to
the more fixed differences reported here, could be attribut-
able to a difference in time since divergence. A likely expla-
nation for the greater reliance on photoperiod reported here
could be the difference in breeding latitudes from which mi-
grants and residents derive (Silverin et al. 1993). Migratory
and sedentary juncos studied by Atwell et al. (2014) breed
at the same latitude and therefore experience the same pho-
This content downloaded from 149.1
All use subject to University of Chicago Press Term
toperiod year-round.Migrants in this study breed aminimum
of 900 km north of sedentary juncos (Nolan 2002), where
days are longer, so they may require a longer day length to
reach full reproductive maturity or testis growth may pro-
ceed more slowly.
Migration is an energetically taxing stage of the annual

cycle, and migrants use fat as the primary source of fuel
(Jenni and Jenni-Eiermann 1998). Despite having access to
the same amount of food in the common garden environ-
ment, migratory juncos put on more subcutaneous fat than
sedentary juncos (fig. 3). Further, the relationship between
estimated breeding latitude via feather hydrogen isotopes
and subcutaneous fat stores was positive (fig. 3). Thus, a dis-
tant destination predicted not only slower gonadal growth
(see above) but also greater migratory fattening. Conceivably,
energy allocated to migration is gradually shifted toward
gonadal growth as spring proceeds and the distance to the
breeding site diminishes. It has been suggested that seasonal
elevation in circulating CORT results in changes in behavior
and physiology that facilitate energy mobilization and per-
haps fostermigratory restlessness (Holberton et al. 1996;Hol-
berton 1999; Long et al. 2004). Surprisingly, migrants had
lower circulating CORT throughout the study. Circulating
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Figure 4: Male migrant juncos (open circles) had smaller testes than sedentary male juncos (filled circles) in early spring. Individual testis
mass covaried significantly with stable hydrogen isotope (d2H) values of breeding latitude in all samples pooled (solid line) and within the
migrants.
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CORT has also been reported to rise as the breeding season
approaches (Romero 2002), which could explain the higher
levels seen in sedentary juncos here.
Conclusions

Population differences in reproductive readiness and migra-
tion in a common garden reflect the importance of the accu-
rate timing of annual schedules. Divergence between individ-
uals sharing a similar environment in the early spring in the
timing of seasonal reproductive growth and development,
which is likely common among broadly distributed species,
is theorized to promote population divergence and lineage
diversification (Getz and Kaitala 1989; Winker 2010). We
demonstrate that population differences in photoperiodic re-
sponses can facilitate reproductive allochrony in seasonally
sympatric migratory and sedentary juncos. Understanding
the behavioral and physiological mechanisms that lead to
population divergence should provide a greater understand-
ing of how phenotypic variation emerges in highly mobile
species.
Acknowledgments

We thank J. Jones and T. McNamara for logistical support at
Mountain Lake Biological Station. We thank M. Abolins-
Abols, J. Graham, R. Hanauer, A. Hughes, A. Kimmitt, K.
Rosvall, S. Slowinski, and C. Taylor for help collecting sam-
ples. A. Brothers and E. Snadjr helped collect birds in the
field. We thank C. Gulbransen for conducting the stable iso-
tope analysis. S. Carleton and J. Kelly provided helpful com-
ments on an early draft of the manuscript. This work was
funded by the National Science Foundation (IOS-1257474
to E.D.K. and IOS-1257527 to T.J.G.). The use of any trade,
product, or firm names is for descriptive purposes only and
does not imply endorsement by the US government.
Literature Cited

Atwell, J. W., G. C. Cardoso, D. J. Whittaker, T. D. Price, and E. D.
Ketterson. 2014. Hormonal, behavioral, and life-history traits ex-
hibit correlated shifts in relation to population establishment in a
novel environment. American Naturalist 184:E147–E160.

Bergeon Burns, C. M., K. A. Rosvall, T. P. Hahn, G. E. Demas, and E. D.
Ketterson. 2014. Examining sources of variation in HPG axis func-
tion among individuals and populations of the dark-eyed junco.
Hormones and Behavior 65:179–187.

Bowen, G. J., L. I. Wassenaar, and K. A. Hobson. 2005. Global appli-
cation of stable hydrogen and oxygen isotopes to wildlife forensics.
Oecologia 143:337–348.

Bronson, F. H. 2009. Climate change and seasonal reproduction in
mammals. Philosophical Transactions of the Royal Society B: Bio-
logical Sciences 364:3331–3340.
This content downloaded from 149.1
All use subject to University of Chicago Press Term
Bronson, F. H., and P. Heideman. 1994. Seasonal regulation of repro-
duction in mammals. Physiology of Reproduction 2:541–584.

Caro, S. P., A. Charmantier, M.M. Lambrechts, J. Blondel, J. Balthazart,
andT. D.Williams. 2009. Local adaptation of timing of reproduction:
females are in the driver’s seat. Functional Ecology 23:172–179.

Charmantier, A., R. H. McCleery, L. R. Cole, C. Perrins, L. E. B. Kruuk,
and B. C. Sheldon. 2008. Adaptive phenotypic plasticity in response
to climate change in a wild bird population. Science 320:800–803.

Clark, G. A. 1979. Body weights of birds: a review. Condor 81:193–202.
Cohen, A. A., L. B. Martin, J. C. Wingfield, S. R. McWilliams, and J. A.

Dunne. 2012. Physiological regulatory networks: ecological roles
and evolutionary constraints. Trends in Ecology and Evolution 27:
428–435.

Cristol, D. A., E. B. Reynolds, J. E. Leclerc, A. H. Donner, C. S.
Farabaugh, and C. W. S. Ziegenfus. 2003. Migratory dark-eyed
juncos, Junco hyemalis, have better spatial memory and denser hip-
pocampal neurons than nonmigratory conspecifics. Animal Behav-
iour 66:317–328.

Davies, S., T. Cros, D. Richard, S. L. Meddle, K. Tsutsui, and P.
Deviche. 2015. Food availability, energetic constraints and repro-
ductive development in a wild seasonally breeding songbird. Func-
tional Ecology 29:1421–1434.

Dawson, A. 2003. A comparison of the annual cycles in testicular size
andmoult in captive European starlings Sturnus vulgaris during their
first and second years. Journal of Avian Biology 34:119–123.

———. 2015. Annual gonadal cycles in birds: modeling the effects
of photoperiod on seasonal changes in GnRH-1 secretion. Frontiers
in Neuroendocrinology 37:52–64.

Dawson, A., V. M. King, G. E. Bentley, and G. F. Ball. 2001. Photoperi-
odic control of seasonality in birds. Journal of Biological Rhythms
16:365–380.

Deviche, P., J. C. Wingfield, and P. J. Sharp. 2000. Year-class differ-
ences in the reproductive system, plasma prolactin and corticoste-
rone concentrations, and onset of prebasic molt in male dark-eyed
juncos ( Junco hyemalis) during the breeding period. General and
Comparative Endocrinology 118:425–435.

El-Bakry, H. A., W. M. Zahran, and T. J. Bartness. 1999. Control of
reproductive and energetic status by environmental cues in a des-
ert rodent, Shaw’s jird. Physiology and Behavior 66:657–666.

Fudickar, A., T. J. Greives, J. W. Atwell, C. A. Stricker, and E. D.
Ketterson. 2015. Data from: Reproductive allochrony in seasonally
sympatric populations maintained by differential response to pho-
toperiod: implications for population divergence and response to
climate change. American Naturalist, Dryad Digital Repository,
http://dx.doi.org/10.5061/dryad.d76mm.

Getz, W. M., and V. Kaitala. 1989. Ecogenetic models, competition,
and heteropatry. Theoretical Population Biology 36:34–58.

Holberton, R. L. 1999. Changes in patterns of corticosterone secre-
tion concurrent with migratory fattening in a Neotropical migra-
tory bird. General and Comparative Endocrinology 116:49–58.

Holberton, R. L., J. D. Parrish, and J. C. Wingfield. 1996. Modulation
of the adrenocortical stress response in Neotropical migrants dur-
ing autumn migration. Auk 113:558–564.

Jawor, J. M., J. W. McGlothlin, J. M. Casto, T. J. Greives, E. A.
Snajdr, G. E. Bentley, and E. D. Ketterson. 2006. Seasonal and in-
dividual variation in response to GnRH challenge in male dark-
eyed juncos ( Junco hyemalis). General and Comparative Endocri-
nology 149:182–189.

Jenni, L., and S. Jenni-Eiermann. 1998. Fuel supply and metabolic con-
straints in migrating birds. Journal of Avian Biology 29:521–528.
60.136.206 on March 16, 2016 07:03:54 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2F1365-2435.12448
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2F1365-2435.12448
http://www.journals.uchicago.edu/action/showLinks?pmid=10843794&crossref=10.1006%2Fgcen.2000.7478
http://www.journals.uchicago.edu/action/showLinks?pmid=10843794&crossref=10.1006%2Fgcen.2000.7478
http://www.journals.uchicago.edu/action/showLinks?system=10.1086%2F678398&pmid=25438184
http://www.journals.uchicago.edu/action/showLinks?pmid=10525361&crossref=10.1006%2Fgcen.1999.7336
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F1367288
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1034%2Fj.1600-048X.2003.03055.x
http://www.journals.uchicago.edu/action/showLinks?pmid=10386911&crossref=10.1016%2FS0031-9384%2898%2900344-8
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F4088976
http://www.journals.uchicago.edu/action/showLinks?pmid=24140626&crossref=10.1016%2Fj.yhbeh.2013.10.006
http://www.journals.uchicago.edu/action/showLinks?pmid=22613457&crossref=10.1016%2Fj.tree.2012.04.008
http://www.journals.uchicago.edu/action/showLinks?pmid=25194876&crossref=10.1016%2Fj.yfrne.2014.08.004
http://www.journals.uchicago.edu/action/showLinks?pmid=25194876&crossref=10.1016%2Fj.yfrne.2014.08.004
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1365-2435.2008.01486.x
http://www.journals.uchicago.edu/action/showLinks?pmid=16814785&crossref=10.1016%2Fj.ygcen.2006.05.013
http://www.journals.uchicago.edu/action/showLinks?pmid=15726429&crossref=10.1007%2Fs00442-004-1813-y
http://www.journals.uchicago.edu/action/showLinks?pmid=16814785&crossref=10.1016%2Fj.ygcen.2006.05.013
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1006%2Fanbe.2003.2194
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1006%2Fanbe.2003.2194
http://www.journals.uchicago.edu/action/showLinks?pmid=11506381&crossref=10.1177%2F074873001129002079
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2F0040-5809%2889%2990022-1
http://www.journals.uchicago.edu/action/showLinks?pmid=18467590&crossref=10.1126%2Fscience.1157174
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F3677171
http://www.journals.uchicago.edu/action/showLinks?pmid=19833645&crossref=10.1098%2Frstb.2009.0140
http://www.journals.uchicago.edu/action/showLinks?pmid=19833645&crossref=10.1098%2Frstb.2009.0140


Allochrony in Seasonal Sympatry 000
Ketterson, E. D., A. M. Fudickar, J. W. Atwell, and T. J. Greives.
2015. Seasonal timing and population divergence: when to breed,
when to migrate. Current Opinion in Behavioral Sciences 6:50–58.

Ketterson, E. D., and V. Nolan. 1976. Geographic variation and its
climatic correlates in the sex ratio of eastern-wintering dark-eyed
juncos ( Junco hyemalis hyemalis). Ecology 57:679–693.

Lambrechts, M. M., and P. C. Dias. 1993. Differences in the onset of lay-
ing between island and mainland Mediterranean blue tits Parus cae-
ruleus: phenotypic plasticity or genetic differences? Ibis 135:451–455.

Long, J. A., R. L. Holberton, and W. H. Karasov. 2004. Corticoste-
rone secretion, energetic condition, and a test of the migration
modulation hypothesis in the hermit thrush (Catharus guttatus),
a short-distance migrant. Auk 121:1094–1102.

MacDougall-Shackleton, S. A., and T. P. Hahn. 2007. Adaptation
and evolution of photoperiod response systems in birds. Journal
of Ornithology 148:S219–S224.

Mila, B., J. E. McCormack, G. Castaneda, R. K.Wayne, and T. B. Smith.
2007. Recent postglacial range expansion drives the rapid diversifi-
cation of a songbird lineage in the genus Junco. Proceedings of the
Royal Society B: Biological Sciences 274:2653–2660.

Nolan, V., Jr., E. D. Ketterson, D. A. Cristol, C. M. Rogers, E. D.
Clotfelter, R. C. Titus, S. J. Schoech, and E. Snajdr. 2002. Dark-eyed
junco. In A. Poole, ed. The Birds of North America Online. Cornell
Lab of Ornithology, Ithaca, NY. http://bna.birds.cornell.edu/bna.

Perfito, N., A. Tramontin, S. Meddle, P. Sharp, D. Afik, J. Gee, S.
Ishii, et al. 2004. Reproductive development according to elevation
in a seasonally breeding male songbird. Oecologia 140:201–210.

Ramenofsky, M., J. Cornelius, and B. Helm. 2012. Physiological and
behavioral responses of migrants to environmental cues. Journal
of Ornithology 153:181–191.

Rasmussen, H. B., A. Ganswindt, I. Douglas-Hamilton, and F. Vollrath.
2008. Endocrine and behavioral changes in male African elephants:
linking hormone changes to sexual state and reproductive tactics.
Hormones and Behavior 54:539–548.

Ricklefs, R. E. 2000. Density dependence, evolutionary optimization,
and the diversification of avian life histories. Condor 102:9–22.

Ricklefs, R. E., and M. Wikelski. 2002. The physiology/life-history
nexus. Trends in Ecology and Evolution 17:462–468.

Romero, M. L. 2002. Seasonal changes in plasma glucocorticoid con-
centrations in free-living vertebrates. General and Comparative
Endocrinology 128:1–24.

Rowan, W. 1925. Relation of light to bird migration and develop-
mental changes. Nature 115:494–495.
This content downloaded from 149.1
All use subject to University of Chicago Press Term
Schoech, S. J., M. A. Rensel, E. S. Bridge, R. K. Boughton, and T. E.
Wilcoxen. 2009. Environment, glucocorticoids, and the timing of
reproduction. General and Comparative Endocrinology 163:201–
207.

Silverin, B., R. Massa, and K. A. Stokkan. 1993. Photoperiodic adap-
tation to breeding at different latitudes in great tits. General and
Comparative Endocrinology 90:14–22.

Visser, M. E., L. J. M. Holleman, and S. P. Caro. 2009. Temperature
has a causal effect on avian timing of reproduction. Proceedings of
the Royal Society B: Biological Sciences 276:2323–2331.

Wassenaar, L. I., and K. A. Hobson. 2003. Comparative equilibration
and online technique for determination of non-exchangeable hy-
drogen of keratins for use in animal migration studies. Isotopes in
Environmental Health Studies 39:211–217.

Wikelski, M., and S. J. Cooke. 2006. Conservation physiology. Trends
in Ecology and Evolution 21:38–46.

Williams, T. D. 2012. Physiological adaptations for breeding in birds.
Princeton University Press, Princeton, NJ.

Wingfield, J. C. 2012. Regulatory mechanisms that underlie phenol-
ogy, behavior, and coping with environmental perturbations: an
alternative look at biodiversity. Auk 129:1–7.

———. 2015. Coping with change: a framework for environmental
signals and how neuroendocrine pathways might respond. Frontiers
in Neuroendocrinology 37:89–96.

Wingfield, J. C., T. P. Hahn, R. Levin, and P. Honey. 1992. Environ-
mental predictability and control of gonadal cycles in birds. Jour-
nal of Experimental Zoology 261:214–231.

Winker, K. 2010. On the origin of species through heteropatric differ-
entiation: a review and a model of speciation in migratory animals.
Ornithological Monographs 69:1–30.

Wolfson, A. 1952. The cloacal protuberance: a means for determin-
ing breeding condition in live male passerines. Bird-Banding 23:
159–165.

Wube, T., A. Haim, and F. Fares. 2008. Reproductive response of
xeric and mesic populations of the spiny mouse Acomys to photo-
period acclimation. Journal of Arid Environments 72:440–447.

Wunder, M. B., J. R. Jehl, and C. A. Stricker. 2012. The early bird
gets the shrimp: confronting assumptions of isotopic equilibrium
and homogeneity in a wild bird population. Journal of Animal
Ecology 81:1223–1232.

Associate Editor: Tony D. Williams
Editor: Yannis Michalakis
60.136.206 on March 16, 2016 07:03:54 AM
s and Conditions (http://www.journals.uchicago.edu/t-and-c).

http://www.journals.uchicago.edu/action/showLinks?crossref=10.1642%2F0004-8038%282004%29121%5B1094%3ACSECAA%5D2.0.CO%3B2
http://www.journals.uchicago.edu/action/showLinks?pmid=19324731&crossref=10.1098%2Frspb.2009.0213
http://www.journals.uchicago.edu/action/showLinks?pmid=19324731&crossref=10.1098%2Frspb.2009.0213
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1525%2Fauk.2012.129.1.1
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F4510381
http://www.journals.uchicago.edu/action/showLinks?pmid=18606408&crossref=10.1016%2Fj.yhbeh.2008.05.008
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1038%2F115494b0
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2Fj.cobeha.2015.09.001
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs10336-007-0172-y
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs10336-007-0172-y
http://www.journals.uchicago.edu/action/showLinks?pmid=14521282&crossref=10.1080%2F1025601031000096781
http://www.journals.uchicago.edu/action/showLinks?pmid=14521282&crossref=10.1080%2F1025601031000096781
http://www.journals.uchicago.edu/action/showLinks?pmid=25511258&crossref=10.1016%2Fj.yfrne.2014.11.005
http://www.journals.uchicago.edu/action/showLinks?pmid=25511258&crossref=10.1016%2Fj.yfrne.2014.11.005
http://www.journals.uchicago.edu/action/showLinks?pmid=15148599&crossref=10.1007%2Fs00442-004-1576-5
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2Fj.jaridenv.2007.06.014
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1650%2F0010-5422%282000%29102%5B0009%3ADDEOAT%5D2.0.CO%3B2
http://www.journals.uchicago.edu/action/showLinks?pmid=18938168&crossref=10.1016%2Fj.ygcen.2008.09.009
http://www.journals.uchicago.edu/action/showLinks?crossref=10.2307%2F1936182
http://www.journals.uchicago.edu/action/showLinks?pmid=16701468&crossref=10.1016%2Fj.tree.2005.10.018
http://www.journals.uchicago.edu/action/showLinks?pmid=16701468&crossref=10.1016%2Fj.tree.2005.10.018
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1002%2Fjez.1402610212
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1002%2Fjez.1402610212
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs10336-012-0817-3
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1007%2Fs10336-012-0817-3
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1016%2FS0169-5347%2802%2902578-8
http://www.journals.uchicago.edu/action/showLinks?pmid=22631029&crossref=10.1111%2Fj.1365-2656.2012.01998.x
http://www.journals.uchicago.edu/action/showLinks?pmid=22631029&crossref=10.1111%2Fj.1365-2656.2012.01998.x
http://www.journals.uchicago.edu/action/showLinks?pmid=8504918&crossref=10.1006%2Fgcen.1993.1055
http://www.journals.uchicago.edu/action/showLinks?pmid=8504918&crossref=10.1006%2Fgcen.1993.1055
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1111%2Fj.1474-919X.1993.tb02118.x
http://www.journals.uchicago.edu/action/showLinks?pmid=17725978&crossref=10.1098%2Frspb.2007.0852
http://www.journals.uchicago.edu/action/showLinks?pmid=17725978&crossref=10.1098%2Frspb.2007.0852
http://www.journals.uchicago.edu/action/showLinks?crossref=10.1525%2Fom.2010.69.1.1
http://www.journals.uchicago.edu/action/showLinks?pmid=12270784&crossref=10.1016%2FS0016-6480%2802%2900064-3
http://www.journals.uchicago.edu/action/showLinks?pmid=12270784&crossref=10.1016%2FS0016-6480%2802%2900064-3

