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• We recorded vocalizations from hamsters of different sexes and photoperiods.
• Ultrasonic vocalization subtypes differentially reflect seasonal phenotype and sex.
• Broadband calls reflect seasonal phenotype and sex, and relate to aggression.
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Seasonal variation in social behavior is often accompanied by seasonal variation in communication. Inmammals,
how seasonal environmental cues influence aggressive vocalizations remains underexplored. Photoperiod is the
primary cue coordinating seasonal responses in most temperate zone animals, including Siberian hamsters
(Phodopus sungorus), a species that undergoes reproductive inhibition and increased aggression inwinter. During
same-sex aggressive encounters, hamsters emit both broadband calls (BBCs) and ultrasonic vocalizations (USVs)
that indicate aggression and the vocalizer's sex, respectively; however, it is not knownwhether these rodents ad-
just specific elements of their vocal repertoire to reflect their photoperiod-induced seasonal phenotypes. To ad-
dress this, we recorded vocalizations emitted during dyadic interactions between male or female pairs of
hamsters housed in long or short photoperiods and measured serum testosterone levels. USV emission rate
remained stable across photoperiods, but proportional use of USV subtypes varied in novel ways: ‘jump’ USVs
were sensitive to seasonal phenotype, but not the vocalizer's sex, whereas ‘plain’ USVs were sensitive only to
the sex of the vocalizer. BBC emission rate variedwith seasonal phenotype; short-daynon-reproductive hamsters
produced more BBCs and demonstrated increased aggression compared with reproductive hamsters. Testoster-
one, however, was not related to vocalization rates. Collectively, these findings demonstrate that changes in the
vocal repertoire of Siberian hamsters reflect sex, aggression, and seasonal phenotype, suggesting that both BBCs
and USVs are important signals used during same-sex social encounters.

© 2015 Elsevier Inc. All rights reserved.
1. Introduction

Many temperate zone species demonstrate marked seasonal varia-
tion in social behavior, including gregariousness [1], aggression [2,3],
and reproductive behaviors [4]. Coupled with variation in social behav-
ior, animalsmodify the use of their communicative signals on a seasonal
basis. Excellent species for studying seasonal variations in communica-
tion exist across multiple vertebrate classes. For example, the substan-
tial body of work in multiple species of songbirds has provided a
iana University, 1001 E. 3rd St.,
detailed picture of seasonal variation in vocal behavior, particularly for
vocalizations related to courtship (e.g., [5–7]). This work illustrates
that animals modify acoustic signals seasonally. Vocalizations are im-
portant determinants of mate acquisition for many species, and thus,
many species that exhibit seasonality in reproduction also exhibit sea-
sonal shifts in vocal behavior with animals exhibiting increased vocali-
zation rates during the breeding season (e.g., coyotes, frogs, humpback
whales, midshipman fish, red deer, sea lions [8–13]).

Whereas courtship-related vocalizations are imperative to an
animal's fitness, aggressive vocalizations can also provide fitness bene-
fits. For example, the soft song of song sparrows (Melospiza melodia) is
a signal of “aggressive intent,”which could allow signalers to avoid po-
tential injuries incurred during an aggressive encounter [14]. Further-
more, the production of these calls varies on a seasonal basis, with
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proportionally more soft song being produced during the non-breeding
season when territoriality dominates these sparrows' social behavioral
repertoire [14]. Thus, seasonal changes in the proportional use of vocal-
ization types may indicate differences in the information content being
conveyed by animals across different seasonal contexts, ormay indicate
that animals have shifted between seasonal states. Here, we explicitly
test the idea that vocalizations reflect shifts in seasonal phenotypes in
a seasonal rodent by inducing seasonal shifts with changes in photope-
riod (i.e., day length).

Photoperiod serves as the primary environmental cue used by
most mammalian species to coordinate seasonally appropriate re-
sponses [15]. Temperate zone-inhabiting mammals undergo marked
morphological, physiological and behavioral changes in response to
changes in photoperiod. For example, animals maintained in short
“winter-like” days (i.e., b12 h of light/day) undergo gonadal
regression, decreases in sex steroids, and changes in critical social
behaviors, such as aggression [16]. Therefore, by manipulating pho-
toperiod within the laboratory we can gain insight into seasonal
changes in vocal behavior and the relationship of this behavior to
seasonal phenotypes of individuals.

Siberian hamsters (Phodopus sungorus) are an excellent rodent
species with which to examine how the vocalizations produced dur-
ing male–male or female–female social encounters are influenced by
the pair's sex, seasonal phenotype, and aggression. First, both male
and female Siberian hamsters exhibit gonadal regression and display
increased territorial aggression when housed in short “winter-like”
days compared with hamsters housed in long “summer-like” days
[2,3]. Most vertebrate species display aggression only when repro-
ductively active, making it difficult to dissociate the individual ef-
fects of reproductive physiology, reproductive behavior, and
aggression (reviewed in: [17]). Siberian hamsters, in contrast, have
elevated levels of aggression when gonads are regressed. Whereas
most short-day hamsters inhibit reproductive physiology
(i.e., “short-day responders”), a subset of hamsters are unresponsive
to short photoperiods (i.e., “short-day non-responders”) and are
physiologically indistinguishable from long-day hamsters. They
maintain functional reproductive physiology, brown/gray pelage,
and long-day-like body mass, food intake, and thermoregulation
([18,19]; reviewed in: [20]). Thus, Siberian hamsters exhibit distinct
seasonal phenotypes: a “summer” morph (long-day hamsters and
short-day non-responders) and a “winter” morph (short-day re-
sponders). These natural fluctuations in seasonal phenotypes make
it possible to dissociate between the relative contributions of the
physiological response to photoperiod and the photoperiod cue itself
to seasonal variation in vocalizations.

We have recently shown that Siberian hamsters housed in long days
vocalize during same-sex aggressive encounters, emitting two vocaliza-
tion classes: high frequency (N20kHz), narrowband ultrasonic vocaliza-
tions (USVs) and lower frequency, broadband calls (BBCs) [21].
Specifically, we found that the proportional use of different vocalization
types is dependent onwhether the same-sex pair of hamsters ismale or
female. Further, BBCs, but not USVs, are related to aggression during
same-sex encounters [21], demonstrating that Siberian hamster vocali-
zations are sensitive to social context. It is important to note that all the
animals in this study were in long-day, “summer” condition; whether
production of these vocalizations varies in response to changes in sea-
sonal phenotypes, and whether environmental cues such as photoperi-
od play a key role in coordinating changes in vocal repertoire, remains
unknown.

In the present study, we investigated relationships among seasonal
phenotypes, aggression, and vocal production, as well as the effects of
these factors on specific aspects of the vocal repertoire. We also exam-
ined the potential role of photoperiodic variation in the gonadal steroid
testosterone (T) in regulating vocal production. We predicted that
changes in vocal behavior would reflect photoperiodic changes in ag-
gression, such that non-reproductive hamsters, which display more
aggression, would produce more BBCs and would use proportionally
more ‘rattle’ BBCs, which are more closely related to aggression in
breeding-condition Siberian hamsters [21]. Because USVs are not relat-
ed to aggression, we predicted no changes in vocalization rate for USVs
across photoperiods [21]. Lastly, because T is inversely related to aggres-
sion in males of this species [2], we predicted that T would be inversely
related to BBCs. By testing these predictions, we can associate known
photoperiodic changes in seasonal phenotypes and aggressive behavior
with changes in the composition of the vocal repertoire of a seasonal ro-
dent, and begin to address the physiological correlates of communica-
tion in a seasonal context.

2. Materials and methods

2.1. Animal housing and photoperiodic treatment

Adult (N60 days of age) hamsters were reared in a breeding colony
at Indiana University, Bloomington. Hamsters were bred and main-
tained under long days (light:dark, 16:8 h) and group-housed at
weaning (postnatal day 18). Ambient temperature was maintained at
20 ± 2 °C, and relative humidity was maintained at 55 ± 5%. Hamsters
were given ad libitum access to tap water and laboratory rodent chow
(LabDiet 5001, PMI Nutrition). All procedureswere performed in accor-
dance with the NIH Guide for the Care and Use of Laboratory Animals
and were approved by the Bloomington Institutional Animal Care and
Use Committee at Indiana University..

Resident hamsters were individually housed (females: n = 40;
males: n = 40) and intruder hamsters were pair-housed (females;
n= 20; males, n= 20) in the colony room for a one-week acclimation
period. Subsequently, a random subset of hamsters was transferred to a
room on a short-day light cycle (light:dark, 8:16 h), and the remaining
hamsters were relocated to a new room on the same long-day light
cycle as the colony room. All hamsters remained in their respective pho-
toperiods for ten weeks.

2.2. Determination of seasonal phenotypes

Photoperiodic-induced changes in physiology and morphology in-
dicative of seasonal phenotypes were determined based on apriori
criteria previously established for Siberian hamsters [2,3]. Following
collection of behavioral data, animals were given a lethal dose of a keta-
mine/xylazine cocktail, necropsies were performed, and reproductive
tissues were collected to confirm functional reproductive physiology.
Hamsters were deemed reproductively competent if they had function-
al reproductive tissue weights (i.e., paired testes mass of N0.25 g for
males or the combined mass of ovaries, uterine horns, and parametrial
white adipose tissue N0.1 g for females), displayed no significant chang-
es in bodymass (b10%), andmaintained a brown/gray coat color (long-
days; LD; females: n = 14; males: n = 14). Estrous cycles were moni-
tored via vaginal cytology [3] to confirm cycling in reproductive females.
In contrast, hamsters were deemed reproductively incompetent if they
had regressed reproductive tissuemasses, lost N10% of their bodymass,
and had a “winter” white pelage (short-day responder; SD-R; females:
n=10;males: n=15); non-reproductive females did not demonstrate
estrous cycling. As previously documented, a subset of short-day ham-
sters failed to respond reproductively to the short-day photoperiod
treatment and remained reproductively competent (short-day non-
responder, SD-NR; females: n=16;males: n=11) [18,19]. After exam-
ining reproductive mass, two pairs of females and two pairs of males
were excluded because they were determined to be of different season-
al phenotypes.

2.3. Aggressive and vocal behavior recording and analysis

Dyadic interactions were staged between a resident hamster and a
same-sex intruder hamster of the same photoperiodic and seasonal
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phenotype (e.g., SD-R with SD-R), of approximately the same age and
mass (±5%) and from different parents. Coat color and body mass loss
were used to assign pairs of SD-R and SD-NR. Same-sex social encoun-
ters were recorded and analyzed for various behaviors per previously
outlined methods ([21]; electronic supplementary material, Methods
— audio/video recording).

Trained observers used ODLog™ (Macropod Software, Eden Prairie,
MN) to score both social partners for aggressive behaviors, including at-
tacks, chases, and latency to first attack, using previously defined behav-
iors [2,3]. A principal components analysis on all aggression variables for
males and females extracted one component that explained 74.05% of
the total variance in aggression (electronic supplementary material,
Table S1). All variables loaded strongly on this component (PCAGG);
therefore the composite aggression score was used to examine the ef-
fects of sex and seasonal phenotype on overall aggression of same-sex
dyads.

USVs (N20 kHz) and BBCs (2–100 kHz) were analyzed using sound
spectrograms generated by Avisoft SASlab Pro software (FFT-length of
512 and a Hamming window with 50% overlap; Avisoft Bioacoustics).
The broad division of vocalizations and the subtypes within each have
been described previously for both male and female Siberian hamsters
in this context [21]. Briefly, USVs were classified based on the presence
of frequency jumps and harmonics, resulting in four subtypes: ‘Plain,’
‘Jump,’ ‘Harmonic,’ and ‘Complex’ USVs. BBCs were classified based on
spectrotemporal structural, resulting in three subtypes: ‘Squeaks,’ ‘Rat-
tles,’ or ‘Mixed’ calls ([21], see electronic supplementary material,
Methods - vocalization analysis).

The distinct spectrotemporal structure of vocalizations allowed
hamster calls to be easily distinguished from nonvocal sounds associat-
ed with movement about the cage. USVs were high frequency, narrow-
band vocalizations that can overlap in frequency with sounds made by
hamsters' nails against the cage walls; however, cage-scratching was
less intense (quieter), more broadband, and more variable in frequency
structure than USVs. Broadband calls (BBCs) and noises made by rus-
tling in the bedding have overlapping frequency ranges, but the strong
harmonic signatures in the spectral structure of squeak BBCs allowed
them to be easily differentiated from bed-rustling, which lacks harmon-
ic structure. Additionally, bed-rustling was much less intense than ei-
ther squeak or rattle BBCs. Both types of BBCs are audible to humans,
and hamsters noticeably open their mouths when they emit BBCs.
Thus, because all resident-intruder encounters were first observed
with spectrographs generated in real-time, BBCs were easily distin-
guished from bed-rustling noises.

2.4. Testosterone quantification

Blood samples were taken 24 h prior to behavioral trials to control
for daily rhythms in hormone concentration and to minimize sampling
from affecting behavioral responses. Serum T was quantified using an
enzyme immunoassay (EIA; Assay Design 900-065; assay sensitivity =
5.67 pg/mL) that has been validated in this species and has negligible or
undetectable cross-reactivity with other steroid hormones [22]. Sam-
ples were diluted (males: 1:20, 1:40 or 1:80; females: 1:10), assayed
in duplicate according to the manufacturer's recommended protocol,
and were balanced across four plates of the same kit lot. Samples with
C.V. N10% and maximum binding b20% or N 80% were re-analyzed.
Intra-assay variability ranged from 2.49% to 8.29% and inter-assay vari-
ability was 5.67%..

2.5. Statistical analyses

All statistical analyses were performed in JMP v. 11.0.0 (SAS In-
stitute, Inc., Cary, NC) or SPSS v. 20.0 (IBM Corp., Armonk, NY). Data
were transformed to attain normality and equal variances. Welch's
analysis of variance (ANOVA) was used to compare relative repro-
ductive mass (i.e., sum of reproductive tissue mass divided by
mass of the individual) within sexes and across groups. Two-way
ANOVAs were used for comparisons across groups and sexes: num-
ber of attacks, PCAGG, number of USVs and BBCs, duration of USVs,
duration of BBCs, frequency bandwidth of USVs (see electronic sup-
plementary material for details) and T. If a two-way ANOVA report-
ed a statistically significant interaction between groups and sexes,
Tukey's HSD post-hoc analyses were run to determine relation-
ships. If the interaction term was not significant, but either group
or sexes were, one-way ANOVAs were used followed by Tukey's
HSD post-hoc analyses. Following Tukey's HSD post-hoc analyses,
statistical significance was attributed at p b 0.05. Spearman's rank
correlations were used to quantitatively assess relationships be-
tween broad vocal behavior classes and T. Reported p-values for
correlations have been adjusted for multiple comparisons using
the Bonferroni method [23].

To assess whether hamsters varied in the proportional use of USVs
across photoperiod groups and between sexes (i.e., comparing total
number of each USV subtype across groups and sexes), Fisher's exact
tests of independence were used, because this test is more accurate
than Pearson's chi-square test for independence when cell counts are
small (b5). To assess proportional use of BBCs across groups and be-
tween sexes (i.e., comparing total number of each BBC subtype across
groups and sexes), Pearson chi-square tests of independence were
used. Post-hoc comparisons between proportional uses of specific vo-
calization subtypes among groups and between sexes were made
using z-tests with standardized residuals for both Fisher's exact tests
and Pearson's chi-square tests. SPSS software reports significant differ-
ences (p b 0.05) after correcting for multiple comparisons using the
Bonferroni method.

3. Results

3.1. Photoperiodic and sex differences in reproductive physiology

Relative reproductive mass was smaller in male and female short-
day responders (SD-R) compared to long-day (LD) and short-day non-
responder (SD-NR) hamsters. Male, but not female levels of T were af-
fected by photoperiod. LD males had significantly elevated levels of T
compared to SD-R males, and SD-NR males had intermediate levels of
T (Table S2).

3.2. Photoperiodic and sex differences in ultrasonic vocalizations

There was an effect of photoperiod group (F2,74 = 3.38; p = 0.03),
but not sex (F1,74 = 0.01; p = 0.91), or their interaction (F2,74 = 1.82;
p=0.17) on number of USVs emitted by a hamster pair (Fig. 1A).With-
in males, the number of USVs was increased in SD-NR males (F2,22 =
4.00; p = 0.03) compared to LD males. SD-R males were intermediate
to LD and SD-NR males. In contrast, within females, the number of
USVs did not differ by photoperiod group (p N 0.05) (Fig. 1A). There
was no effect of photoperiod group, sex, or their interaction (p N 0.05)
onmean call duration of USVs (Table S2). In contrast, therewas a signif-
icant effect of photoperiod (F2,1133 = 3.81; p=0.02) and sex (F2,1133 =
16.88; p b 0.0001) on the frequency bandwidth of USVs (Fig. S1).

Siberian hamsters differed significantly in proportional use of USVs
between seasonal phenotypes and sexes (Fisher's exact tests, n =
1132, p b 0.001; Fig. 1B–D). Proportional use of ‘jump’USVs by hamsters
differed depending on seasonal phenotype. LD and SD-NR hamsters
produced more ‘jump’ USVs than those produced by SD-R hamsters
(z-tests, p b 0.05; Fig. 1B). This difference was robust to sex, in that
male and female hamsters produced the same proportion of ‘jump’
calls across seasonal phenotypes. Proportional use of ‘complex’ USVs
depended on seasonal phenotype and sex.Within sexes, SD-R hamsters
producedmore ‘complex’ calls than LD and SD-NR hamsters; overall, fe-
males produced more ‘complex’ calls than males (z-tests, p b 0.05; Fig.
1C). Proportional use of ‘plain’ calls was constant across seasonal



Fig. 1. Number and proportional use of USVs by hamsters of both sexes and across seasonal phenotypes. (A) Number of USVs. Bar heights represent means ± S.E.M; bars with different
letters are statistically different (p b 0.05, Tukey's HSD). (B) Percent use of jump calls differed by seasonal phenotype. (C) Percent use of complex calls differed by both sex and seasonal
phenotype. (D) Percent use of plain calls differed by sex. Harmonic calls varied based on photoperiod and sex, but are not shown, as theywere a rare call type. For panels (B), (C), and (D),
insets of spectrograms depict a representative call of the subtypes featured in the bar graphs. Bar heights represent proportional usage of USV subtypes; bars with different letters are sta-
tistically different (p b 0.05, z-tests followed by Bonferroni-corrections).
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phenotypes, but differed between sexes. Male hamsters emitted pro-
portionally more ‘plain’ USVs than females (z-tests, p b 0.05; Fig. 1D).
Proportional use of ‘harmonic’ USVs, the rarest call-type, also varied be-
tween different groups butwithout distinctive patterns across photope-
riods or sex (z-tests, p b 0.05).

3.3. Photoperiodic and sex differences in broadband calls

Photoperiod had a significant effect on the number of BBCs produced
by a hamster dyad (F2,74= 2.90; p=0.03); therewas no effect of sex or
a photoperiod by sex interaction (p N 0.05) (Fig. 2A). Both male and fe-
male SD-R hamsters emitted more BBCs than their LD counterparts
(males: F2,22 = 2.56; p = 0.04; females: F2,22 = 1.67; p = 0.03). For
both sexes, SD-NR hamsters produced an intermediate number of
BBCs compared to LD and SD-R hamsters (Fig. 2A). There was a signifi-
cant effect of sex on BBC duration, with females producing longer BBCs
thanmales (F1,74 = 7.55; p=0.008). Neither photoperiod nor a photo-
period by sex interaction (p N 0.05) had an effect on BBC duration
(Table S2).

In addition to photoperiodic effects on the number of BBCs emitted
by a pair, there were also differences in proportional use of BBC sub-
types across photoperiod groups (Pearson chi-square test of indepen-
dence, χ3 = 29.177, n = 4756, p b 0.001) and between sexes (Pearson
chi-square test of independence: χ1 = 374.892, n = 4756, p b 0.001)
(Fig. 2B–D). Although the proportional use of ‘rattles’ by females did
not vary with photoperiod, use of ‘rattles’ by males was influenced by
photoperiod; SD-R males produced the greatest proportion of ‘rattles’
compared to LD and SD-NR males (z-tests, p b 0.05; Fig. 2B). Regardless
of photoperiod group, females produced consistently more ‘rattle’ calls
thanmales (z-tests, p b 0.05; Fig. 2B), andmales producedmore ‘squeak’
BBCs than females (z-tests, p b 0.05; Fig. 2C). Proportional use of
‘squeaks’ by females did not vary by photoperiod, whereasmales varied
depending on photoperiod (z-tests, p b 0.05; Fig. 2C). ‘Mixed’ BBCswere
produced less frequently, and SD-R females producedmore ‘mixed’ calls
than the other groups (z-tests, p b 0.05; Fig. 2D).

3.4. Photoperiodic and sex differences in aggression and relationships be-
tween vocalizations and aggression

There was an overall effect of photoperiod on number of attacks for
the dyad (F2,74=12.27; p b 0.0001); however, therewas no effect of sex
or their interaction (p N 0.05) (Fig. 3A). Bothmale and female SD-Rham-
sters made more attacks than LD and SD-NR hamsters (males: F2,16 =
6.47; p = 0.006; females: F2,17 = 9.16; p = 0.002; Fig. 3A). LD and
SD-NR hamsters did not differ in the number of attacks. The dyad's ag-
gression score, PCAGG, was also affected by photoperiod group
(F2,74 = −3.87; p = 0.0002); however, there was no effect of sex or
their interaction (p N 0.05) on PCAGG (Fig. 3B). Both male and female
SD-R hamsters had increased aggression scores (PCAGG) compared to
LD hamsters, and SD-NR was intermediate to LD and SD-R hamsters
(males: F2,24 = 7.53; p = 0.003; females: F2,21 = 4.30; p = 0.03; Fig.
3B). BBCs and aggression were correlated only in LD hamsters of both
sexes. USVs and aggression, however, were not correlated in either
sex or across photoperiod groups (Table 1).

Image of Fig. 1


Fig. 2.Number and proportional use of BBCs byhamsters of both sexes and across seasonal phenotypes. (A) Seasonal phenotype significantly influenced emission of BBCs in both sexes. Bar
heights represent means± S.E.M.; bars with different letters are statistically different (p b 0.05, Tukey's HSD). (B) Percent use of rattle calls differed by sex. (C) Percent use of squeak calls
differed by sex and seasonal phenotype. (D) Percent use of mixed calls differed by sex and group. For panels (B), (C), and (D), insets of spectrograms depict a representative call of the
subtypes featured in the bar graphs. Bar heights represent proportional usage of BBC subtypes; bars with different letters are statistically different (p b 0.05, z-tests followed by
Bonferroni-corrections).
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3.5. Testosterone, aggression and vocalizations

Female T concentrationswere unaffected by photoperiod (Table S2),
thus, the T data from females across all photoperiodic groupswere com-
bined and correlated with aggression and emission rate of BBCs and
USVs. In contrast, male T concentrations were significantly affected by
photoperiod, so relationshipswere examinedwithin each photoperiod-
ic group. T was not related to aggression in either sex, and there was no
association between either vocal class and T in either sex (Table 2).

4. Discussion

In the present study, we demonstrated that Siberian hamsters emit
vocalizations that are sensitive to vocalizers' sex, as well as
photoperiod-induced changes in physiology, and aggression. During
same-sex aggressive encounters, male and female hamsters from all
photoperiodic conditions produced two main classes of vocalizations:
USVs and BBCs. These two vocalization types exhibit striking differences
in their spectrotemporal structures, suggesting that USVs and BBCs also
differ in function.We recently addressed this idea in a previous study of
summer-condition male and female hamsters, and we found that the
high frequency, tone-like USVs are not associated with aggression,
whereas the harsher sounding, low frequency BBCs are positively asso-
ciated with aggression [21].

Thus, we predicted that SD-R hamsters, themost aggressive seasonal
phenotype, would produce BBCs at the highest rate, and our results con-
firm this prediction. Our results partially supported our prediction that
SD-R hamsters would emit the greatest proportion of rattle BBCs, a pat-
tern we confirmed in males but not in females. In accordance with our
second main prediction, there was no effect of seasonal phenotype on
emission rate of USVs, which is consistent with the idea that USVs are
not directly related to aggression. In contrast, the percent use of specific
subtypes of USVs was dependent on the seasonal phenotype and sex of
the hamster dyad, suggesting that these calls are sensitive to some
physiological feature of context. Finally, our third prediction was not
confirmed, since T was not correlated with vocalization rate during
these same-sex agonistic encounters. However, it is likely that some as-
pect of the physiological response to the change in photoperiod plays a
role in regulating vocal behavior, as hamsters of the same summer phe-
notype (LD and SD-NR) had vocalizations thatwere different fromham-
sters of the winter phenotype (SD-R).

4.1. USV repertoire varies with sex and seasonal phenotype

A key finding in this study is that seasonal phenotype and sex affect
the proportional use of USV subtypes differently. The total number of
USVs emitted by same-sex hamster pairs did not vary with seasonal
condition; however, proportional use of two USV subtypes, ‘complex’
and ‘jump’, differed between winter-condition (SD-R) and summer-
condition (LD and SD-NR) hamsters. ‘Complex’ calls differed with sea-
sonal phenotype in that SD-R hamsters produced this subtype more
than the physiologically similar LD and SD-NR hamsters, whereas
‘jump’ calls are produced more by LD and SD-NR than SD-R hamsters.
Thus, SD-R hamsters in winter condition employ greater variation in

Image of Fig. 2


Fig. 3. Seasonal changes in aggression of hamsters. The seasonal phenotype of a hamster
dyad significantly influenced (A) number of attacks and (B) aggression scores (PCAGG).
Bar heights represent means ± S.E.M; bars with different letters are statistically different
(p b 0.05, Tukey's HSD).

Table 2
Spearman's rank correlations between T, broad vocalization classes, and aggression in
male and female hamsters.

Group T and aggression T and BBCs T and USVs

n ρ p n ρ p n ρ p

Female LD 40 −0.12 0.45 40 0.01 0.93 40 −0.25 0.13
Female SD-R
Female SD-NR
Male LD 14 −0.05 0.88 14 −0.16 0.58 14 0.23 0.43
Male SD-R 15 −0.22 0.43 15 −0.43 0.10 15 0.01 0.97
Male SD-NR 11 0.41 0.21 11 0.04 0.92 11 0.03 0.93
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USV subtypes, with greater use of harmonically structured USVs than
summer-condition (LD and SD-NR) hamsters. These similarities in
USV repertoires of LD and SD-NR hamsters suggest that an animal's sea-
sonal phenotype, and not the photoperiod cue per se, is an important
modulator of vocal repertoire in hamsters and likely other rodents.

Seasonal changes in production rate of vocalizations and/or vocal
repertoire have been reported previously in other species [8–10,13,
24]. For example, in song sparrows, rate of vocalizations does not vary
seasonally, but proportional use of different call types (“soft” song ver-
sus “broadcast” song) are dependent on season [14]. During the winter,
song sparrows in non-reproductive condition produce less stereotyped
songs [25], similar to the greater variety of USVs emitted by SD-R Sibe-
rian hamsters. Additionally, vocal behavior persists during the winter in
bowhead whales, with a higher signaling rate and larger repertoire of
call types in winter compared with the spring [26,27]. In these studies,
however, ‘season’ is used to refer to short segments of time within a
few months (i.e., beginning versus end of the breeding season), rather
Table 1
Spearman's rank correlations between broad vocalization classes and aggression in male
and female hamsters. Significant p values are shown in bold.

Group BBCs and aggression USVs and aggression

n ρ p n ρ p

Female LD 14 0.52 0.04 14 −0.17 0.57
Female SD-R 10 0.18 0.63 10 −0.09 0.80
Female SD-NR 16 0.25 0.35 16 0.05 0.85
Male LD 14 0.81 0.0005 14 −0.02 0.94
Male SD-R 15 0.43 0.11 15 0.33 0.23
Male SD-NR 11 0.16 0.63 11 0.22 0.51
than changes that occur on a yearly basis (e.g., long summer-like versus
short winter-like days in the present study). Further, in the present
study we isolated a single environmental cue, photoperiod; our study
is the first to our knowledge to demonstrate photoperiodic changes in
vocal repertoire in rodents, which may reflect seasonal changes in
vocal repertoire that could occur in nature.

In addition to changes in proportional call usage that reflect changes
in seasonal phenotype, we demonstrated that the ultrasonic vocal rep-
ertoires of males and females also differ. ‘Plain’ USVs, which lack fre-
quency jumps and harmonic features, are used proportionally more by
male hamsters than female hamsters, and this difference is stable across
seasonal phenotypes. Additionally, females emitted proportionally
more ‘complex’ USVs than males, regardless of their seasonal pheno-
type. Thus, female Siberian hamsters have a more diverse ultrasonic
vocal repertoire with more spectrographically complex vocalizations
than males, which predominately use the “plain” USV subtype. This is
consistent with previous findings in this and other mammalian species
[21,28,29]. Furthermore, we demonstrate here that this increased vari-
ability in proportional use of USV subtypes by female hamsters is stable
across seasonal phenotypes. The profile of USVs produced by Siberian
hamsters is likely a stable indicator of sex across seasons, because
males aremuchmore likely to produce ‘plain’USVs than females. An al-
ternative interpretation is that the production of ‘plain’ calls is associat-
ed with a particular behavior expressed differentially by the sexes.

USVs in rodents are often studied in association with reproductive
behavior [30]; therefore one might expect seasonal differences purely
in the rate of USVs due to seasonal differences in reproductive behavior.
We recorded from same-sex rather than mixed-sex pairs; it is not sur-
prising that the rate of USVs emitted did not vary photoperiodically or
with seasonal phenotype. These findings do not imply USVs are irrele-
vant to same-sex social encounters, however. In fact, USVs are emitted
by several rodent species (e.g., gerbils, mice, rats, squirrels, and voles)
across a variety of contexts, including predator sightings [31], mother-
pup interactions [32], same-sex affiliative encounters [33,34], and
same-sex aggressive encounters [35–37]. Furthermore, USVs are only
produced by Siberian hamsters during direct encounters with a social
partner, suggesting that they are immediately relevant to this context
[21]. Thus, USVsmay play a different role in transferring social informa-
tion between Siberian hamsters, as conveyed by seasonal phenotype
and sex differences in the proportional use of USV subtypes.

4.2. BBCs vary with sex and seasonal phenotype

We demonstrated not only differences across seasonal phenotypes
in the emission rate of BBCs, but also differences in proportional use of
BBC subtypes by hamsters of different seasonal phenotypes and sexes.
BBCs, which are associated with aggression in this species [21], were
produced in greater numbers by winter-condition (SD-R) hamsters,
which display elevated aggression compared with summer-condition
(LD and SD-NR) hamsters. BBC repertoire did not vary with seasonal
phenotype for female hamsters; however, male hamsters demonstrated
variation in BBC repertoire with respect to seasonal phenotype, produc-
ing more ‘rattle’ BBCs when in winter condition (SD-R). This is signifi-
cant because ‘rattles’ are more closely associated with aggression in

Image of Fig. 3
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this species, and thus, male hamsters that display more aggression (SD-
R) use these calls more often than less aggressive, summer-condition
males. Females emitted BBCs that were longer in duration and
contained proportionally more ‘rattles’ than males, regardless of sea-
sonal phenotype. Hamster ‘rattles’ are spectrotemporally similar to the
buzzes emitted by some songbirds; both ‘rattles’ and trills are rapidly
modulated, pulsatile bursts of noise and the use of these calls in some
songbird species is sensitive to changes in reproductive physiology
[14,21,38]. However, the immediate behavioral significance of buzzes
used by songbirds is unknown, although they are part of a class of vocal-
ization related to aggression.

Another important aspect of our findingswas the photoperiodic var-
iation in seasonal phenotype and its relationship to BBCs and aggres-
sion. Specifically, number of BBCs was positively related to aggression
in LD hamsters. This was not the case for SD-R or SD-NR hamsters of ei-
ther sex, despite both groups displaying increased aggression and in-
creased production of BBCs compared with LD hamsters. This could be
due to a lack of exact coupling of vocal and non-vocal behavior during
times of high aggression (i.e., perhaps vocalizations reach a maximum
rate); alternatively, this could be due to hamsters emitting BBCs even
when not immediately engaging in an aggressive act or to halt an ag-
gressive act, which we occasionally observed. This might indicate that
short-day hamsters are more sensitive to social stimuli that elicit BBCs
than long-day hamsters.

4.3. Vocalizations, seasonal phenotype, and T

Heightened aggression in short-daymale hamsters is accompanied by
relatively low levels of circulating T compared with the breeding season
when circulating levels of T are maximal [2]. In contrast, circulating T in
females did not vary with seasonal phenotype, despite heightened ag-
gression in short days. Because T is inversely related to short-day aggres-
sion in males of this species [2], we predicted that T would also be
inversely related to BBCs, which are positively related to aggression, and
that Twouldnot be related toUSVs,which are not related to same-sex ag-
gression. In the current study, T was not related to either BBCs or USVs,
suggesting that the finer variation in vocal behavior between interactions
of the same context may be more sensitive to immediate behavioral dif-
ferences, such as how much aggression is displayed within a particular
encounter, rather than current T concentrations. Formale Syrianhamsters
(Mesocricetus auratus), short-day photoperiods increase USVs, directed at
receptive female hamsters, a contextual difference from the current study
[24]. Similar to Siberian hamsters in the current study, T does not seem to
regulate photoperiodic shifts in emission rate of USVs by Syrian hamsters
[24]. However, T did restore female-stimulated production of USVs by
castrated male Syrian hamsters in another study conducted in long-day
hamsters only [39]. While inconclusive, these data suggest that seasonal
shifts in T do not regulate seasonal shifts in rate of calls emitted by Siberi-
an or Syrian hamsters [24]. This does not rule out a role for gonadal hor-
mones in regulating vocal behavior, however, as female hamsters show
seasonal variation in the sex steroid estradiol [3]. Additionally, T could
modulate more subtle differences in vocal behavior, such as specific
spectrotemporal characteristics, as has been demonstrated for Neotropi-
cal singingmice [40] and song sparrows [14]. Other aspects of physiology
may also be associated with variation in vocalizations, such as changes in
steroids or steroid receptors in brain regions associated with call produc-
tion or in peripheral target tissues (e.g., syrinxmuscle in birds), which are
associated with changes in call production [25,41,42].

It is interesting to note that short-day responders and short-day
non-responders display different levels of photoperiod-induced in-
creases in aggression and BBC production. Specifically, SD-NR hamsters,
individuals that are physiologically similar to LDhamsters despite expo-
sure to inhibitory short days, displayed intermediate responses to LD
and SD-R hamsters with respect to BBCs and aggression. This suggests
that the physiological response to photoperiod, in addition to photope-
riodic exposure per se, contributes to changes in vocal behavior in this
species. Although T was not related to emission rate of BBCs in this
study, there are other traits that differ across seasonal phenotypes, in-
cluding thermoregulation, adiposity, and food intake, which could affect
vocal behavior (reviewed in: [4,20]). However, steroid hormones re-
main a likely candidate mechanism for regulating seasonal shifts in
emission rate of BBCs, because these hormones fluctuate seasonally
(reviewed in: [4,17,20]), and have been shown to regulate vocal behav-
ior in many rodent species (e.g., [40,43]; reviewed in: [44]). While the
precise physiological mechanisms underlying the effects of seasonal
phenotype on BBCs remain unknown, there likely are steroid-
dependent and independent effects on vocal responses. Such steroid-
dependent and steroid-independent effects on gonadotropin secretion
have been well-characterized phenomena in Siberian hamsters (e.g.,
[45]). Regardless of mechanism, our findings demonstrate an important
role for both direct and indirect actions of photoperiod on vocal and ag-
gressive behaviors in hamsters.
5. Conclusions

Wedemonstrated distinct differences in vocalizations emitted by Si-
berian hamsters of different seasonal phenotypes during same-sex ag-
gressive encounters. Furthermore, we show that specific aspects of
vocal behavior are most closely related to an animal's seasonal pheno-
type, as opposed to an animal's current photoperiod. Siberian hamsters
offer a novelmammalian species withwhich to study the interactive in-
fluences of an individual's sex, photoperiodic exposure, and seasonal
phenotype on vocal communication.
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