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Abstract Low temperature dormancy is a necessary re-
quirement of the annual cycle of most nonmigratory,
temperate vertebrates. The red-sided garter snake, Thamno-
phis sirtalis parietalis, overwinters in communal dens
during its prolonged winter dormancy (8 mo), and upon
emergence, reproductive behavior of both sexes is maximal.
Previous work on this species showed that male courtship
behavior is maximally induced after simulated low temper-
ature dormancy. The purpose of this study was to determine
whether low temperature dormancy affects the pheromone
profiles of individual female red-sided garter snakes. We
collected females in the fall at den sites in Manitoba,
Canada, and extracted pheromones from individuals at
three different time points: fall (field), winter (lab), and
spring (lab). Total skin lipid and pheromone fraction masses
increased from fall to spring, and pheromone profiles were
distinctly different in the fall and spring. Pheromone
profiles became dominated by the long-chain, unsaturated
methyl ketone components of the blend by the time snakes
emerged in the spring. Further, the amounts of both
saturated and unsaturated components increased from fall
to spring, suggesting significant sex pheromone synthesis
was induced by low temperature dormancy.
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Introduction

Temperate animals display seasonal regulation in sexual
behavior and physiological states, which can be controlled
or signaled by biotic (e.g., hormones) and abiotic (e.g.,
temperature, photoperiod) factors. In species that display
seasonal reproductive patterns, both sexes show changes in
their reproductive state that reflect the season. For instance,
sexual signals (e.g., plumage, behavior, pheromones) are
maximally expressed to overlap with the peak of reproduc-
tive effort, as is seen in the majority of avian taxa that
display sexually dimorphic plumage almost exclusively
within the breeding season (Andersson 1994). Many
temperate vertebrates exhibit seasonal changes in hor-
mones, such as melatonin, which can initiate reproductive
activity and cause changes in external signals, such as
pelage (e.g., hamsters, Hoffmann 1978; weasels, Rust and
Meyer 1969). The production of sex-specific, external
chemical signals (pheromones) primarily is controlled
seasonally by biotic factors (hormones) in both invertebrate
and vertebrate taxa (e.g., PBAN in moths, Raina et al.
1989; progestins and androgens in newts, Moore 1978;
Iwata et al. 2000a). The role of abiotic factors, such as
temperature and photoperiod, is less well understood in the
regulation of sex pheromone release and/or synthesis.

The effects of photoperiod on pheromone synthesis and
expression have been studied more extensively than those
induced by temperature, and most of the work has been
done with insects, especially the Lepidoptera (e.g., Raina
and Klun 1984; Choi et al. 1998; Foster 2000). In
vertebrates, photoperiod affects at least the expression of
pheromones in specific taxa (e.g., rabbits, Oryctolagus
cuniculus, Hudson and Distel 1990). There is a paucity of
studies on the effects of temperature on pheromone
production and expression in animals, though examples of
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the lack of temperature effects on pheromone production
can be found (e.g., Pandey and Pandey 1990). Certain
insects exhibit pheromone-releasing behaviors that increase
in frequency with increasing temperature, leading to
periodicity in pheromone release that can be both circadian
and seasonally controlled (e.g., Sower et al. 1971; Pope et
al. 1982). In all vertebrates studied to date with described or
putative pheromones, pheromone production and expres-
sion are thought to be controlled almost exclusively by
hormones (e.g., amphibians, Yamamoto et al. 1996; Iwata
et al. 2000a; Kikuyama et al. 2005; reptiles, Mendonc¢a and
Crews 1996; birds, Rajchard 2007; rodents, Bruce 1965;
Thiessen et al. 1968; Mugford and Nowell 1971; primates,
Michael 1975; goats, Iwata et al. 2000b). However, in at
least one vertebrate, the red-bellied newt, Cynops pyr-
rhogaster, pheromone production may be promoted by low
temperature (Iwata et al. 2000a; Takahashi et al. 2001).

Our focal species, the red-sided garter snake, Thamno-
phis sirtalis parietalis, is a reptilian model for understand-
ing the relationship between seasonality, behavior, and sex
pheromones. After a prolonged winter dormancy (8 mo,
Gregory 1976), these animals emerge from limestone
hibernacula by the thousands in the interlake region of
Manitoba, Canada. At this time, males vigorously court and
compete for females, leading to large mating balls of males
courting single females (Aleksiuk and Gregory 1974).
Courtship behavior in male red-sided garter snakes is
affected by changes in temperature, with prolonged, low
temperature dormancy (12 wk, 4°C) enabling robust,
stereotypical courtship behavior in the laboratory after
simulated emergence from hibernation (Hawley and Aleksiuk
1975; Garstka et al. 1982). Because the snakes hibernate
several meters underground, there is no light, and photope-
riodic cues have been shown to have no effect on the
induction of spring mating behavior (Whittier et al. 1987,
Lutterschmidt et al. 2006). Instead, the one seasonal signal,
low temperature dormancy, causes changes in aromatase
activity in the sexually dimorphic nuclei of the brain of
males (hypothalamic pre-optic area, HPOA; Krohmer et al.
2002). The HPOA hypertrophies by the time of emergence,
and is the neural center for the control of courtship behavior
in this species (Krohmer et al. 2002). Laboratory-simulated
hibernation conditions induce changes in the secretion
patterns of melatonin in males, suggesting that this hormone
may play a role in the regulation of courtship behavior as
well (Lutterschmidt 2006). Thus, male red-sided garter
snakes have evolved a behavioral response to a specific,
relevant environmental cue: temperature (Crews and Moore
1986).

Female red-sided garter snakes exhibit seasonal changes
in two components of female reproduction: receptivity and
attractivity (Beach 1976). Sexual receptivity is controlled
primarily by estrogen, with ovariectomy abolishing recep-
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tivity and estrogen replacement in castrated females
reinstating receptivity (Crews 1976). Attractivity is deter-
mined by using bioassays of male courtship behavior, and
both the quantity and quality of the female sexual
attractiveness pheromone blend can be determined easily
with chemical analyses (Mason et al. 1989, 1990). The
female sex pheromone of the red-sided garter snake is a
series of nonvolatile, long-chain (C,o—Cs5) saturated and
monounsaturated methyl ketones ranging from 394 to
532 Da (Mason et al. 1989). Individual pheromone
components, when presented singly, elicit much lower
levels of courtship from males compared to the complete
blend; however, the longest, unsaturated components can
elicit significant courtship behavior when presented alone
(Mason et al. 1989). More recent work has shown that the
ratio of the abundances of unsaturated to saturated
components relays information about female reproductive
condition. Long and/or fat females produce more offspring
and elicit more vigorous courtship from males when
compared to females of lesser condition (LeMaster and
Mason 2002; Shine et al. 2003). Sex pheromone blends
from large females consist primarily of the long-chain,
unsaturated components, specifically those with masses of
476, 504, and 532 Da, whereas sex pheromone blends from
small females are composed equally of saturated and
unsaturated methyl ketones that span the entire range
(394-532 Da; LeMaster and Mason 2002). Males prefer
isolated pheromone extracts from large females compared
to small females, suggesting that they choose females based
solely on differences in the composition of the pheromone,
namely the ratio of unsaturated to saturated components
(LeMaster and Mason 2002; Shine et al. 2003). Thus, the
female sex pheromone is an honest signal that relays
information about reproductive condition.

Early laboratory studies on garter snakes have shown
that males display increased interest in females during the
time of shedding (as evidenced by increased tongue-
flicking and chin-rubbing behavior), and this may be
attributed to changes in the quantity of the pheromone
produced by the skin (Noble 1937; Kubie et al. 1978). The
quality of the pheromone differs between the breeding
(spring) and nonbreeding (fall) seasons in the red-sided
garter snake, suggesting that the pheromone relays infor-
mation about season as well as sex (Mason et al. 1987;
LeMaster and Mason 2001). However, pheromone profiles
for this species are complex: there are at least 16 unique
methyl ketone molecules comprising a single female
pheromone profile (Mason et al. 1989). To fully understand
this complexity, analyses are needed of pheromone profiles
from individual red-sided garter snakes, however, this was
not done in the previous two studies on pheromone
seasonality in this species (Mason et al. 1987; LeMaster
and Mason 2001).
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The purpose of this study was to examine changes in the
pheromone profiles from individual female garter snakes that
may be affected by the process of hibernation. Initiation of
sexual behavior in males is dependent on exposure to
prolonged low temperature, and it may be that female
attractivity also is affected by the low temperature dormancy
that this species experiences annually. In the field, it is
impossible to gather pheromone samples from females during
hibernation because they are several meters below ground
(Lutterschmidt et al. 2006). Thus, our laboratory study
utilized simulated hibernation to determine how both the
quantity and quality of the female sexual attractiveness
pheromone may change during winter dormancy.

Methods and Materials

Animals Female red-sided garter snakes, Thamnophis sir-
talis parietalis, (N=24) were captured at the hibernaculum
in the fall of 2005 (Inwood, Manitoba, Canada). Phero-
mones were extracted from subsets of these snakes
(N=8 each) at three different times: fall, winter (during
hibernation), and spring. The fall sample was collected at
the hibernaculum, whereas the remaining snakes were
transported back to the laboratory at Oregon State Univer-
sity and placed into artificial hibernation approximating
natural conditions (4°C; 0:24 h L:D; 85% RH). Pheromones
were collected from the winter group after 12 wk in winter
hibernation (January), and those for the spring group were
collected 12 wk later (April) after 1 wk of simulated
emergence (12°C, 10 h:6°C, 14 h, L:D). All procedures
involving the use of live animals were approved by the
Institutional Animal Care and Use Committee at Oregon
State University (ACUP 3120) and were in compliance
with guidelines established by the National Institutes of
Health Guide for the Care and Use of Laboratory Animals.
The collection and use of these animals was approved by
Manitoba Conservation (Manitoba Wildlife Scientific Per-
mit WB02024).

Pheromone Collection and Isolation We followed previ-
ously published methods for collection and analysis of
pheromone extracts (Mason et al. 1989). Snakes were
sacrificed with a lethal overdose of brevital sodium (6 mg/kg)
prior to collection of skin lipids from individual snakes by
immersion in hexane for 12 h. The snakes were then removed
from the solvent, and snake mass (g), snout-vent length (SVL,
cm), and midbody circumference (cm) were recorded. The
volume of the skin lipid extracts was reduced under vacuum
with a rotary evaporator, and the total skin lipid yield of the
dry product was determined (mg) before fractionation. The
pheromone was isolated by using alumina columns [activity
I (Sigma-Aldrich, St. Louis, MO, USA); pooled fractions

4-6 (2% diethyl ether:98% hexane as mobile phase)]. The
pooled fractions containing pheromone were reduced to
dryness by using a rotary evaporator and weighed to
determine the mass (mg; termed “pheromone fraction mass”
hereafter). The combined pheromone fractions are composed
almost solely of female sex pheromone methyl ketones (>99%
of fraction mass) and have been demonstrated to elicit
courtship behavior from males that is as intense as courtship
directed to live females in the den in the spring (Mason et al.
1989). The pooled pheromone fractions were resuspended in
a pheromone:hexane mixture (1 mg:1 ml) before analysis by
gas chromatography-mass spectrometry.

Gas Chromatography-Mass Spectrometry Individual pher-
omone samples were analyzed with a Hewlett Packard 5890
Series II gas chromatograph fitted with a split injector (280°C)
and an HP 5971 Series mass selective detector. Aliquots (1 pl)
of the 1:1 samples (1 mg pheromone:1 ml hexane) were
injected onto the fused-silica capillary column (RTX-1;
15 mx0.25 mm id., 0.25 um film thickness; Restek
Corporation, Bellefonte, PA, USA) with helium as the carrier
gas (5 cm/sec). All injections were made in the splitless mode
with the split valve closed for 60 sec. Oven temperature was
held initially at 70°C for 1 min, increased to 210°C at 30°C/
min, held at 210°C for 1 min, increased to 310°C at 5°C/min,
and held at 310°C for 5 min. Individual compounds were
identified by using mass spectral data and ion chromatograms
comparing our spectra to published data and authentic
standards (Mason et al. 1990). By using the peak integration
function in ChemStation software (Agilent) interfaced with
the GC-MS, we determined relative contributions of each
component of the pheromone to the overall profile of each
snake.

Data Processing and Statistical Analysis We tested for
global differences in total skin lipid mass, pheromone
fraction mass, pheromone concentration, unsaturated to
saturated component ratio, individual unsaturated and
saturated component mass, and low and high molecular
weight contributions to profiles by using one-way and two-
way ANOVAs (time, component type as factors) followed
by pairwise comparisons (Tukey Tests; SigmaStat v.3.1).
Total skin lipid mass and pheromone fraction mass were
arcsine transformed after correcting for snake mass before
analyses. Pheromone fraction mass was used to derive
pheromone concentration (pg/cm?) by using previously
published methods and log-transformed before analysis
(Mason et al. 1990; LeMaster and Mason 2002). Briefly,
the circumference (cm) at midbody was measured and then
multiplied by the snout-to-vent length (cm) to get total
surface area (cm?), and pheromone fraction mass (mg) was
converted to pg and divided by total surface area to yield
pheromone concentration (pg/cm?). By using an internal
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standard (methyl stearate, 10 pg/ml hexane; LeMaster et al.
2008), we were able to derive individual component mass
(ng) for all of the 16 methyl ketones comprising the
pheromone. Global differences in pheromone structure
were analyzed by using the Multi-Response Permutation
Procedure in the vegan package for R (v.1.8-8; McCune et
al. 2002). Pairwise comparisons for pheromone structure
were run by using the same procedure but by excluding a
new group each time. Coordinates for a non-metric multi-
dimensional scaling plot to represent differences in indi-
vidual pheromone profiles also were generated with the
vegan package, and all graphics were created in SigmaPlot
(v.8.0).

Results

Total skin lipid and pheromone fraction masses increased
from fall to spring (/. 2;=95.471, P<0.001; F, »,=9.196,
P=0.001; Fig. 1). Total skin lipid mass was higher in both
spring and winter than in fall (¢=17.893, P<0.001; g=
15.750, P<0.001, respectively). Pheromone fraction mass
was higher in spring than in fall (g=6.065, P=0.001). No
other differences were found in skin lipid or pheromone
fraction masses. Pheromone concentration (ug pheromone/
ecm?® of skin) also increased over time (H=14.791, P<
0.001), with the pheromone concentration being higher in
spring and winter than in fall (¢=4.850, P=0.005; ¢=
4.525, P=0.006, respectively; Fig. 2).
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Fig. 1 Change in mass (mg; mean + s.e.; N=8 for each bar) of both
total skin lipids (black bars) and pooled fractions containing only the
nonvolatile methyl ketones that comprise the pheromone (pheromone
fraction mass; gray bars) of female red-sided garter snakes. Pher-
omones were collected from individual females in the fall at the snake
den, during winter in laboratory-simulated hibernation, and in the
spring in the laboratory after simulated emergence. Different letters of
the same case (e.g., “a” vs. “b”) represent significant differences (P<
0.05) in mass for those sampling periods
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Fig. 2 Sex pheromone concentration (ug pheromone/cm? skin; mean +
s.e.; N=8 for each bar) extracted from female red-sided garter snakes in
the field and during laboratory-simulated hibernation and emergence.
Different letters represent significant differences (P<0.05) in phero-
mone concentration for those sampling periods

Following the GC-MS analysis, we found that the
composition of the pheromone blends changed over time
(4=0.07672, P=0.016). Spring profiles were different than
fall profiles (4=0.1089, P=0.012), but no other differences
were significant (Fig. 3). We then tested the pheromone
profile characteristics that may have contributed to these
global differences. We found no difference in the ratios of
the abundances of unsaturated to saturated components
within the pheromone profiles over time (5, 13=0.301, P>
0.05). Both main effects (season, component type [saturat-
ed, unsaturated]) were significant when we analyzed the
masses of pheromone components (£, 47,=8.703, P<0.001;
Fy47=18.329, P<0.001, respectively). There was no
season X component type interaction (F,, 47=2.010, P=
0.147). Within season, the mass of unsaturated components
was greater than the mass of saturated components for fall
(g=3.004, P=0.04), winter (¢g=3.772, P=0.011), and
spring (¢=3.218, P=0.028; Fig. 4). Within component
type, the mass of saturated components was greatest in
spring compared to fall (g=4.561, P=0.007), but no other
differences were detected. The mass of unsaturated compo-
nents was greater in spring than in fall (¢=4.774, P=
0.005), and winter than in fall (¢=3.706, P=0.032; Fig. 4).
The compounds contributing most to the overall makeup of
the pheromone blend were the 504 (unsaturated), 476
(unsaturated), 450 (saturated), and 448 (unsaturated) Da
molecules (Fig. 3).

Components within each pheromone profile were arbi-
trarily split into two molecular weight classes: low
molecular weight (LMW; <463 Da) and high molecular
weight (HMW; >463 Da). Previous work has demonstrated
that the attractivity of female red-sided garter snakes
increases with increasing molecular weight and unsatura-
tion of individual components of the pheromone, suggest-
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Fig. 3 Changes in the female
sexual attractiveness pheromone
blend of red-sided garter snakes 187
from three sampling periods (fall,
winter, spring). a Representative
total ion chromatograms of sex
pheromone blends from individu-
al females from the three sam-
pling periods. b Non-metric
multidimensional scaling plot
showing individual pheromone
profiles. Minimal convex poly-
gons are drawn for each group to
show how the area of similarity
for pheromone profiles shifts and
contracts from fall to spring, with
individual profiles being most
similar (most tightly clustered) in
spring. The fall (white circles) and
spring (black circles) were signif-
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ing that changes observed in the molecular weight of
pheromone constituents over time have biological conse-
quences in nature (Mason et al. 1989). Thus, we analyzed
the ratio of HMW:LMW proportions over time (log-
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Fig. 4 Mass of components (mg; mean + s.e. ; N=8 for each bar)
comprising the female sex pheromone blend of red-sided garter snakes
from three sampling periods (fall, winter, spring) grouped by methyl
ketone type (saturated, unsaturated). At all three sampling periods,
unsaturated components were significantly more abundant (P<0.05;
asterisks) than saturated components, especially in the spring. Within
each class, both types of components reached peak mass in the spring.
Different letters of the same case represent significant differences (P<
0.05) within a class
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transformed) and found a significant time effect (£, »,=
5.362, P=0.013). Pheromone profiles were dominated by
HMW compounds in spring compared to fall (¢4=4.365, P=
0.015), but no other differences were significant (winter vs.
fall, g=3.522, P>0.05).

Discussion

We have shown that the process of hibernation induces
quantitative and qualitative changes in the female sexual
attractiveness pheromone of the red-sided garter snake.
Both total skin lipid mass and pheromone fraction mass
increased from fall to spring as did the concentration of
pheromone present on the skin. The quality of the
pheromone also appeared to change concomitant with the
changes in amount and concentration, with females pro-
ducing pheromones dominated by unsaturated, high molec-
ular weight (HMW) methyl ketones by the winter and into
spring. Thus, hibernation is critical in the regulation of one
of the two components of female reproduction in this
species: attractivity.

Temperature has numerous effects on sexual signals,
both in vertebrates and invertebrates. For instance, ambient
temperature affects the length and color of the manes of
lions, an information-rich sexual signal (West and Packer
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2002). Vertebrates and invertebrates exhibit fluctuating
asymmetry in sexually selected traits that reflect changes
in ambient temperature and photoperiod (e.g., tail length in
swallows, Mgller and Szep 2005; sex combs in flies, Polak
and Starmer 2005). Further, many animals use sex-specific
sounds to attract and evaluate mates, and both the
production and perception of these signals can be altered
significantly by changes in temperature (e.g., flies, Ritchie
et al. 2001; frogs, Gerhardt 1978; Shimizu and Barth 1996).
Our results suggest that a powerful sexual signal, the
female attractiveness pheromone of garter snakes, changes
significantly as a result of low temperature dormancy (i.e.,
hibernation).

Sex pheromone production is known to be affected by
temperature in red-bellied newts, Cynops pyrrhogaster,
where low temperatures (8—12°C) induce increased synthe-
sis of prolactin mRNA, and prolactin, in conjunction with
androgens, can induce hypertrophy of the secretory capac-
ity of the newt pheromone (sodefrin) gland and stimulate
production of sodefrin (Toyoda et al. 1994; Yamamoto et al.
1996; Iwata et al. 2000a; Takahashi et al. 2001). Sodefrin is
a peptide pheromone, thus the mechanisms controlling its
synthesis and expression will differ from those acting in
garter snakes to produce the relatively small methyl ketone
molecules that act as pheromones in our system. However,
both systems are responsive, at least in part, to changes in
temperature, and they warrant further study. Our study is
the first in a reptile to demonstrate the effects of hibernation
on female attractivity at the level of pheromone production.

Female receptivity and male courtship behavior in both
amphibians and reptiles are known to be affected by
changes in temperature. Low temperatures are critical for
either initiating or maintaining expression of both male
courtship and female receptivity in a number of salaman-
ders, newts, and frogs (Duellman and Trueb 1994). In
reptiles, the effects of temperature on sexual behavior in
males have been studied more extensively than in females
(Whittier and Tokarz 1992). Male red-sided garter snakes
do not express typical courtship behavior in the spring
unless they experience an extended (8—17 wk) low
temperature dormancy (4°C, 0 h:24 h L:D; Camazine et
al. 1980; Garstka et al. 1982). Female receptivity in garter
snakes is influenced by low temperature dormancy, but
hormonal priming (estrogen) before hibernation exerts a
much stronger effect, as evidenced by abolished receptivity
in ovariectomized females and only reduced receptivity
resulting from exposure to warmer temperatures during
winter dormancy (Bona-Gallo and Licht 1983; Mendonga
and Crews 1996). Our results suggest that female attractiv-
ity is optimized by low temperature dormancy, though our
study did not include a warm hibernation control group due
to the high rate of female mortality demonstrated in
previous studies (16%, Whittier et al. 1987).
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Collectively, research on this system has shown that
maximal, coordinated sexual behavior in the red-sided
garter snake (male courtship and female attractivity and
receptivity) is contingent upon sustained, low temperature
dormancy. This species overwinters in large, communal
dens, and snakes emerge en masse in the tens of thousands
to engage in spectacular displays of scramble mating as
males search for and court singly-emerging females
(Aleksiuk and Gregory 1974; Gregory 1976). In an
evolutionary sense, this species has adapted to maximally
express sexual characteristics (behavior, pheromones) at a
time when population densities are highest and precision in
identifying and selecting mates is critical.

The role of skin and gland-derived compounds as
pheromones in sauropsids (birds and reptiles) may have
arisen from the modification of phospholipids originally
derived for waterproofing the integument (adapted from
Maderson 1986). In another sauropsid (mallard, Anas
platyrhynchos), the waterproofing gland (uropygial) produ-
ces sex pheromones, and pheromone synthesis occurs from
lysosomal modification (lengthening, esterification) of
monoester waxes, and ultimately is regulated by female
sex steroid hormones (Jacob et al. 1979; Kolattukudy and
Rogers 1987; Bohnet et al. 1991). Thus, skin waxes
generated primarily for waterproofing have been co-opted
into a secondary role as sexual signals in this species. The
pheromone of red-sided garter snakes may be similarly
derived. First, the skin may increase its lipid production to
retard transcutaneous water loss during low temperature
dormancy, which is a common process in sauropsids during
cold acclimation (e.g., turtles, Willard et al. 2000; pigeons,
Peltonen et al. 2000). Second, as is the case in mallards, the
lipids would be modified by enzymes that are activated by
cold temperatures. The data presented in this paper show
that the pheromone of female red-sided garter snakes
becomes dominated by longer, unsaturated molecules, the
most sexually attractive components of the female phero-
mone, as a result of low temperature dormancy (Mason et
al. 1989; LeMaster and Mason 2002; Shine et al. 2003).
Several enzymes are activated by cold temperatures in
vertebrates that either synthesize or lengthen long-chain
lipids (C16 or greater; Jakobsson et al. 2005, 2006). Other
enzymes, such as desaturases, play a critical role in
maintenance of the phospholipid bilayer by desaturating
lipid chains to increase membrane fluidity and prevent
damage from freezing (reviewed in Hazel and Williams
1990; Tiku et al. 1996). Such temperature-induced mech-
anisms (elongation, desaturation) may exist in the phero-
mone synthesis of red-sided garter snakes and warrant
further study.

We have shown that female pheromone content is altered
during hibernation in this species, and that the pheromone
present at emergence is composed primarily of long-chain,
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unsaturated methyl ketones, which in other studies have
been shown to elicit the strongest behavioral response from
males (Mason et al. 1989; LeMaster and Mason 2002;
Shine et al. 2003). The red-sided garter snake serves as a
robust model for testing hypotheses on the seasonality of
sexual signal production, and it also represents a point of
evolutionary divergence in vertebrate sexual signals. Rather
than plumage and pelage to reflect sex, condition and
season, the skin lipids of the female red-sided garter snake
are modified to signal condition and fecundity so as to be
optimally honest at a time when mate density is highest and
the odds of mating are virtually certain. In the future, we
plan to examine skin lipid production by male garter snakes
to determine if they may also display the same seasonal
pattern we have shown in females of this species.

Acknowledgments This work was funded by an EPA STAR
Fellowship (FP-91669601-2) awarded to MRP and partially funded
by an NSF grant (0620125-10B) to RTM. We would like to thank A.
and G. Johnson for their support in the field, and D. Roberts and W.
Watkins of Manitoba Conservation for their assistance with field work
in Manitoba, Canada. W. Gaeuman assisted with statistical analyses.

References

ALEKSIUK, M. and GREGORY, P. T. 1974. Regulation of seasonal
mating behavior in Thamnophis sirtalis parietalis. Copeia
1974:681-689.

ANDERSSON, M. 1994. Sexual Selection. Princeton University Press,
Princeton.

BEACH, F. A. 1976. Sexual attractivity, proceptivity, and receptivity in
female mammals. Horm. Behav. 7:105-138.

BOHNET, S., ROGERS, L., SASAKI, G., and KOLATTUKUDY, P. E. 1991.
Estradiol induces proliferation of peroxisome-like microbodies
and the production of 3-hydroxy fatty acid diesters, the female
pheromones, in the uropygial glands of male and female
mallards. J. Biol. Chem. 266:9795-9804.

BONA-GALLO, A. and LICHT, P. 1983. Effects of temperature on sexual
receptivity and ovarian recrudescence in the garter snake
Thamnophis sirtalis parietalis. Herpetol. 39:173—182.

BRUCE, H. M. 1965. Effect of castration on the reproductive
pheromones of male mice. J. Reprod. Fertil. 10:141-143.

CAMAZINE, B., GARSTKA, W. R., TOKARZ, R., and CREWS, D. 1980.
Effects of castration and androgen replacement on male courtship
behavior in the red-sided garter snake (Thamnophis sirtalis
parietalis). Horm. Behav. 14:358-372.

CHoI, M.-Y., TATSUKI, S., and B0oo, K.—S. 1998. Regulation of sex
pheromone biosynthesis in the oriental tobacco budworm,
Helicoverpa assulta (Lepidoptera: Noctuidae). J. Insect Physiol.
44:653-658.

CREWS, D. 1976. Hormonal control of male courtship behavior and
female attractivity in the garter snake (Thamnophis radix). Horm.
Behav. 7:451-460.

CREWS, D. and MOORE, M. C. 1986. Evolution of mechanisms
controlling mating behavior. Science 231:121-125.

DUELLMAN, W. E. and TRUEB, L. 1994. Biology of Amphibians.
Johns Hopkins University Press, Baltimore.

FOSTER, S. P. 2000. Periodicity of sex pheromone biosynthesis,
release and degradation in the lightbrown apple moth, Epiphyas
postvittana (Walker). Arch. Insect Biochem. Physiol. 43:125-136.

GARSTKA, W. R., CAMAZINE, B., and CREWS, D. 1982. Interactions of
behavior and physiology during the annual reproductive cycle of
the red-sided garter snake (Thamnophis sirtalis parietalis).
Herpetol. 38:104—123.

GERHARDT, H. C. 1978. Temperature coupling in the vocal communi-
cation system of the gray tree frog, Hyla versicolor. Science
199:992-994.

GREGORY, P. T. 1976. Life-history parameters of the red-sided garter
snake (Thamnophis sirtalis parietalis) in an extreme environ-
ment, the Interlake region of Manitoba. National Museum of
Canada, Publications in Zoology 13:1-44.

HAWLEY, A. W. and ALEKSIUK, M. 1975. Thermal regulation of spring
mating behavior in the red-sided garter snake (Thamnophis
sirtalis parietalis). Can. J. Zool. 53:768-776.

HAZEL, J. R. and WILLIAMS, E. E. 1990. The role of alterations in
membrane lipid composition in enabling physiological adaptation
of organisms to their physical environment. Prog. Lipid Res.
29:167-2217.

HOFFMANN, K. 1978. Effects of short photoperiods on puberty,
growth and moult in the Djungarian hamster (Phodopus
sungorus). J. Reprod. Fertil. 54:29-35.

HUDSON, R. and DiSTEL, H. 1990. Sensitivity of female rabbits to
changes in photoperiod as measured by pheromone emission. J.
Comp. Physiol. A 167:225-230.

IwATA, T., KAWAHARA, G., YAMAMOTO, K., ZHOU, C., NAKAJO, S.,
SHIODA, S., and KIKUYAMA, S. 2000a. Effect of prolactin and
androgen on the expression of the female-attracting pheromone
silefrin in the abdominal gland of the newt, Cynops ensicauda.
Biol. Reprod. 63:1867-1872.

IWATA, E., WAKABAYASHI, Y., KAKUMA, Y., Kikusul, T., TAKEUCHI,
Y., and MORI, Y. 2000b. Testosterone-dependent primer phero-
mone production in the sebaceous gland of male goat. Biol
Reprod. 62:806-810.

JACOB, J., BALTHAZART, J., and SCHOFFENIELS, E. 1979. Sex differ-
ences in the chemical composition of uropygial gland waxes in
domestic ducks. Biochem. Syst. Ecol. 7:149—153.

JAKOBSSON, A., JORGENSEN, J. A., and JACOBSSON, A. 2005.
Differential regulation of fatty acid elongation enzymes in brown
adipocytes implies a unique role for ElovI3 during increased fatty
acid oxidation. Am. J. Physiol. Endocrinol. Metab. 289:E517-526.

JAKOBSSON, A., WESTERBERG, R., and JACOBSSON, A. 2006. Fatty
acid elongases in mammals: Their regulation and roles in
metabolism. Prog. Lipid Res. 45:237-249.

KIKUYAMA, S., NAKADA, T., TOYODA, F., IWATA, T., YAMAMOTO, K.,
and CONLON, J. M. 2005. Amphibian pheromones and endocrine
control of their secretion. Ann. N Y Acad. Sci. 1040:123-130.

KOLATTUKUDY, P. E. and ROGERS, L. 1987. Biosynthesis of 3-
hydroxy fatty acids, the pheromone components of female
mallard ducks, by cell-free preparations from the uropygial
gland. Arch. Biochem. Biophys. 252:121-129.

KROHMER, R. W., BIEGANSKI, G. J., BALECKAITIS, D. D., HARADA, N.,
and BALTHAZART, J. 2002. Distribution of aromatase immunore-
activity in the forebrain of redsided garter snakes at the beginning
of the winter dormancy. J. Chem. Neuroanat. 23:59-71.

KUBIE, J. L., COHEN, J., and HALPERN, M. 1978. Shedding enhances
the sexual attractiveness of oestradiol treated garter snakes and
their untreated penmates. Anim. Behav. 26:562-570.

LEMASTER, M. P. and MASON, R. T. 2001. Annual and seasonal
variation in the female sexual attractiveness pheromone of the
red-sided garter snake, Thamnophis sirtalis parietalis, pp. 369—
376, in A. Marchlewska-Koj, J. Lepri, and D. Muller-Schwarze
(eds.). Chemical Signals in Vertebrates 9. Kluwer Academic/
Plenum, New York.

LEMASTER, M. P. and MASON, R. T. 2002. Variation in a female
sexual attractiveness pheromone controls male mate choice in
garter snakes. J. Chem. Ecol. 28:1269—-1285.

@ Springer



J Chem Ecol

LEMASTER, M. P., STEFANI, A., SHINE, R., and MASON, R. T. 2008.
Cross-dressing in chemical cues: Exploring ‘she-maleness’ in
newly-emerged male garter snakes, pp. 223-230, in J. L. Hurst,
R. J. Beynon, S. C. Roberts, and T. D. Wyatt (eds.). Chemical
Signals in Vertebrates 11. Springer, New York.

LUTTERSCHMIDT, D. 1. 2006. Chronobiology of garter snakes:
environmental and hormonal mechanisms mediating hibernation
and reproduction. Ph.D. dissertation, Oregon State University,
Corvallis, OR.

LUTTERSCHMIDT, D. I., LEMASTER, M. P., and MASON, R. T. 2006.
Minimal overwintering temperatures of red-sided garter snakes
(Thamnophis sirtalis parietalis): a possible cue for emergence?
Can. J. Zool. 84:771-777.

MADERSON, P. F. A. 1986. The tetrapod epidermis: A system
preadapted as a semiochemical source, pp. 13-25, in D. Duvall,
D. Mueller-Schwarze, and R. M. Silverstein (eds.). Chemical
Signals in Vertebrates 4. Plenum, New York.

MASON, R. T., CHINN, J. W., and CREWS, D. 1987. Sex and seasonal
differences in the skin lipids of garter snakes. Comp. Biochem.
Physiol. B 87:999-1003.

MASON, R. T., FALES, H. M., JONES, T. H., PANNELL, L. K., CHINN, J.
W., and CREWS, D. 1989. Sex pheromones in snakes. Science
245:290-293.

MASON, R. T., JONES, T. H., FALES, H. M., PANNELL, L. K., and CREWS,
D. 1990. Characterization, synthesis, and behavioral responses to
sex attractiveness pheromones of red-sided garter snakes (Thamno-
phis sirtalis parietalis). J. Chem. Ecol. 16:2353-2369.

MCCUNE, B., GRACE, J. B., and URBAN, D. L. 2002. Analysis of
Ecological Communities. MjM Software Design, Gleneden
Beach, OR.

MENDONGA, M. T. and CREWS, D. 1996. Effects of ovariectomy and
estrogen replacement on attractivity and receptivity in a dissoci-
ated pattern breeder, the red-sided garter snake (Thamnophis
sirtalis parietalis). J. Comp. Physiol. A 178:373-381.

MICHAEL, R. P. 1975. Hormonal steroids and sexual communication
in primates. J. Steroid Biochem. 6:161-170.

MOLLER, A. P. and SzEp, T. 2005. Rapid evolutionary change in a
secondary sexual character linked to climatic change. J. Evol.
Biol. 18:481-495.

MOORE, F. L. 1978. Effects of progesterone on sexual attractivity in
female rough-skinned newts, Taricha granulosa. Copeia
1978:530-532.

MUGFORD, R. A. and NOWELL, N. W. 1971. Endocrine control over
production and activity of the anti-aggression pheromone from
female mice. J. Endocrinol. 49:225-232.

NOBLE, G. K. 1937. The sense organs involved in the courtship of
Storeria, Thamnophis and other snakes. Bull. Am. Mus. Nat. Hist.
73:673-725.

PANDEY, S. C. and PANDEY, S. D. 1990. Role of photoperiod and
temperature in production of the oestrus-inducing pheromone in
male wild mice. Acta. Physiol. Hung. 76:201-204.

PELTONEN, L. M., ARIELI, Y., HARJULA, R., PYORNILA, A., and
MARDER, J. 2000. Local cutaneous water barrier in cold- and
heat-acclimated pigeons (Columba livia) in relation to cutaneous
water evaporation. J. Morph. 246:118-130.

PoLAK, M. and STARMER, W. T. 2005. Environmental origins of
sexually selected variation and a critique of the fluctuating
asymmetry-sexual selection hypothesis. Evolution 59:577-585.

POPE, M. M., GASTON, L. K., and BAKER, T. C. 1982. Composition,
quantification, and periodicity of sex pheromone gland volatiles
from individual Heliothis virescens females. J. Chem. Ecol.
8:1043-1055.

@ Springer

RAINA, A. K. and KLUN, J. A. 1984. Brain factor control of sex
pheromone production in the female corn earworm moth. Science
225:531-533.

RAINA, A., JAFFE, H., KEMPE, T. G., KEIM, P., BLACHER, R. W.,
FALES, H. M., RILEY, C. T., KLUN, J. A., RIDGWAY, R. L., and
HAYES, D. K. 1989. Identification of a neuropeptide hormone
that regulates sex pheromone production in female moths.
Science 244:796-798.

RAJCHARD, J. 2007. Intraspecific and interspecific chemosignals in
birds: a review. Veterinarni Medicina 52:385-391.

RITCHIE, M. G., SAARIKETTU, M., LIVINGSTONE, S., and HOIKKALA,
A. 2001. Characterization of female preference functions for
Drosophila montana courtship song and a test of the temperature
coupling hypothesis. Evolution 55:721-727.

RusT, C. C. and MEYER, R. K. 1969. Hair color, molt, and testis size
in male, short-tailed weasels treated with melatonin. Science
165:921-922.

SHIMIZU, 1. and BARTH, F. G. 1996. The effect of temperature on the
temporal structure of the vibratory courtship signals of a spider
(Cupiennius salei Keys). J. Comp. Physiol. A 179:363-370.

SHINE, R., PHILLIPS, B., WAYE, H., LEMASTER, M. P., and MASON,
R. T. 2003. Chemosensory cues allow courting male garter
snakes to assess body length and body condition of potential
mates. Behav. Ecol. Sociobiol. 54:162—166.

SOWER, L. L., SHOREY, H. H., and GASTON, L. K. 1971. Sex
pheromones of noctuid moths. XXV. Effects of temperature and
photoperiod on circadian rhythms of sex pheromone release by
females of Trichoplusia ni. Ann. Entomol. Soc. Am. 27:488—
492.

TAKAHASHI, N., HASUNUMA, 1., IWATA, T., UMEZAWA, K., YAMAMOTO,
K., MARIN, A., PERROTEAU, I., VELLANO, C., and KIKUYAMA, S.
2001. Molecular cloning of newt prolactin (PRL) cDNA: effect of
temperature on PRL mRNA expression. Gen. Comp. Endocrinol.
121:188-195.

THIESSEN, D. D., FRIEND, H. C., and LINDZEY, G. 1968. Androgen
control of territorial marking in the Mongolian gerbil. Science
160:432-434.

TIKU, P. E., GRACEY, A. Y., MACARTNEY, A. 1., BEYNON, R. J., and
CossINS, A. R. 1996. Cold-induced expression of delta9-
desaturase in carp by transcriptional and posttranslational
mechanisms. Science 271:815.

ToYODA, F., TANAKA, S., MATSUDA, K., and KIKUYAMA, S. 1994.
Hormonal control of response to and secretion of sex attractants
in Japanese newts. Physiol. Behav. 55:569-576.

WEST, P. M. and PACKER, C. 2002. Sexual selection, temperature, and
the lion’s mane. Science 297:1339-1343.

WHITTIER, J. M. and TOKARZ, R. 1992. Physiological regulation of
sexual behavior in female reptiles, pp. 24-69, in C. Gans and D.
Crews (eds.). Biology of the Reptilia. University of Chicago
Press, Chicago.

WHITTIER, J. M., MASON, R. T., CREWS, D., and LICHT, P. 1987. Role
of light and temperature in the regulation of reproduction in the
red-sided garter snake, Thamnophis sirtalis parietalis. Can. J.
Zool. 65:2090-2096.

WILLARD, R., PACKARD, G. C., PACKARD, M. J., and TUCKER, J. K.
2000. The role of the integument as a barrier to penetration of ice
into overwintering hatchlings of the painted turtle (Chrysemys
picta). J. Morph. 246:150-159.

YAMAMOTO, K., TOYODA, F., TANAKA, S., HAYASHI, H., and
KIKUYAMA, S. 1996. Radioimmunoassay of a newt sex phero-
mone, Sodefrin, and the influence of hormones on its level in the
abdominal gland. Gen. Comp. Endocrinol. 104:356-363.



	Low...
	Abstract
	Introduction
	Methods and Materials
	Results
	Discussion
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


