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 The reliance on sex pheromones (both identified and unidentified) in the 

coordination of snake reproduction appears to be conserved in all groups of the 

ophidia (Chapter 2).  The red-sided garter snake is a model reptile for studying the 

mechanisms regulating expression of chemical signals because both abiotic and biotic 

factors have been shown to shape the peculiar biology of this vertebrate.  Temperature 

is known to regulate male garter snake reproductive behavior, and I found, in 

accordance with this, that females are maximally attractive upon emergence from 

. 
 
 
 
Abstract approved: 
 
_____________________________________________________________________ 

Robert T. Mason 
 
 Vertebrates communicate with one another and coordinate intraspecific 

reproduction by using a variety of sexually dimorphic signals, such as plumage, 

ornaments, sounds, and/or scents.  These sexual dimorphisms are maintained by 

physiological factors, typically sex-specific hormones (though see Chapter 3 for an 

exception).  The purpose of the research in this dissertation was to explore the 

mechanisms regulating sexual dimorphism in the sex pheromone blends of red-sided 

garter snakes (Thamnophis sirtalis parietalis). 



 
 

 

hibernation (Chapter 3).  Thus, low temperature dormancy is critical for both sexes in 

this species for optimizing reproduction (behavior, pheromone production).  

 The relationship between sex steroid hormones and pheromone production was 

incomplete prior to the work in this dissertation.  I first discovered that estrogen 

implantation induced female pheromone production in males, suggesting that estrogen 

is the primary steroid hormone inducing female pheromone production (Chapter 4).  

Further, the effect of estrogen is purely activational since implant removal abolished 

attractivity (Chapter 5).  Also in Chapter 4, I showed that castration induced female 

pheromone production in males.  My last data chapter revealed that testosterone 

actively inhibited female pheromone production, which I saw after supplementing 

castrates with testosterone (Chapter 6).  Further, aromatase inhibition in castrates 

changed at least one property of the pheromone blend that abolishes attractivity. 

My research into the control of pheromone expression in garter snakes has 

revealed a pattern of interaction between steroid hormones and sexually dimorphic 

signal production at the level of the skin that corroborates findings in their closest 

relatives (birds).  The presence of estrogen promotes expression of the female trait 

(female plumage in birds; pheromone production in garter snakes).  However, the 

absence of testosterone is also sufficient for expression of the female trait in male 

garter snakes, suggesting that, unlike any avian species studied thus far, the balance 

between testosterone and estrogen is critical for proper expression of sexual 

phenotype.  Thus, garter snakes may be a model group for exploring the evolutionary 

origin of hormonal control of sexually dimorphic signals. 
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Activation, Modification and Suppression of Sex Pheromone Production in 

Garter Snakes 

CHAPTER 1.  INTRODUCTION 

Female reproduction in vertebrates is thought to have three distinct 

components:  attractivity, proceptivity, and receptivity (Beach 1976).  Attractivity 

refers to the stimulus qualities of a female (e.g. behavior, coloration, smell) that 

enhance sexual responses in male conspecifics.  Thus, attractive females are those of 

high stimulus value to sexually responsive males (Whittier and Tokarz 1992).  For 

example, male sand lizards prefer larger females based on visual cues because these 

females have higher fecundity, which makes these females more attractive than 

smaller females (Olsson 1993).  Proceptivity is measured by the behavioral responses 

of females that facilitate interactions with males that lead to contact before mating.  

An example of proceptive behavior is the darting and ear wiggling seen in female rats 

that increase male interest and elicit male courtship (Tennent et al. 1980).  Receptivity 

encompasses the female responses necessary and sufficient for mating.  The classic 

example of receptive behavior in mammals is the lordosis response, where the female 

arches her back and lifts her tail to allow intromission by the male (e.g. Komisaruk 

and Diakow 1973).  In African clawed frogs, females emit a rapping call that conveys 

their receptivity to males and initiates behavior that terminates in clasping behavior 

and egg fertilization (Tobias et al. 1998).  Both attractivity and receptivity have been 

studied in red-sided garter snakes (Thamnophis sirtalis parietalis).  The control of 
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receptivity in snakes has been explored thoroughly (see Whittier and Tokarz 1992), 

but the regulation of attractivity has received less attention.  

Female attractivity is a key component in mating systems undergoing sexual 

selection.  Male animals can assess female attractivity with visual, auditory, and tactile 

cues and subsequently choose better mates (Bonduriansky 2001; Hunt et al. 1999).  In 

taxa that rely mostly on chemosensory information, males can also use female-derived 

chemical signals (pheromones) to make mate choices (e.g. salamanders, Marco et al. 

1998, Verrell 1985; moths, Groot et al. 2006; Sumner et al. 1994).  The red-sided 

garter snake is a good model for understanding the role of female attractivity because 

males in this population choose certain females based on the female’s pheromone 

(Shine et al. 2003a).  Though the pheromone allows males to assess attractivity, it also 

provides sex, species, and population level information (Mason et al. 1987; 1989; 

LeMaster and Mason 2003).  

The sexual attractiveness pheromone has been isolated and synthesized, which 

eases quantitative analysis of females that differ in attractivity (Mason et al. 1989).  

The pheromone is a series of long-chain saturated and unsaturated methyl ketones 

(C29-C37; see Figure 1).  The pheromone also has components that exhibit correlated 

changes with indicators of female fitness.  Larger females produce pheromone profiles 

that consist mostly of unsaturated methyl ketones, and these isolated pheromone 

washes are preferred by males (LeMaster and Mason 2002).  By using only the 

pheromone, males can choose larger females who produce more offspring, leading to a 

greater fitness payoff to males who gain these matings (Gregory 1977).  
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Male reactions to the pheromone are easily studied in both the field and the 

laboratory.  The pheromone is a nonvolatile chemical signal, and as such, males can 

locate both artificial and natural trails left by females in open fields (LeMaster et al. 

2001).  Using trails created in a Y-maze, males can assess female reproductive status, 

and we know that male responsiveness to the pheromone completely diminishes over a 

two month period following spring emergence (O'Donnell et al. 2004a; 2004b).  Male 

behavioral reactions to the pheromone are robust in the spring, and isolated chemical 

fractions containing only the pheromone are sufficient to elicit courtship when the 

fractions are available on an artificial (paper towel) substrate (e.g. Mason et al. 1989).   

Many previous studies in vertebrates have shown a link between the ovaries 

and female behavior and physiology via castration/hormone replacement experiments.  

Estrogens (estriol, estradiol) and progestins (progesterone) are the primary steroid 

hormones produced by the vertebrate ovary.  Thus, removal of the ovaries via 

ovariectomy significantly diminishes a female’s ability to produce these steroids.  By 

replacing these hormones with hormone-packed implants or hormone injections, one 

can isolate the hormones involved in maintenance of behavioral or physiological 

components of female reproduction (e.g. attractivity).  Female attractivity in 

vertebrates is known to be regulated by steroid hormones (fish: Stacey 1983; 

amphibians: Moore 1978; reptiles: Crews 1976; mammals: Baum et al. 1977, Ferkin et 

al. 1991).  In most cases, ovariectomy of female vertebrates results in diminished, if 

not abolished, attractivity (e.g. Albert et al. 1991).  Female garter snakes likely 

regulate their attractivity by ovarian secretions, and estradiol is usually the most 
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effective ovarian hormone in reinstating attractivity in ovariectomized snakes 

(Camazine et al. 1980; Mendonça and Crews 1996; 2001) 

The mating system in Manitoba red-sided garter snakes has revealed much 

over the past 30 years about this peculiar reptile’s biology.  The red-sided garter snake 

has a very wide range across North America, but Manitoba, Canada, is an extreme 

habitat for these snakes because of the below freezing temperatures that persist for 

eight months of the year.  As such, the garter snakes here must hibernate in limestone 

hibernacula, which are concentrated in the Interlake region of Manitoba.  Recent work 

has shown that garter snakes avoid freezing temperatures in the den during 

hibernation, but body temperatures can reach as low as 0.5°C (Lutterschmidt et al. 

2006).  Hibernation is a critical period of the garter snake’s life because it primes 

hormonal cycles that enable mating behavior (Crews et al. 1984).  Further, a phase of 

critically low temperatures toward the end of hibernation may function as a Zeitgeber 

that synchronizes melatonin levels before emergence to prime reproductive behavior 

in these snakes (Aleksiuk and Gregory 1974; Lutterschmidt et al. 2006; Lutterschmidt 

2006).  These results show that temperature plays a critical role in synchronizing 

reproduction in garter snakes.   

When the snakes emerge from hibernation, they engage in robust mating 

behavior where males compete for females.  Males and females emerge 

simultaneously, but only females quickly disperse after mating, thus skewing the sex 

ratio at the den (Gregory 1974).  Mating balls of up to 100 snakes can form as males 

compete with one another for females, and males undergo facilitated courtship, 

whereby an increased number of courting males induces greater courtship behavior in 
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all males (Aleksiuk and Gregory 1974; Joy and Crews 1985).  The adaptive male 

strategies for successful mating with these mating balls have been addressed (e.g. Ross 

and Crews 1978; Shine et al. 2001; 2003b).  Some mating balls (~14%) contain only 

males, one or more of which contain the female pheromone on their skin (“she-males” 

in Mason and Crews 1985).  She-males secrete enough of the female pheromone to 

elicit courtship from other males, but the mechanisms controlling this are not clear.  

Originally, it was found that she-males were more successful in mating attempts than 

normal males, suggesting that she-maleness is adaptive (Mason and Crews 1985).  

She-males have higher circulating testosterone levels than normal males, but estrogen 

levels were not similar between she-males and females.  A second adaptive male 

strategy seen at the den is the formation of copulatory plugs following mating (Devine 

1975).  The copulatory plug inhibits females from mating immediately again by both 

physically blocking the cloaca and by decreasing female receptivity, and it reduces 

female attractivity (Devine 1977; Ross and Crews 1978).  Though the mechanism for 

reduced receptivity has been described, we do not know what chemical cue renders a 

female unattractive (Whittier and Crews 1986a; Mendonça and Crews 2001). 

The behavioral events that culminate in copulation are described and provide a 

reliable method for scoring male mating behavior (Moore et al. 2000; see Chapter 2 

for a reproduction of this table).  In brief, emerging females are detected by males via 

tongue-flicking, which is the process that transfers the pheromone to the vomeronasal 

organ in the roof of the mouth where it is sensed (Halpern and Kubie 1983).  Once the 

male senses the pheromone, he begins tongue-flicking along the female’s back.  The 

male presses his chin along the female’s skin while continuing to tongue-flick, then 
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proceeds to body alignment.  Once aligned with the female, the male will begin 

caudocephalic waves, which may stimulate hypoxia in the female that results in the 

gaping of her cloaca (Shine et al. 2003b).  During this time, the male will also encircle 

the female’s tail with his own as he searches for her cloaca.  The culmination of the 

courtship ethogram is intromission.  Each stage of the published ethogram can be 

scored from 0-5 (Moore et al. 2000).  We use this ethogram in field experiments where 

we seek to determine the attractivity of a given female.  Snakes that reach at least a 3 

on the courtship ethogram are considered “courters,” and we will use the percentage of 

males courting a stimulus female to obtain an attractivity score used in analyses.   

Since ovariectomy can reduce attractivity in vertebrates, especially those 

relying on pheromonal communication in their mating systems, the natural patterns of 

estrogen production for females deserves mention.  Female red-sided garter snakes 

mate with males in the spring upon emergence from winter hibernacula (Gregory 

1977), the ovaries are completely regressed, and circulating estrogen levels are at their 

lowest (Crews 1984; Garstka et al. 1985).  Once mated, the female experiences an 

immediate rise in estrogen that peaks between 6 and 24h post-mating (Whittier et al. 

1987).  It is not known whether the regressed ovaries are the site of estrogen 

production during this time, nor is it known if the estrogen surge is variable between 6 

and 24h after mating.  Further, we do not know if all females that mate undergo a post-

mating estrogen surge.  The ovaries then hypertrophy, and a gradual increase in serum 

estradiol initiates vitellogenesis (Garstka et al. 1982; 1985; Whittier and Crews 

1986b).  Though most mated females undergo vitellogenesis, some females do not, 

which is largely determined by size (Gregory 1977).  Contrary to this, some females 
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store sperm over hibernation and can avoid mating every other spring, but these 

females can still undergo vitellogenesis and ovulation and eventually give birth in the 

year they do not mate (Whittier and Crews 1986b; Mendonça and Crews 1990).  Other 

females will mate in the fall, but spring mating is believed to be the primary inducer of 

ovarian recrudescence (Mendonça and Crews 1989).  Vitellogenesis can be signaled 

by mating or by injection of bovine follicle-stimulating hormone, suggesting that 

mating may act on the hypothalamic-pituitary-gonadal axis to signal ovarian 

recrudescence (Garstka et al. 1985).  Virtually nothing is known about the estrogen 

profile surrounding parturition in the red-sided garter snake.  Considering the role that 

estrogen plays in inducing and/or maintaining attractivity, we should determine its 

changes in secretion throughout the entire female life cycle if we are to understand the 

temporal pattern of the estrogen-pheromone interaction. 

Lastly, it may be possible to dissect the mechanisms regulating female 

pheromone production by manipulating males.  Indeed, the hormonal mechanisms 

underlying sexually dimorphic signal production in birds have been revealed by 

modifying sex hormone levels (castration, hormone implantation) in both sexes where 

there is strong dimorphism in signals such as a plumage (summarized in Kimball 

2006).  Hormonal treatments in reptiles have not yielded consistent results when 

attractivity and behavior have been examined (e.g. Kubie et al 1978; Crews et al. 

1984; Crews 1991; Rhen and Crews 2000).  However, it may be that quantitative 

laboratory measures, such as isolation, fraction and GC-MS analysis, combined with 

field behavior, such as arena trials, Y-maze tests, and mating ball bioassays, can reveal 

a richer understanding of the relationship between biological (hormones) and abiotic 
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(temperature) factors and the expression of secondary sexual characteristics.  The red-

sided garter snake is a model reptile species that, combined with appropriate 

experiments, could yield such insight. 
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Figure 1.1. GC trace from a female pheromone blend of a red-sided garter snake.  
Numbers over peaks represent molecular weights (Da) of individual methyl ketones.  
Most of the methyl ketone peaks are in couples, with the first peak representing the 
unsaturated version (white arrow) of a methyl ketone of the same length (saturated 
version indicated by black arrow; difference in weight is 2 Da, which accounts for the 
two missing hydrogen atoms in the unsaturated methyl ketone).  

  

To
ta

l a
bu

nd
an

ce
/re

la
tiv

e 
co

nt
rib

ut
io

n 

Retention time (min) 



13 

 

 

 

 

 

CHAPTER 2.  PHEROMONES IN SNAKES: HISTORY, PATTERNS AND FUTURE 

RESEARCH DIRECTIONS 

 

 

 

 

M. Rockwell Parker and Robert T. Mason 

 

 

 

 

 

 

 

 

Currently in press for publication in the book Reproductive Biology and Phylogeny of 

Snakes 

Science Publishers (USA), Enfield, New Hampshire 

Abstract 



14 

 

 A rich history of behavioral studies in snake sex behavior exists that have 

illuminated underlying commonalities in reproductive biology of the ophidia.  Trailing 

experiments and field observations of mating behavior revealed that pheromones are 

of critical importance, enabling individual assessments of species, sex, and even 

condition by male snakes.  The role of chemical cues in snake reproduction became 

clearer following the first (and only) characterization of a sex pheromone in reptiles, 

the female sexual attractiveness pheromone of Red-Sided Garter Snakes (Thamnophis 

sirtalis parietalis).  Studies in this species have provided a robust understanding of 

factors regulating expression and perception of sex pheromones in snakes and even 

reptiles.  In this review, we cover the history of reproductive chemical ecology studies 

in addition to summarizing work from the Red-Sided Garter Snake system.  We hope 

that this review not only provides a consolidated reference for others but also poses 

worthwhile future research directions in the study of sex pheromones in snakes and 

other reptiles. 

 

Introduction 

The term pheromone, first coined by Karlson and Lüscher (1959), describes a 

chemical or semiochemical produced by one individual that effects a change in the 

physiology or behavior of conspecifics. Taken in the animal communication context, a 

pheromone is a signal produced by a signaler with the intent of modifying the receiver 

in some way. Karlson and Luscher’s defintion can allow researchers to ascribe to 

unidentified substances the term pheromone because one can evaluate the ability of 

semiochemicals to affect receiver behavior without analytical isolation and 
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characterization of putative semiochemicals, or chemicals with signal function. This 

review will focus on identified pheromones in snakes as well as systems where 

observations of pheromone-based behaviors have been made. Because this volume is 

focused on reproduction, we will focus this review on reproductive pheromones 

instead of putative aggregation pheromones (none of which have been identified to 

date). 

 

Methods for Assessing Pheromone Usage in Ophidian Reproduction  

Most studies invoking the use of pheromones in snake reproduction have done 

so based on behavioral observations. Several types of bioassays for chemical 

investigation exist, all of which center on tongue-flicking, the proximate mechanism 

by which chemical cues can be discriminated via the vomeronsasal (VN) system 

(“vomerolfaction”; Cooper and Burghardt 1990). Further, it has been clearly shown 

that the VN system is the primary sensory system responding to chemical cues 

collected by the tongue of snakes, and that olfaction plays a minimal or negligible role 

(Inouchi et al. 1993). Thus, male garter snakes will not court female garter snakes if 

the VN nerves are cut, but they do court females following olfactory nerve lesion 

(Kubie et al. 1978). Whether the VN system may have evolved specifically for 

detection of pheromones is an unresolved question, but currently it is clearly 

responsible for more than just pheromone reception. For example, garter snakes detect 

their earthworm prey by tongue-flicking chemoattractants that are detected exclusively 

by the VN system (Jiang et al. 1990; Wang et al. 1997). To date, many researchers 

have developed consistent, reliable methods for assessing the use of the VN system in 
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examinations of mating behavior and conspecific discrimination as well as prey 

detection (Baxi et al. 2006). The quality and unambiguity of such bioassays, however, 

is critical in the level of inference that can be made about observed behaviors. 

 

Tongue-flick rates 

Many researchers quantify tongue-flick rates to assess individual interest in 

chemical cues or putative pheromones (Cooper 1998). This method is rapid, 

repeatable, and is inexpensive. Typically, tongue-flick rates are counted once the 

substance or chemical cue of interest has been placed on a cotton swab and the swab is 

presented to the focal animal. This assay can be problematic if proper controls are not 

used for determining background tongue-flick rates. Often, control stimuli are volatile 

organic solvents or compounds, such as cologne, that are most likely not detected by, 

or in some cases actually suppress the VN system for which the tongue-flick assay 

was developed. In many studies water is used, which is an inert, biologically irrelevant 

chemical control stimulus. Given that the VN system is most responsive to nonvolatile 

cues, nonvolatile stimuli like oils serve as better controls over the biological substance 

of interest (used first in G. K. Noble’s studies; Noble and Clausen 1936; Noble 1937).  

Further, tongue-flick rates only reveal to the researcher whether or not the 

focal animal is interested in the presented cue relative to other stimuli. Without further 

corroborating behaviors, examination of tongue-flicking behavior alone is simply not 

an indicator of whether any additional biological meaning is present in the cue 

presented. Recognizing this, investigators have included additional behaviors 

quantified along with the tongue-flick assay, such as incorporating swab attack into 
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the computation of the score in behavioral tests involving perception of prey or 

feeding cues (Burghardt 1967; 1969). To date, there have been no reports of any 

corroborating behaviors in conjunction with swab tests examining reproductive 

chemical cues or putative pheromones. Though tongue-flick rates provide adequate 

metrics in the chemical ecology of foraging and prey selection, they currently provide 

minimal support for building a case for invoking pheromone use compared to other 

methods. This is clearly an area where new paradigms are needed in order to make 

progress in elucidating the role of pheromones in snakes and other reptiles.  

 

Trailing experiments 

Trailing experiments serve as excellent bioassays for testing for putative 

pheromones. By responding to chemical cues on the substrate, the focal animal 

actively chooses to either approach (attractants) or avoid (repellents) the source of the 

semiochemicals as they actively move along the trail. Several researchers have utilized 

trailing apparatuses for assessing the role of isolated chemical cues in eliciting or 

maintaining reproductive behavior, typically in males (e.g. Noble and Clausen 1936; 

Noble 1937; Gehlbach 1972; Ford 1986; Greene et al. 2001). Several permutations of 

laboratory trailing apparatuses exist that have been used in published studies on snake 

chemosensory behavior, such as Y-mazes made of Plexiglas (Parker and Kardong 

2005), open Y-mazes with pegs for allowing taxis along the trail (Ford and Low 1984; 

see Figure 12.1), and rectangular arenas with a washable or replaceable substrate for 

creation of random trails (Noble 1937). Only one study has specifically tested 

pheromone trailing behavior in the field under natural conditions with bioassays using 
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isolated, known chemical cues (LeMaster and Mason 2001a). There are, however, a 

number of detailed observations from radiotelemetry studies of individual males 

trailing female chemical trails (e.g. Duvall et al. 1985; Slip and Shine 1988; Cardwell 

2008). Field experiments have revealed that pheromone trailing by males is a complex 

process in nature, especially when numerous males trail a single female, which 

appears to disrupt her pheromone trail in the natural environment and forces males to 

rely on other cues (e.g. movement) for relocation (Shine et al. 2005a). Recent 

laboratory experiments have highlighted the usefulness of female chemical cues in 

male snake trailing behavior (e.g. Fornasiero et al. 2007).  

  Trailing experiments, when applicable, may be better bioassays for assessing 

the role of semiochemicals in chemosensory behaviors than are tongue-flick tests 

because they require persistent interest in the cue to enable sustained and accurate 

trailing which is mediated by high tongue-flick rates. Moreover, trailing experiments 

eliminate all other cues such as researcher interaction and other animal behaviors from 

the source individual. The inability of the focal animal to accurately follow a chemical 

trail from the source animal also informs the researcher about the relevance, or lack 

thereof, of any pheromone cues in mate location behavior (in the case of putative 

pheromones). Accurate trail following behavior demonstrates reception of pheromone 

cues because the animal is motivated to find the source through the act of trailing 

itself. The drawback to trailing experiments, however, is that they only assess the role 

of the chemical cues in mate location behavior, not necessarily in the maintenance of 

the male-female interaction. We will later discuss the role that trailing behavior plays 
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in the general sequence of snake reproductive behaviors described most recently by 

Gillingham (1987). 

 

Sexual behavior 

The ultimate category of experimentation for determing the role of chemical 

cues or pheromones in the reproductive behavior of snakes is sexual behavior, which 

can be easily observed and measured using staged courtship trials or, in the optimal 

case, by observing courtship occurring naturally in the field. Courtship behavior in 

most snakes is an unambiguous, quantifiable process, as has been clearly delineated in 

at least one species, the Red-Sided Garter Snake (Thamnophis sirtalis parietalis; 

Crews et al. 1984; Moore et al. 2000). Direct bioassays of behavioral responses to 

chemical cues or pheromones allow the researcher to quantify data and draw 

inferences and conclusions that go beyond choice and interest, the two main types of 

data gathered in trailing and tongue-flick tests, respectively. By placing sexually 

motivated males in arenas with reproductively active females, female sexual 

attractiveness can be assessed. In studies from the Crews and Mason laboratories, 

female and other focal animal attractiveness is quantified based on either the 

individual courtship scores of males (a point scale based on either half or whole-

integer increments, see Table 2.1) or the number of males (proportion or total count) 

courting the focal animal over a set period of time using field arenas (see Figure 2.2). 

Such bioassays not only reveal the intensity of male interest in the pheromone cues 

present on the female’s skin but also allow for an assessment of the persistence of 

female-directed behavior. The drawback to these bioassays, however, is that other 
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cues are present to males, such as visual and behavioral information from the female, 

that may (and certainly do) modify male behavior. To address this, Mason and 

collaborators presented isolated skin lipid chemical cues, and eventually individual 

synthesized chemical compounds onto filter papers or paper towels and presented 

them to courting males in the field. Quantification of male sexual behaviors observed 

only in a reproductive context to these isolated chemical cues in the absence of any 

other cues provided unambiguous evidence for the identification of the first reptilian 

pheromone, a series of long-chain saturated and monounsaturated methyl ketones 

(Mason et al. 1989; 1990). 

 Though laboratory and field experiments are useful for testing hypotheses on 

the role and relative importance of pheromones in snake reproduction, the most 

illuminating data come from field studies of snake behavior. Indeed, a number of 

studies on the ecology of snakes have revealed the importance of chemical 

communication in all major groups of snakes. We will now describe the history of 

such critical natural history observations and highlight species that are promising for 

their obvious reliance on sex pheromones in reproduction. 

 

History of Reproductive Chemical Ecology Studies in Snakes 

Previous work has extensively reviewed the role of chemical communication 

in snakes and all reptiles (Mason 1992; Mason et al. 1998). Here, we will examine the 

history of key studies and observations of the reproductive behaviors of snakes, most 

of which have focused on the abilities of males to follow female pheromone trails. A 

culmination of studies in one species, the Common Garter Snake (Thamnophis 
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sirtalis), ultimately resulted in the identification, characterization and synthesis of the 

only known reptilian pheromone, the sexual attractiveness pheromone of the red-sided 

garter snake (Mason et al. 1989; 1990).  

Natural history observations sparked the first studies into the role of 

pheromones in the reproductive ecology of snakes, particularly the behavior of males 

as they follow the trails of females in the environment. The list of such observations is 

extensive, but we will focus in this section on explicit tests of the role that female 

trails and chemical cues play in coordinating reproduction and reproductive behaviors. 

The pioneering studies were conducted in the Asp Viper (Vipera aspis) where males 

follow female trails in the laboratory and exhibit high tongue-flick rates to and 

maintain close proximity with the substrate traversed by females (Baumann 1929). It 

was further shown that the vomeronsasal organ (VNO) was critical for enabling both 

female and male identification and subsequent initiation of sex-directed behavior in 

Vipera (Andrén 1982; Andrén 1986). Thus, it can be concluded that this genera uses 

pheromones for mate recognition, initiation of courtship and combat behavior. It is 

important to note that the courtship behavior of vipers is highly conserved, with 

striking similarities existing between vipers and natricines (see Carpenter and 

Ferguson 1977). Recent work has demonstrated strong sexual dimorphism in the 

tongue morphologies of Copperheads (Agkistrodon contortrix; Smith et al. 2008). 

Copperheads and Cottonmouths (Agkistrodon piscivorous) exhibit stereotypical 

Natricine-like courtship behavior with the expression and perception of pheromones 

being suggested (see below; Martin 1984; Schuett and Gillingham 1988). So the 

sexual dimorphism in tongue morphology in this group would at the very least 
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facilitate conspecific trailing, may suggest reliance on pheromones during courtship 

and certainly implicates a major role for chemical communication in reproduction in 

Agkistrodon, and possibly all pit vipers. It is clear that further experimental work 

should be conducted on the reproductive biology and chemical ecology of pit vipers. 

The earliest studies in the Common European Adder (Vipera berus) were 

conducted before the studies of Noble and colleagues on Thamnophis, and it is clear 

that Noble followed the methods of Baumann and Kahmann (Kahmann 1932) in the 

design of both of his initial laboratory studies on colubrid reproductive behavior 

(Noble and Clausen 1936; Noble 1937). A greater volume of information is available 

on the reproductive behavior and ecology of Thamnophis than any other group of 

snakes due in part to the early and pioneering work of G. K. Noble. His initial study 

examined the role of chemical trails in the aggregation behavior and reproductive 

behavior of the Brown Snake (Storeria dekayi; Noble and Clausen 1936). The major 

findings from this study were that male Storeria do not trail cloacal secretions from 

females, but that the cues enabling mate location resided instead on the skin of 

females. It is interesting to note that Noble and Clausen’s conclusions were quite 

unambiguous, yet one can still find investigators after this time addressing the same 

question and reaching the same conclusion. In a subsequent set of experiments (Noble 

1937), it was clearly demonstrated that the skin of both Thamnophis and Storeria 

females was the sole source of a chemical attractiveness cue that enabled males to 

recognize the sex of conspecifics and initiate courtship behavior. Further experiments 

using skin tubes from sacrificed females slipped over the bodies of males showed that 

courtship behavior was elicited purely by the cues present on the skin of snakes 
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(Gillingham and Dickinson 1980). Later experiments established that female 

Thamnophis chemical trails are species-specific and that male abilities to follow 

female trails is seasonal, though the latter is not consistent for all species (Ford 1981; 

1982). An interesting finding in Ford’s studies was that species-specificity of female 

chemical trails is variable, with males of some species showing greater accuracy and a 

stronger preference for conspecific female trails (Ford 1982). Further testing of other 

Thamnophis species provided strong inference for the role that pheromones may have 

played in the radiation of this speciose group of snakes in North America (Ford and 

O'Bleness 1986). All of these findings are likely due to subtle compositional 

differences in the pheromone blends of these species, which can be determined using 

established methods (Mason et al. 1989; Mason 1992). These studies in other species 

of garter snakes have not been conducted to date and this information would help to 

further illuminate the evolution of pheromonal communication in this well-studied 

genus of snakes.  

 

The Manitoba populations of red-sided garter snakes 

The Red-Sided Garter Snake (Thamnophis sirtalis parietalis) has become a 

model snake species for studies on pheromonal communication in large part because 

of the intensity of research on this species’ reproductive ecology over the past 40+ 

years. Every spring, red-sided garter snake engages in impressive displays of mating 

behavior in the northern extent of their range in Manitoba, Canada, as both sexes 

emerge from large, communal hibernacula in the tens of thousands. At this time, male 

courtship behavior is quite stereotyped and explicit ethograms for scoring male 
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courtship behavior have been created and used repeatedly in numerous studies for 

assessing the attractiveness of females and experimental animals in the field (Crews et 

al. 1984; Moore et al. 2000). As is the case with most snakes, courtship behavior 

begins with males orienting toward and tongue-flicking to locate the female. Once 

tongue contact is made with the female, the male rubs his chin along the female’s 

dorsum while rapidly tongue-flicking to detect female pheromone and, thus, insure 

contact is maintained with the female. The male then aligns his body with the female 

and orients his head in the same direction as hers, which quickly proceeds to the 

initiation of caudocephalic waves. The last phase of courtship is tail-searching 

behavior, where the male attempts to align his cloaca with the female’s and copulate.  

 

Sex pheromone 

The sexual attractiveness pheromone of female red-sided garter snakes was 

subsequently isolated, identified, synthesized, and tested in field bioassays to complete 

the characterization process (Mason et al. 1989; 1990). The female sexual 

attractiveness pheromone was identified as a blend of 17 homologous long-chain 

saturated and unsaturated methyl ketones (C29-C37; molecular weights 394 to 532 

Da, see Figure 2.3) which can be extracted from the skin of euthanized or live snakes 

by full body immersion in n-hexane, a nonpolar solvent that has also been used in 

other species of snakes to extract skin lipids for bioassays (Mason et al. 1989; Greene 

and Mason 1998; Cressman et al. unpubl. data).  

 The process of extraction yields a complex mixture of skin lipids which must 

be further fractionated and the chemical constituents isolated by column 
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chromatography (Mason et al. 1989). Purified pheromone samples can then be 

analyzed using small aliquots (1 µl) of pheromone:hexane mixtures (1 mg:1 ml) 

injected on a fused-silicon glass capillary column following a standard protocol for 

gas chromatography/mass spectrometry (see Parker and Mason 2009 for the most 

recent explanation of these methods; see Figure 2.4 for a depiction of several 

individual chromatograms). 

The pheromone of female red-sided garter snakes encodes information about 

female condition, age, reproductive state, species, and season (Mason et al. 1987; 

LeMaster and Mason 2001c; LeMaster and Mason 2002; Shine et al. 2003b; LeMaster 

and Mason 2003; O'Donnell et al. 2004a). Perhaps most intriguing is that the 

pheromone blend becomes dominated by the longest chain, unsaturated methyl 

ketones with increasing length and body condition (LeMaster and Mason 2002). Males 

prefer to court and mate with longer females over shorter females, and they prefer 

females in better body condition. LeMaster and Mason (2002) demonstrated that 

males are able to discriminate among variable female body conditions based solely on 

information provided by female skin lipid pheromone cues (Shine et al. 2003b). In this 

species, female fecundity increases with snout-to-vent length (SVL) and body 

condition, which suggests that the female sexual attractiveness pheromone functions 

as an honest signal in this system. Though several laboratory experiments with 

numerous Thamnophis species have clearly demonstrated the ability of pheromones to 

facilitate mate location, few studies have shown that pheromone trails are actually 

used in the field by wild males for finding mates during the breeding season. LeMaster 

et al. (2001a; 2001b), however, successfully showed that male Red-Sided Garter 
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Snakes, but not females, use pheromone trails from conspecifics to locate mates and 

that this ability is seasonal, occurring only during the breeding season. Finally, 

variation in the presence and abundance of the methyl ketone components of the 

pheromone blend provide information on population differences within Thamnophis 

sirtalis parietalis. Males choose to court and mate with females from their own dens, 

and females choose to mate with males from their own dens (LeMaster and Mason 

2003). Apparently there are features or aspects associated with individual dens and 

their inhabitants that exert selective pressures to avoid outbreeding within populations. 

Collectively, the study of the sexual attractiveness pheromone in the Red-Sided Garter 

Snake has elucidated the critical importance of sex pheromones in the fundamental 

coordination of reproduction at multiple levels (individual, population, species) in this 

utilitarian snake model system. 

 

Inhibitory pheromone(s) 

Though much is known about the sexual attractiveness pheromone of the Red-

Sided Garter Snake, less is known about the pheromone associated with the copulatory 

plug. Following successful mating, males deposit a copulatory plug in the female’s 

cloaca, preventing her from immediately mating again by physically blocking her 

urogenital opening but also by rendering the female transiently unattractive (Devine 

1977; Ross and Crews 1977). Though much has been hypothesized on the role of 

copulatory plugs in the evolution of sperm competition in reptiles (e.g. Devine 1975; 

Shine et al. 2000b), experimental evidence indicates that the plug of garter snakes, or 

the fluids associated with mating, have physiological effects on the female that inhibit 
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receptivity and attractivity (e.g. Ross and Crews 1977; Whittier et al. 1985; Mendonca 

and Crews 2001; O’Donnell et al. 2004). It is still a matter of controversy whether the 

inhibitory pheromone is produced in the copulatory plug, is derived from the male’s 

ejaculate, the female’s cloaca, or a combination of the two. In the most recent work, 

Shine et al. (2000b) demonstrated that the copulatory fluids from mating males 

contained the inhibitory pheromone that renders the female transiently unattractive. 

The actual plug itself did not possess pheromonal properties. Rather, the plug appears 

to serve as a physical barrier to subsequent matings and possibly as a means to prevent 

the leakage of sperm from the female’s cloaca.  

Chemical isolation and identification of the inhibitory pheromone of the 

copulatory plug has only been partially completed. Mason et al. (1989; 1990) 

identified squalene as a component of the male sex recognition system in garter 

snakes. Shine et al. (2005) used squalene in field tests of female attractivity and were 

able to render sexually attractive females transiently unattractive approximating what 

is observed in newly mated females. Interestingly, parallel findings have also come 

from studying the role of female cloacal secretions in the mating behavior of male 

Brown Tree Snakes (Boiga irregularis). Rather than copulatory plug compounds, 

female cloacal secretions have been shown to decrease male courtship intensity and 

duration (Greene and Mason 2000; Greene et al. 2003). This phenomenon is 

analogous to the conflicting chemical stimuli delivered by male plethodontid 

salamanders during courtship (PRF vs. PMF; Rollmann et al. 1999; Houck et al. 

2007). In Brown Tree Snakes, unlike in garter snakes, the males are much larger than 

the females, and female production and expression of inhibitory pheromones serves to 
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fend off unwanted male courtship. The fact that female Brown Tree Snakes actively 

solicit courtship from dominant males supports the evolution of this form of mating 

system (Greene and Mason 1998). Identification of the nature of these compounds in 

snakes would illuminate the evolutionary trajectory of inhibitory compounds on the 

courtship behavior of terrestrial tetrapods. 

 

She-males 

One of the more peculiar aspects to the Manitoba garter snake mating system is 

the existence of “she-males” (male garter snakes that produce female pheromone and 

are courted as if they were females; Mason and Crews 1986). Though male garter 

snakes have been shown to exhibit male-oriented courtship in the laboratory (e.g. 

Noble 1937; Vagvolgyi and Halpern 1983), the Manitoba populations of Red-Sided 

Garter Snakes are the only ones in which she-males are consistently observed. 

Originally, it was suggested that she-males gained a competitive mating advantage in 

mating balls, where numerous males attempt to copulate with a single female 

(Aleksiuk and Gregory 1974; Mason and Crews 1986). By smelling like a female, she-

males could then distract other males in the mating ball and thus gain a better position 

in which to copulate with the female over competitors (Mason and Crews 1986). Later 

work showed that in pairwise choice tests, male garter snakes do not distinguish 

between female and she-male chemical trails, suggesting that the chemical 

composition of the pheromone produced by she-males and females is similar enough 

to prevent discrimination (LeMaster and Mason 2001b). However, more recent work 

has shown that most males, upon emergence, smell similar to and are briefly courted 
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as if they are females (Shine et al. 2001). These most recent studies conclude that the 

advantage to smelling like a female is related to thermoregulation and predation. Cold 

she-males emerging at near-freezing body temperatures receive a thermal energy 

benefit via heat transfer by conduction from courting males (Shine et al. 2001a). 

Warmer males that emerged earlier transfer some of their body heat to these newly 

emerged she-males. In addition, due to the she-males’ very low body temperatures at 

emergence, they are more vulnerable to predators because they are unable to move 

very quickly. By attracting male courtship upon the she-male’s emergence, she-males 

are covered by courting males which reduces their exposure to predation. By 

transferring warmth from the courting males they are also able to warm up faster and 

initiate courtship behavior sooner. The intensity of courtship received by she-males is 

slight in comparison to that received by large females, especially when large females 

and she-males are present in the same mating ball or experimental trial (Shine et al. 

2000a; Shine et al. 2003a). 

 In biochemical analyses, the amount and quality of female pheromone on the 

skin of she-males diminishes with the amount of time spent at the den, suggesting that 

most, if not all males express female pheromone immediately upon emergence 

(LeMaster et al. 2008). Earlier, it was demonstrated that the skin of she-males 

exhibited higher aromatase activity than the skin of normal males, suggesting that 

localized formation of estrogens in the skin contributed to the feminization of she-

male skin lipids (Mason and Crews 1986). Current work in the Mason laboratory has 

demonstrated that aromatase activity is central to the feminization of the skin and to 

the production and expression of the female sexual attractiveness pheromone. This 
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suggests that the ability of some males in the population to persist in their 

attractiveness may be the result of a female-organized skin, perhaps occurring during 

development (Parker and Mason, unpubl. data). The working hypothesis is that the 

organization of the skin as a specific pheromone-producing organ occurs during 

development, most likely directed by steroid hormones experienced during gestation. 

Additional hormonal manipulations and experimental evidence are needed to fully 

support this model and how it fits into the activation-organization scheme of 

vertebrate reproductive development (Phoenix et al. 1959).  

 

Pheromones and other sensory modalities 

Studies of more ecologically unique snakes have provided valuable insights 

into how the properties of sex pheromones affect their persistence and accessibility in 

nature. An illuminating example comes from a set of studies on the mating behavior of 

sea snakes. On land, Banded Sea Kraits (genus Laticauda) exhibit stereotypical 

courtship behavior involving chin-pressing, rapid tongue-flicks, and body alignment as 

males attempt to maintain contact with and court females (Shine et al. 2002). The skin 

lipid profiles of two species of Banded Sea Kraits from that study, Laticauda 

colubrina and L. frontalis, are compositionally different, but in the ocean, such cues 

are only accessible to the snakes over very short distances (Shine 2005). Thus, the 

properties of the putative pheromones in these Sea Kraits prevent mate location over 

long distances, which appears to be accomplished instead by visual cues (Shine 2005). 

Once on land however, where sea kraits aggregate to mate in groups of hundreds of 

individuals, female skin-derived sexual attractiveness pheromones play a remarkably 



31 

 

similar role to that found in garter snakes. Interestingly, in studies of the Turtle-

Headed Sea Snake (Emydocephalus annulatus), skin lipid pheromones play only a 

minor role in mate choice (Shine 2005). Because these sea snakes are entirely aquatic, 

skin lipid pheromones would be of little usefulness in locating potential mates at a 

distance and thus, visual cues predominate in this species (Shine 2005). Even so, skin 

lipid pheromones are involved even in this group of highly specialized snakes, albeit 

only at close range and after the female has been located. There is no evidence that 

these pheromones play any role in trailing behavior.  

 The sexual attractiveness pheromone of Red-Sided Garter Snakes is 

nonvolatile in nature, and as discussed earlier, events during the breeding season can 

affect the persistence of these cues in nature and necessitate reliance on other cues, 

such as visual information, for mate location (Shine et al. 2005b). One recent study 

has suggested that airborne volatile cues may be used in the mate location behavior of 

a colubrid relative of garter snakes, the Northern Water Snake (Nerodia sipedon). That 

study found that males preferentially oriented toward aerial cages containing females 

(Aldridge et al. 2005). This finding is interesting because it suggests that olfaction, the 

other primary chemical sense system in snakes, is playing a role in orchestrating 

reproductive behavior. This work warrants further testing of the hypotheses on the role 

of volatile chemical cues and olfaction, as opposed to vomerolfaction, in snake 

reproduction. This line of research is especially compelling given that there is an 

increasing realization that airborne chemical cues play a more important role in snake 

prey trailing behavior than was previously appreciated (e.g. Begun et al. 1988; Waters 

1993; Parker and Kardong 2005).  
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Broad Themes in Snake Reproductive Behavior and the Role of Pheromones  

There is a wealth of natural history observations on courtship behavior and 

general characteristics of male/female interactions in snakes. The most useful 

resources are all reviews (Davis 1936; Carpenter and Ferguson 1977; Gillingham 

1987; Mason 1992; Mason et al. 1998). Since the last publication, several authors have 

described similar observations on field reproductive behaviors in the same species or 

in closely related species to those previously described. Thus, in this section, we will 

focus on recent publications that have described courtship behavior in distantly related 

groups that could illuminate the role of pheromones in snake reproductive behavior.  

 In Davis’s review (1936), he defines two general classifications of snake 

reproductive behavior:  Natrix type and Coluber type. The former is typified by males 

maintaining close contact with the female throughout courtship until copulation and 

“requires” chin-pressing/rubbing to facilitate female receptivity. The latter resembles 

male-male combat behavior of snakes and is often referred to as a “dance,” with 

darting and weaving of the female following Natrix type courtship where the male 

rapidly tongue-flicks and slowly progress along the female’s body. Once the male 

catches up with the evasive female, he rapidly “restrains her” by wrapping his body 

around hers and often results in neck biting preceding copulation. 

 Both types of snake courtship behavior are initiated by tongue-flicking 

chemical cues produced by the female in her integument. Snakes exhibiting Natrix 

type mating require chemical information for the duration of courtship whereas 

conspecific chemical cues are important for mate location and recognition prior to 
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engaging in courtship behavior in Coluber type mating. In instances where the female 

breaks from the male during Coluber type mating, a combination of visual and 

chemical cues likely facilitates relocation.  

 Carpenter and Ferguson wrote an excellent review of the behaviors involved in 

snake courtship and mating for a volume of Biology of the Reptilia (Carpenter and 

Ferguson 1977). In that review, the authors surveyed the literature and noted the 

groups and species where tongue-flicking and chin-rubbing/pressing was part of the 

reported courtship behavior. More recently, Gillingham advanced our understanding 

of snake courtship behavior and divided it into three distinct phases:  precourtship, 

courtship, and postmating (Gillingham 1987). Male trailing behavior of female 

chemical trails would fall under precourtship, and it is the type of behavior for which 

the most accurate, consistent field and laboratory data have been gathered. This is due 

largely to the cryptic nature of snakes that prevents field observation of courtship, as 

noted by Gillingham, Carpenter, and others who have expended a great deal of time 

and effort to study snake reproductive behavior in nature. As noted by Gillingham 

(1987), there are grave inconsistencies in field accounts of “courtship behavior” 

because most observations lack consistency in terminology and the necessary detail 

for these observations to be useful in interspecific comparisons. We have chosen 

instead to highlight the overlying themes from the literature that relate directly to the 

role of pheromones in reproductive behavior in snakes. We have placed these 

hypotheses in the current phylogenetic framework for the major groups within the 

ophidia (Lee et al. 2007; Vidal et al. 2007). 
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Chemical cue use during trailing 

The Pythonidae, Caenophidia (Colubroidea and Acrochordidae), and Boidae—

thus, the bulk of Macrostomatans—all use chemical information during trailing 

(precourtship behavior) to identify sex and species of the individual or trail 

encountered and induce appropriate behavioral responses. Therefore, there are likely 

sex- and species-specific chemical signals or pheromones on the skin of snakes in 

these groups that enable such discrimination. To date, the biochemistry of such critical 

compounds has only been rigorously studied in two species:  Thamnophis sirtalis and 

Boiga irregularis. 

 

Chemical cue use during courtship 

Only certain groups (Viperidae, Natricinae, Elapidae) utilize chemical cues 

throughout the duration of courtship until copulation, specifically during chin-

rubbing/pressing and body alignment. The Pythonidae and Boidae appear to use 

primarily tactile information following mate identification until copulation. Therefore, 

the reliance on chemical cues in Viperidae, Natricinae, and Elapidae throughout 

courtship may be a derived state. 

 

Chemical cue use by basal snake groups 

To date, little is known about the reproductive chemical ecology of 

Scolecophidia and the Uropeltidae. Only one study, to our knowledge, has examined 

the conspecific trailing behavior of Scolecophidians (Gehlbach et al. 1971), and no 

detailed account of the courtship behavior in either group of snakes exists. Given the 
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position of these groups within the ophidia, detailed studies on both the courtship 

behavior and chemical ecology of these species are needed. Though the Boidae and 

Pythonidae are thought of as exhibiting ancestral behavioral states and thus warrant 

significantly more study in the future, it may be even more insightful to examine the 

behavioral ecology of the fossorial Scolecophidia. Because of the paucity of 

information on the reproductive biology and chemical ecology of these groups, any 

studies in this regard would be most valuable. 

 

Future Directions 

The lack of detailed studies on both the chemical ecology and reproductive 

behavior in many representative groups of snakes is substantial. However, there are 

interesting aspects that can be pursued in systems where pheromones are either known 

to be central in reproduction (e.g. the Red-Sided Garter Snake) or directly involved in 

the entirety of the male-female interaction (e.g. pit vipers). One area of study that has 

been almost completely ignored in reptiles is the relationship between internal 

(hormones) and external (pheromones) chemical signals. Much work has been done 

recently in the Mason lab to describe the interaction between sex steroid hormones and 

pheromone production, but those studies have been conducted solely on one species 

(Thamnophis sirtalis parietalis; Parker, unpubl. obs.). Though mechanisms for steroid 

action on the pheromone producing capacity of the skin are likely conserved in 

reptiles, nuances in the chemical constituents affected by treatment with the same 

steroid hormones are likely to exist.  
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 One area of future research that seems especially promising in a number of 

snake species is the observation that there is undoubtedly a link between the process of 

ecdysis and the production of pheromones. Indeed, females of many snake species 

have been observed to elicit courtship from males, sometimes multiple males, at or 

near the time of ecdysis (e.g. Marques et al. 2009; Greene and Mason 1998; 2000; 

Panger and Greene 1998; pit vipers, Brown 1995; McCartney and Gregory 1988; 

Coupe 2002; Hill and Beaupre 2008). Recent work from the Mason lab has 

demonstrated that the most attractive components of the female sex pheromone of 

Red-Sided Garter Snakes (unsaturated methyl ketones weighing 504, 518, and 532 Da) 

are extremely abundant in female sheds, regardless of season. These lines of evidence 

enable us to suppose that pheromonal compounds have arisen and are derived from the 

processes occurring in the skin during shedding. Application of common, modern 

molecular and microscopy techniques could readily reveal the physiological 

mechanisms involved in the synthesis of those chemical compounds that act as potent 

sexual signals in snakes. 

 Finally, the chemical ecology of unusual reptile species is starting to come into 

focus. A recent study by Lopez and Martín (2009) demonstrated that male 

amphisbaenians react with aggression to precloacal secretions from other males. The 

authors isolated the major constituent in these secretions and found it to be squalene 

(Lopez and Martín 2009). Thus, the most basic chemical signal enabling sex 

recognition in one form of reptile may have been discovered and tested using a simple 

and appropriate bioassay. This is the key component of any pheromone study in any 

reptile, not just snakes. The bioassay is the most difficult part of any study because the 
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identification of active semiochemicals or pheromones is crucially tied to the bioassay. 

Most investigators use a response-guided strategy wherein the behavioral response of 

the organisms to isolated chemical constituents helps to guide the identification of any 

putative pheromones. Thus, non-specific behaviors or generic behaviors are of little 

use in helping to identify pheromones or elucidate the chemical ecology of an 

organism. In the study of the reproductive biology of species relying heavily on 

pheromones, identification of those pheromones is the necessary first step before 

research integrating reproductive physiology, morphology and behavior can be 

effectively conducted. The field of reproductive chemical ecology has been slowly 

expanding in reptiles, and we hope that the data and observations in the groups we 

have highlighted in this review will pique the interest of researchers new and seasoned 

alike to further investigate the role that chemical cues and pheromones play in 

orchestrating snake reproduction. 
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Table 2.1.  Ethogram of male courtship behavior in the red-sided 
garter snake, Thamnophis sirtalis parietalis, modified from Moore et 
al. 2000 
 

Courtship score Description of behavior 

1.0 Male investigates female, increases 
rate of tongue-flicking 

2.0 Male chin rubs female while rapidly 
tongue-flicking her dorsal and lateral 
sides 

3.0 Male aligns body with female 

4.0 Male actively tail searches and attemps 
cloacal apposition/copulation with 
female; caudocephalic waves 

5.0 Male copulates with female 
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Figure 2.1.  Schematic of a typical Y-maze for assaying trailing behavior in snakes.  
A chemical trail (dashed lines) is laid on a paper substrate covering the maze and 
brushed against straw-covered pegs (hatch marks). The snake is then allowed to exit a 
holding box and peruse the maze. When two trails are laid in the maze, the trails are 
crossed at the junction to force the snake to relocate the trail and continue down one 
arm. Redrawn from LeMaster and Mason 2001. 
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Figure 2.2. Examples of outdoor arenas for observing snake mating behavior. The 
arenas measure 1 m3 and have jersey mesh wind panels to prevent flapping. The vinyl 
arenas are tied to metal stakes to anchor them. In the top right picture, a mating ball of 
males containing a single female can be seen on the floor of each arena, demonstrating 
that typical mating behavior occurs in the arenas and enables detailed, repeatable 
observation of courtship and mating under natural conditions in the field. 
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Figure 2.3.  Individual chromatogram for pheromone from a female Red-Sided Garter 
Snake (Thamnophis sirtalis parietalis). Each peak represents a single methyl ketone 
(black peaks=saturated methyl ketones, white peaks=monounsaturated methyl 
ketones), numbers above peaks represent molecular weights (Da). A and B are the 
methyl ketones weighing 450 and 448 Da, respectively, and their chemical structures 
are drawn in the top left corner. 
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Figure 2.4.  Individual chromatograms of pheromone blends from intact male (left), 
castrated male (middle), and intact female (right) Red-Sided Garter Snakes 
(Thamnophis sirtalis parietalis). The chromatograms represent pheromone blends that 
are in order from unattractive to most attractive (L to R).  The X-axis is retention time 
on the GC column, and the Y-axis is molecular abundance.  These chromatograms 
have been scaled by using an internal standard (methyl stearate, see LeMaster et al. 
2008 for methods).  For reference, the arrow in each chromatogram indicates the 450 
Da methyl ketone peak. 
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CHAPTER 3.  LOW TEMPERATURE DORMANCY AFFECTS THE QUANTITY AND 

QUALITY OF THE FEMALE SEXUAL ATTRACTIVENESS PHEROMONE IN RED-SIDED 

GARTER SNAKES 
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Abstract 

Low temperature dormancy is a necessary requirement of the annual cycle of 

most nonmigratory, temperate vertebrates.  The red-sided garter snake, Thamnophis 

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 temperature 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. 

 

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 
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the season.  For instance, sexual signals (e.g., plumage, behavior, pheromones) are 

maximally expressed to overlap with the peak of reproductive 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 hormones, 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) is primarily 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 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 
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vertebrates studied to date with described or putative pheromones, pheromone 

production and expression 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, Mendonça 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 

pyrrhogaster, pheromone production may be promoted by low temperature (Iwata et 

al. 2000a; Takahashi et al. 2001).  

Our focal species, the red-sided garter snake, Thamnophis sirtalis parietalis, is 

a reptilian model for understanding 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 photoperiodic 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 
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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 receptivity and estrogen 

replacement in castrated females reinstating receptivity (Crews 1976).  Attractivity is 

determined by using bioassays of male courtship behavior, and both the quantity and 

quality of the female sexual attractiveness pheromone blend can be easily determined 

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 (C29-C37) 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 
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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 spanning 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 relaying 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 

information 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 is also 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 sirtalis parietalis, (N=24) were captured 

at the hibernaculum in the fall of 2005 (Inwood, Manitoba, Canada).  Pheromones 

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 University and placed into artificial hibernation approximating natural 

conditions (4°C; 0hr:24hr 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 (12ºC, 10hr:6°C, 

14hr, L:D).  All procedures involving the use of live animals were approved by the 
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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 

Permit WB02024). 

 

Pheromone collection and isolation   

We followed previously 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 hr.  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 III (Sigma-Aldrich, St.  Louis, MO); 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 
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in a pheromone:hexane mixture (1 mg:1 ml) before analysis by gas chromatography-

mass spectrometry. 

 

Gas chromatography-mass spectrometry 

Individual pheromone 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 μl) of the 1:1 samples (1 mg pheromone:1 ml 

hexane)  were injected onto the fused-silica capillary column (RTX-1; 15 m x 0.25 

mm i.d., 0.25 μm film thickness; Restek Corporation, Bellafonte, PA) 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 
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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 (µg/cm2) 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 (cm2), and pheromone fraction mass 

(mg) was converted to µg and divided by total surface area to yield pheromone 

concentration (µg/cm2).  By using an internal standard (methyl stearate, 10 μg/ml 

hexane; LeMaster et al. 2008), we were able to derive individual component mass (μg) 

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 individual pheromone profiles were also 

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 

(F2, 21=95.471, P<0.001; F2, 21=9.196, P=0.001; Figure 3.1).  Total skin lipid mass 

was higher in both spring and winter than in fall (q=17.893, P<0.001; q=15.750, 
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P<0.001, respectively).  Pheromone fraction mass was higher in spring than in fall 

(q=6.065, P=0.001).  No other differences were found in skin lipid or pheromone 

fraction masses.  Pheromone concentration (µg pheromone/cm2 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 (q=4.850, P=0.005; q=4.525, P=0.006, respectively; 

Figure 3.2). 

Following the GC-MS analysis, we found that the composition of the 

pheromone blends changed over time (A=0.07672, P=0.016).  Spring profiles were 

different than fall profiles (A=0.1089, P=0.0122), but no other differences were 

significant (Figure 3.3).  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 (F2, 18=0.301, P>0.05).  Both main effects (season, component type 

[saturated, unsaturated]) were significant when we analyzed the masses of pheromone 

components (F2, 47=8.703, P<0.001; F1,47=18.329, P<0.001, respectively).  There was 

no significant season x component type interaction (F2, 47=2.010, P=0.147).  Within 

season, the mass of unsaturated components was greater than the mass of saturated 

components for fall (q=3.004, P=0.04), winter (q=3.772, P=0.011), and spring 

(q=3.218, P=0.028; Figure 3.4).  Within component type, the mass of saturated 

components was greatest in spring compared to fall (q=4.561, P=0.007), but no other 

differences were detected.  The mass of unsaturated components was greater in spring 

than in fall (q=4.774, P=0.005) and winter than in fall (q=3.706, P=0.032; Figure 

3.4).  The compounds contributing most to the overall makeup of the pheromone blend 
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were the 504 (unsaturated), 476 (unsaturated), 450 (saturated), and 448 (unsaturated) 

Da molecules (Figure 3.3). 

Components within each pheromone profile were arbitrarily split into two 

molecular weight classes: low molecular weight (LMW; <463 Da) and high molecular 

weight (HMW; >463 Da).  Previous work demonstrated that the attractivity of female 

red-sided garter snakes increases with increasing molecular weight and unsaturation of 

individual components of the pheromone, suggesting that changes observed in the 

molecular weight of pheromone constituents over time have biological consequences 

in nature (Mason et al. 1989).  Thus, we analyzed the ratio of HMW:LMW 

proportions over time (log-transformed) and found a significant time effect (F2, 

21=5.362, P=0.013).  Pheromone profiles were dominated by HMW compounds in 

spring compared to fall (q=4.365, P=0.015), but no other differences were significant 

(winter vs. fall, q=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 appears to change concomitant with the changes in amount and 

concentration, with females producing pheromones dominated by unsaturated, high 

molecular weight (HMW) methyl ketones by the winter and into spring.  Thus, 



60 

 

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 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, Møller 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 significantly altered 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. 

Sex pheromone production is known to be affected by temperature in red-

bellied newts, Cynops pyrrhogaster, where low temperatures (8-12°C) induce 

increased synthesis of prolactin mRNA, and prolactin, in conjunction with androgens, 

can induce hypertrophy of the secretory capacity 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 
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changes in temperature and 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 salamanders, newts, and frogs (Duellman and Trueb 

1994).  In reptiles, the effects of temperature on sexual behavior in males has 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, 0hr:24hr 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; Mendonça 

and Crews 1996).  Our results suggest that female attractivity 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).   

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 
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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) 

produces sex pheromones, and pheromone synthesis occurs from lysosomal 

modification (lengthening, esterification) of monoester waxes and is ultimately 

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 pheromone, as a result of low 
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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 mechanisms (elongation, desaturation) may exist in 

the pheromone 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, 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. 
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Figure 3.1.  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.  Pheromones 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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Figure 3.2.  Sex pheromone concentration (µg pheromone/cm2 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 pheromone concentration for those sampling 
periods.   
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Figure 3.3.  Changes in the female sexual attractiveness pheromone blend of red-sided 
garter snakes from three sampling periods (fall, winter, spring).  (A) Representative 
total ion chromatograms of sex pheromone blends from individual females from the 
three sampling periods.  (B) Non-metric multidimensional scaling plot showing 
individual pheromone profiles.  Minimal convex polygons 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 significantly different (P<0.05).  
(C) Masses (mg; mean + s.e. ; N=8 for each bar) of prospective individual components 
(categorized by molecular mass; Da) of the female sex pheromone blend over the three 
sampling periods.  The most abundant compounds were the 504 (unsaturated), 476 
(unsaturated), 450 (saturated), and 448 (unsaturated) Da methyl ketones. 
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Figure 3.4.  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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Species that rely solely on chemical signals to determine the sex of 

conspecifics serve as good models for understanding the effect of hormonal 

manipulation on signal production. Red-sided garter snakes (Thamnophis sirtalis 

parietalis) emerge in the thousands every spring in the Interlake region of Manitoba, 

Canada, and large mating balls form as males compete for females. Females elicit 

courtship via the sexual attractiveness pheromone, but some males in the population 

(“she-males”) produce the female pheromone and can thus elicit courtship from other 

males in the den. We investigated the ability of steroid hormones to induce female 

pheromone production in male snakes. We created four groups (n=12 ea.):  SHAM, 

GX (castrated), E2 (17β-estradiol implant), and GXE2 (castrated + E2 implant). The 

snakes were hibernated in the lab and transported to the field for behavioral tests at the 

den in the spring. The E2 and GXE2 groups elicited more courtship from males than 

did the SHAM and GX groups in two types of mating trials:  arena trials with 10 

courting males and mating ball tests in the den. Further, trailing experiments using 

wild males from the den showed that trails produced by estrogen-treated males were 

indistinguishable from large female pheromone trails and preferred over trails left by 

small females, wild she-males, and SHAM males. These results suggest that 

pheromone production in she-males is regulated by estrogen, and exogenous estrogen 

may alter the sexual phenotype of adult male vertebrates in other species that rely on 

chemical signals for sex recognition. 

 

 

Introduction 
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Systems undergoing sexual selection exhibit intrasexual competition, which 

increases the likelihood of alternative reproductive tactics.  Female mimicry is one 

alternative reproductive tactic, and the ability of males to mimic females can be both 

naturally and sexually selected (discussed in Shuster and Wade 2003).  In either case, 

the function of mimicry is deception.  Female mimics can exhibit female behavior, 

display female morphology, or emit female-typical signals that ultimately grant them 

access to mates from which they would otherwise be excluded (e.g. Forsyth and 

Alcock 1990; Rohwer et al. 1980).  While species exhibiting such alternative 

reproductive tactics have received substantial attention from behavioral ecologists, our 

understanding of the physiological mechanisms contributing to the intrasexual 

variation in male reproductive tactics “lags far behind” (Knapp 2004). 

 Female mimicry is a broad classification among the types of alternative male 

phenotypes that can exist, and the categorization of alternative reproductive tactics has 

been addressed elsewhere (e.g. Moore 1991; Moore et al. 1998).  The many examples 

of female mimicry that exist in animals fall into three general categories (modified 

from Oliveira et al. 2008):  fixed (genetically controlled or organized initially by 

hormones; e.g. bluegill sunfish, Lepomis macrochirus, Dominey 1980, Gross and 

Charnov 1980), sequential (product of an ontogenetic shift; e.g. European kestrels, 

Falco tinnunculus, Hakkarainen et al. 1993), or facultative/reversible (e.g. giant 

cuttlefish, Sepia apama, Norman et al. 1999).  Female mimicry is widespread among 

the invertebrates, occurring in multiple orders in both insects (reviewed in Brockmann 

2008) and crustaceans (reviewed in Shuster 2008).  Among the vertebrates, female 

mimicry can also be found across most taxa, with the fishes showing the widest 
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diversity of mimicry types.  Some species of fish have males which display female 

morphology and/or behavior (e.g. peacock blennies, Salaria pavo, Goncalves et al. 

1996), and males of some species emit female-typical sounds (e.g. midshipman fish, 

Porichthys notatus, Brantley and Bass 1994; reviewed in Grober and Bass 2002).  In 

amphibians and reptiles, most examples of female mimicry involve behavioral 

deception during courtship, morphological mimicry, and/or pheromone mimicry 

(urodeles, Arnold 1977; Verrell 1983; reviewed in Zamudio and Chan 2008; lizards, 

Sinervo and Lively 1996; snakes, Vagvolgyi and Halpern 1983; Mason and Crews 

1984; Shine et al. 2001).  In birds, female mimicry is fairly common and almost solely 

morphological (i.e. some males in a given population exhibit delayed plumage 

maturation), but the selective advantage for such mimicry is debatable (Andersson 

1994).  Lastly, classic examples of male mimicry occur in females of some 

mammalian taxa (e.g. hyenas; reviewed in Muller and Wrangham 2002), but to our 

knowledge, no type of female mimicry in male mammals has been rigorously 

investigated (Pough 1988).   

Female mimics of any type are males that replicate or imitate natural signals 

produced by females.  Examples of mimicry where males emit female-typical signals 

(sounds, chemical cues) are the rarest. Chemical female mimicry within invertebrates 

can be seen in beetles and ants (e.g. Peschke 1987; Cremer et al. 2002).  However, 

sexual mimicry of female pheromones is restricted in both cases by energy availability 

(i.e. the faster the male can grow, the faster he loses his ability to produce the female 

pheromone). 
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In vertebrates, there is only one example of chemical female mimicry.  Male 

and female red-sided garter snakes, Thamnophis sirtalis parietalis, are both capable of 

producing the female sexual attractiveness pheromone (Mason and Crews 1985; 

Vagvolgyi and Halpern 1983; Mason and Crews 1985; Mason and Crews 1986; 

Mason et al. 1989; Shine et al. 2001).  Snakes and all other squamate reptiles are well 

known for their reliance on chemical cues in both feeding and mating behavior 

(reviewed in Mason 1992), and the earliest observations made on mating behavior in 

snakes reported and experimentally tested the role that skin secretions played in sex 

recognition and trailing behavior (Noble 1937).  That study also reported the first 

instance of male-male courtship, suggesting that male snakes can produce a female 

pheromone (Noble 1937). When red-sided garter snakes emerge in the spring in the 

northern extent of their range (Interlake Region, Manitoba, Canada), large mating 

balls of ~20 males surrounding a single female can form as males vigorously compete 

for access to her (Aleksiuk and Gregory 1974).  However, some mating balls only 

consist of courting males, which led to the discovery in the field of “she-males” that 

produce a female-typical pheromone and thus elicit courtship from other males 

(Mason and Crews 1985).  In that study, she-males were shown to have greater mating 

success with the female in mating balls compared to normal males, suggesting that 

she-maleness conferred a selective advantage in male-male competition.  However, 

this idea was tested more recently, and no support was found for the hypothesis that 

she-males distract competitors in mating balls to gain access to females (Shine et al. 

2003d).   
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Recent research on the she-males in our system suggests that most males 

express the female pheromone upon emergence due to natural selection pressures 

(Shine et al. 2001).  Courting male garter snakes press their bodies firmly against the 

courted animal while also undulating their ventral surface (caudocephalic waves; 

Whittier et al. 1985), which allows for the conductive transfer of heat from the already 

emerged males to the newly emerging males.  Newly emerging males at the 

hibernaculum are cold, but in receiving substantial amounts of courtship from warm, 

already emerged males, their body temperatures rapidly increase (Shine et al. 2001).  

There may also be a reduced risk of avian predation for the courted males since they 

are usually found at the bottom of the mating balls.  These results suggest that most 

emerging males produce a female-typical pheromone as a consequence of natural 

selection pressures, but some males may persist in their ability to produce a female 

pheromone (Shine et al. 2001; Mason and Crews 1985).  

Though male garter snakes can produce the female pheromone, the mechanism 

controlling persistent female pheromone production in male snakes is unclear.  

Previous work on female red-sided garter snakes has shown that estrogen is the 

primary hormonal cue that promotes attractivity and, by extrapolation, female 

pheromone production in this species (Mendonça and Crews 1996).  Circulating 

estrogen levels are not higher in she-males, but androgen titers (testosterone and 

dihydrotestosterone) are significantly higher in these snakes compared to normal 

males (Mason and Crews 1985).  However, the female-typical pheromone of she-

males may be produced as the result of high aromatase levels within the skin, which 

ultimately leads to higher levels of localized, activational estrogen (hypothesized in 
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Mason et al. 1989).  Thus, she-males may be “super” males with high circulating 

levels of testosterone that serve as substrate for aromatization to estrogen, which could 

induce local pheromone production by the skin.  Indeed, the gonads of she-males and 

their skins show significantly higher aromatase activity than normal males (Krohmer 

and Mason, unpubl. data). She-maleness may therefore ultimately be the result of 

estrogen signaling.  If so, estrogen treatment may be sufficient to induce she-maleness 

in male garter snakes.  The primary goal of this study was to determine whether 

estrogen treatment can promote female pheromone production in male garter snakes.  

The second objective was to investigate if estrogen treatment affects the composition 

of the induced she-male pheromone compared to the known pheromonal phenotypes 

encountered in the field. 

 

Methods 

Animals and treatment groups 

Red-sided garter snakes emerge in the tens of thousands every spring from 

concentrated limestone hibernacula in the Interlake Region of Manitoba, Canada.  

Upon emergence, adult males engage in intense scramble competition for access to 

females, who emerge singly and sporadically over the course of the mating season 

(April-May; Gregory 1974).  We collected courting male snakes (n=48) in the spring 

of 2006, brought them to the laboratory at Oregon State University, and created four 

groups of experimental animals (n=12 each): SHAM (intact; no implant), GX (testes 

removed; blank implant), E2 (intact; estradiol implant), GXE2 (testes removed; 

estradiol implant).  All surgeries were conducted at the peak of testicular activity (late 
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July 2006).  Snakes were kept in the laboratory under simulated summer conditions 

for the summer (26C:18C, 16h:8h L:D) and fed a mixed diet of earthworms and 

salmon smolt.  Water was provided ad libitum.  They were then hibernated for 6 

months in the lab (4C, 0h:24h L:D) and taken back to the site of capture in Manitoba 

the following spring for behavioral testing. 

 

Surgical procedures  

Snakes were anaesthetized with a subcutaneous injection of brevital sodium 

(0.003 mL of 0.5% solution per 1 g body mass) until righting reflex was abolished 

(~15 min.; see Wang et al. 1977).  Sterile corneoscleral scissors were used to make the 

incision between the second and third dorsal scale rows.  For implant-only surgeries, 

silastic implants (0.033 mm i.d. X 0.05 mm o.d. X 5 mm length; Dow Corning) were 

created from silastic tubing sealed with medical adhesive at both ends after either 

being filled with crystalline estradiol (“E2 implant”; 17-β estradiol, Sigma-Aldrich) or 

left empty (“blank”).  Implants were inserted into the peritoneal cavity.  Two 

treatments required castration (GX and GXE2), wherein the testes were exposed and 

excised using sterile forceps and a cauterizer (see Camazine et al. 1980 for methods).  

Following surgery, the incision site was sutured (4-0 silk suture fitted to small cutting 

needle) and the snakes allowed time (6h) to recover in a sterile cage before being 

placed back in their home cage. 

 

Behavioral tests 
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We conducted three distinct sets of tests with these males at the field site in 

Manitoba.  The first set of tests were done in cubical outdoor arenas at the den (1m3, 

n=4; see Shine et al. 2000 for an example).  Individual experimental males were 

randomly selected and placed individually into one of the arenas.  Courting wild males 

(n=10) were placed into each arena, and the proportion of males courting the 

experimental male was recorded after 10 min by an observer who was blind to the 

experimental treatments.  Previous work has shown that male red-sided garter snakes 

exhibit facilitated courtship, where larger numbers of competing males induce more 

vigorous male courtship in arena trials (Joy and Crews 1985). Courting males were 

distinguished by conspicuous chin-rubbing behavior where the male tongue-flicks the 

dorsal surface of the female and aligns his body with hers, a behavior seen only in the 

reproductive context (see Moore et al. 2000 and LeMaster 2002 for recent ethograms 

describing male garter snake reproductive behavior).   

The second set of trials involved mating balls in the den itself.  A randomly 

chosen stimulus male was placed next to a mating ball containing a female, and a 

blind observer counted the number of males that left the mating ball to court the 

stimulus male (males exhibiting at least chin-rubbing behavior; see above) over a one 

minute period.   

The last set of behavioral trials used a Y-maze to determine the capacity of the 

E2-induced pheromone in eliciting trailing behavior in wild male snakes following a 

previously published methodology (see LeMaster et al. 2001).  In our tests, novel, 

courting males were used to assess their abilities to choose between paired chemical 

trails.  The first test was a bias test where both arms were blank.  The remaining trials 
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all paired the experimental male’s pheromone trail (E2 or GXE2) with the trail from:  

SHAM males, she-males, small females, and large females (the last three were all 

caught on-site at the den).  Briefly, a male was acclimated in a hidebox until it chose 

to leave the box on its own to then encounter the chemical trail (usually within 5 

min.).  The pheromone trail was created by rubbing the lateral surface of a snake along 

the pegs (covered in disposable straws) and over the butcher paper substrate of the Y-

maze in a weaving pattern.  The two scents were crossed at the junction of the Y to 

ensure that trailing males were forced to make a decision at the junction (LeMaster et 

al. 2001).  Males were said to have made a choice on an arm once their head passed 

the last set of pegs in an arm. 

 

Hormone analysis 

To validate the hormone implants, all experimental snakes were bled from 

their caudal veins (<2 min), and the isolated plasma was frozen and stored at -80C 

until used in direct radioimmunoassay to detect estradiol and total androgen 

(testosterone, dihydrotestosterone) concentrations (Lutterschmidt et al. 2004).  Plasma 

(30-70 µL) was incubated overnight with 20 µL of 3H-steroid (testosterone or 

estradiol; Amersham Life Sciences) and 500 µL of water before extracting the samples 

with 6 mL diethyl ether and drying under N2 stream in a water bath (20C).  The assay 

was set up in duplicate, with the standard curve in triplicate.  Standard concentrations 

of antibody and 3H-steroid were added to each tube of the curve and all sample tubes 

and incubated overnight.  Charcoal (500 µL; Sigma-Aldrich) was added to each tube 

to scavenge unbound tracer before centrifugation (2200 rpm, 4C, 10 min).  The 



84 

 

samples were incubated in OmniFluor scintillation fluid (Sigma-Aldrich) for 12h 

before counting on a Beckman 2200 Scintillation counter.  Results were recorded as 

ng of hormone per ml of plasma. 

 

Pheromone analysis 

Pheromone washes were collected from snakes using a previously established 

protocol (Mason et al. 1989).  Briefly, total skin lipid extracts were collected by 

soaking the euthanized snakes for 12h in hexane, and the pheromone-containing 

fraction was isolated using alumina columns (activity III [Sigma-Aldrich]; pooled 

fractions 4-6 [2% diethyl ether:98% hexane as mobile phase]).  The pheromone 

fractions were resuspended in a 1 mg:1 ml (pheromone:hexane) ratio before 

identification with a Hewlett Packard 5890 Series II gas chromatograph fitted with a 

split injector (280C) and a Hewlett Packard 5971 Series mass selective detector.  

Aliquots (1 µL) of the resuspension were injected into the fused-silica capillary 

column of the GC/MS (HP-1; 12 m X 0.22 mm ID; Hewlett Packard, CA) 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 70C for 1 min, 

increased to 210C at 30C/min, held at 210C for 1 min, increased to 310C at 5 C/min, 

and held at 310C for 5 min.  By using the peak integration function in ChemStation 

software (Agilent), we determined relative contributions of each component of the 

pheromone to the overall profile of each snake. 

 

Statistics 
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To analyze the number of males in the arena trials that courted each type of 

experimental male and the number of males that left a mating ball to court the 

experimental males, we used a one-way non-parametric ANOVA (Kruskal-Wallis) 

with treatment as the factor (α=0.05) followed by multiple comparisons (Dunn’s; 

SigmaStat 3.1).  We used binomial tests to analyze the choice test data from the Y-

maze experiments, and hormone levels were compared with two-sample t-tests to 

assess the efficacy of castration and estrogen implantation.  Pheromone profiles were 

analyzed with the Multi Response Permutation Procedure (MRPP) followed by Bray-

Curtis analysis using Sorenson distance for multiple comparisons (R statistical 

computing software; McCune et al. 2002).  All graphics were produced with 

SigmaPlot 8.0 (SysStat Software, Inc.). 

 

Results 

Behavioral trials 

The GXE2 group elicited significantly more courtship from males in the arena 

trials than did the GX and SHAM groups, while the E2 group elicited more courtship 

than the SHAM group only (H=21.116, df=3, P<0.001; GXE2 vs. SHAM, q=3.451, 

P<0.05; GXE2 vs. GX, q=2.688, P<0.05; E2 vs. SHAM, q=2.913, P<0.05; Figure 

4.1).  The proportions were low (<0.5) for all groups as a consequence of male size:  at 

most, 5 males could be simultaneously courting (chin-rubbing) the experimental male 

while the others rapidly searched for the experimental male.  In the mating ball 

experiment, both GXE2 and E2 males attracted significantly more males from the 

mating ball (H=24.158, df=3, P<0.001; GXE2 vs. SHAM, q=3.809, P<0.05; GXE2 vs. 
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GX, q=3.69, P<0.05; E2 vs. SHAM, q=3.044, P<0.05; E2 vs. GX, q=3.133, P<0.05; 

Figure 4.2).  In the Y-maze trials, male garter snakes chose the arm containing the 

experimental she-male scent (E2 or GXE2) significantly more than the scent of 

SHAM snakes (Z= 2.88, P<0.001), natural she-males (Z=2.31, P=0.01), and small 

females (Z=2.31, P=0.01; Figure 4.3).  Trailing males did not choose the large female 

pheromone trail over the experimental she-male trail (Z=1.09, P=0.09) 

  

Hormone analysis 

Castration resulted in significantly reduced total androgen (0.150 ng/ml, GX, 

vs. 2.017 ng/ml, SHAM; t=181.00, P<0.001), and the hormone-packed implants 

established significant, low concentrations of estradiol (0.149 ng/ml, E2+GXE2 vs. 

0.003 ng/ml, SHAM; t=66.00, P<0.001). 

 

Pheromone analysis 

There was a global difference in the compositions of the pheromone profiles 

across all experimental groups that mirrored the results seen in the arena trials 

(A=0.256, P<0.001).  Pheromone profiles for the GXE2 and E2 groups were different 

than the SHAM group (A=0.263, P<0.001; A=0.310, P<0.001, respectively), and 

profiles for the E2 group were also different than those of the GX group (A=0.065, 

P=0.024; differences depicted using a non-metric multi-dimensional scaling plot, 

Figure 4.4).   

Previous work has shown that pheromone profiles can differ in their ratios of 

unsaturated (U) to saturated (S) components (U:S; LeMaster and Mason 2002).  We 
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analyzed the average U:S ratios for each group and found that there were differences 

among the groups (H=23.271, df=3, P<0.001).  The GXE2 and E2 groups had 

significantly higher US:S ratios than the SHAM group (Q=3.729, P<0.05; Q=2.910, 

P<0.05, respectively), and the GXE2 group also had significantly higher US:S ratios 

than the GX group (Q=2.983, P<0.05; Figure 4.5).  This sequence of differences 

mirrors the pattern found in the global test above. 

Pheromone profiles produced by the snakes consisted of 17 unique methyl 

ketones that varied in their abundances and in their relative contributions to the total 

profile.  The components of the pheromone were separated arbitrarily into two size 

classes:  low molecular weight (<463 m.u.; LMW) and high molecular weight (>463 

m.u.; HMW).  Previous work has shown that larger females have profiles dominated 

by unsaturated methyl ketones that fall mostly in the HMW size class we are 

describing (LeMaster and Mason 2002).  Treatment had an effect on the ratio of LMW 

to HMW proportions comprising pheromone profiles (F=9.877, df=3,42, P<0.001).  

The ratio of proportions was lowest (i.e. biased toward low molecular weight 

molecules) in SHAM snakes and was equally high (i.e. equally biased toward high 

molecular weight molecules) in the other three groups (SHAM vs. GX, q=5.726, 

P<0.001; vs. E2, q=6.577, P<0.001; vs. GXE2, q=6.050, P<0.001; Figure 4.6).  We 

also tested for within-group differences between the proportions for the two molecular 

weight classes.  SHAM snakes produced pheromone profiles that consisted mostly of 

LMW methyl ketones (q=8.360, P=0.008), whereas all other groups had profiles 

primarily made up of HMW (GX, q=8.803, P<0.001; E2, q=10.244, P<0.001; GXE2, 

q=6.669, P<0.001; Figure 4.6). 
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Discussion 

Estrogen treatment resulted in production of a female-typical pheromone 

profile in male garter snakes.  The pheromone is composed primarily of long-chain, 

unsaturated methyl ketones of the same length and structure produced by large female 

garter snakes in the spring in the field (LeMaster and Mason 2002).  Castration of 

males without estrogen supplementation, however, was sufficient to change male 

pheromone profiles as well, where castrated males produced profiles intermediate 

between normal and E2-treated males (Figure 4).  Thus, either the absence of normal 

levels of androgens or the act of castration itself was sufficient to induce female-

typical pheromone production in males.   

Injecting reptiles with gonadal sex steroids can be sufficient to increase short-

term attractivity (e.g. estradiol) or courtship (e.g. testosterone), but the reliability of 

estrogen injections to increase attractivity and/or receptivity in female reptiles is 

highly variable (D. Crews, M. Halpern, N. Ford, pers. comm.; summarized in Mason 

1992 and Whittier and Tokarz 1992).  Such paradoxical results could be easily 

explained by the susceptibility of the skin to steroid treatments during different phases 

of the shedding cycle.  The skin of female garter snakes is sensitive to the feminizing 

effects of estradiol only if given more than 5 days before shedding (Kubie et al. 1978).  

Thus, the skin that is exposed after shedding can only be affected by steroid treatment 

if the treatment is administered at the appropriate time.  In our study, the garter snakes 

were implanted for nine months with small, non-lethal steroid implants that constantly 

provided the skin with sub-physiological levels of estradiol, which is likely the reason 
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we were successful in inducing males to produce female pheromone and then testing 

the quality of this pheromone in bioassays in the field. 

Our study revealed two aspects of the relationship between gonadal sex steroid 

hormones and sexual signals in garter snakes.  One is that pheromone production is 

directly related to estrogen signaling (e.g., Mendonça and Crews 1996).  Males 

implanted with estrogen produced the same pheromone as that of large females 

regardless of the presence of testes.  The pheromone profile produced by these treated 

males was indistinguishable from that of females from the field, and it elicited 

significant courtship behavior (i.e. estrogen-treated males received vigorous courtship 

behavior from males in the field at the den; Figures 4.1 and 4.2).  In trailing 

experiments that isolated pheromones from experimental males, field-caught males 

showed no preference when pheromone trails from E2-treated males were paired with 

those from large females from the field.  These lines of evidence suggest that female 

pheromone production and expression is at least initiated, if not maintained, by 

estrogen. 

The second point centers on inhibition.  Castration caused males to produce a 

range of pheromone profiles.  Without normal levels of androgens present, castrated 

males produced the complete spectrum of pheromone profiles:  female-typical, male-

typical, and she-male/small female-typical.  The pheromones produced by castrated 

males elicit courtship from wild males in mating balls in the den (Figure 4.2), but 

castrates are not vigorously courted in arena trials, which serve as the standard 

bioassays for assessing individual attractivity in this system (Figure 4.1; see Shine et 

al. 2003a, LeMaster and Mason 2003 for examples).  It may be that removal of 
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androgens from male snakes is enough to relax inhibition on pheromone production in 

the skin.  Thus, lack of androgens is the first phase of feminization of the skin, with 

estrogen supplementation completing the process.  This would establish a gradient of 

sexual expression: a hypothesis supported by our results that showed pheromone 

profiles of SHAM males were the most male-typical and GXE2 males the most 

female-typical.  Estrogen supplementation likely overrides the inhibitory signal 

produced by the testes, as evidenced by the lack of differences in pheromone profile 

structure or courtship elicitation between the E2 (implant only) and GXE2 (implant + 

castration) groups.  Estrogen supplementation did not inhibit normal testosterone 

production in the E2 snakes (total androgen concentrations were not significantly 

different from SHAM males, t11=0.334, P>0.1).   

Evidence for the importance of sex steroids in regulation of sexually dimorphic 

chemical signals has also been found in another reptile.  A study in leopard geckos, 

Eublepharis macularius, showed that androgen supplementation following castration 

in females induced male-typical behavior, and chemical cues from these treated 

females elicited aggressive reactions from normal males (Rhen and Crews 2000).  

Female geckos in that study were also progressively masculinized by castration, 

androgen supplementation, and finally by combining castration and androgen 

supplementation.  Work preceding that of Rhen and Crews (2000) demonstrated that 

chemical recognition by conspecifics is dependent on the shedding cycle (Mason and 

Gutzke 1990).  In that study, male leopard geckos acted aggressively to shedding 

females but engaged in courtship behavior with the same females once their new skin 

was accessible for chemical sampling (licking behavior).  Taken together, the data 
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from these previous studies corroborate our findings and interpretation in the current 

paper which suggest that a gradient of sexual expression via pheromones may be 

present in reptiles.   

Noble clearly demonstrated that the skin is the source of sex pheromones in 

garter snakes, and this was confirmed later by detailed quantitative and qualitative 

assessments of the biochemical nature of the sexual attractiveness pheromone (Noble 

1937; Mason et al. 1989).  Pheromone production, however, is not limited to females 

in the red-sided garter snake.  Natural she-males produce pheromone profiles similar 

to small females, and these males have higher testosterone than normal males at the 

den (Mason and Crews 1985).  In that study, it was proposed that excess testosterone 

in she-males may be converted to estradiol in the skin due to high aromatase levels in 

the skin, and this local estradiol would be sufficient to induce female pheromone 

production.  However, our results suggest that castration (i.e. the removal of 

testosterone and other androgens) induces a modification of skin lipids.  If androgens 

are inhibiting normal male skin from secreting the female pheromone, then she-male 

skin should also be inhibited.  We suggest that there may be a delicate balance of 

androgen to aromatase activity, and that natural she-males have higher aromatase 

activity in their skin that is the result of a tip in this balance due to excess androgen 

production.  It has been well established that excess testosterone induces high 

aromatase activity in the sexually dimorphic nuclei of the vertebrate brain (e.g., 

Roselli et al. 1984; Roselli and Resko 1989; Roselli and Resko 1993).  In peripheral 

organs such as the skin, testosterone and estradiol treatment can both lead to increased 

expression of sexual coloration (male macaques [Macaca mulatta], Rhodes et al. 
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1997). Aromatase inhibition (using fadrozole) decreases this expression, suggesting 

that aromatase activity is critical for localized production of estradiol which directly 

regulates this sexual signal (Rhodes et al. 1997).  In the red-sided garter snake, we 

have shown that estradiol implantation alone is sufficient to induce female-typical 

pheromone production in male snakes, suggesting that the sexual signal used to 

identify females in this system is at least induced by estradiol.  It may also be that 

castration releases the pheromone-synthesizing cells of the skin from 

testosterone/androgen inhibition to then increase their aromatase expression levels 

and/or activity to locally produce estradiol. 

Combined with those of other studies, our results allow us to posit some 

general conclusions about estrogen signaling in Sauropsida (the reptilian and avian 

lineages). Our finding that castrated male snakes produce a female-typical signal has 

also been seen in birds.  George et al. 1981 demonstrated that sexually dimorphic 

plumage is the result of aromatase activity in the skin:  castrated male birds given 

supplemental testosterone show female-typical plumage (summarized in Kimball and 

Ligon 1999).  In comparison, garter snakes have sexually dimorphic skin pheromones 

that can be altered by castration alone, suggesting that supplemental testosterone may 

not be needed to feminize the skin following castration.  However, it may be that very 

low, undetectable amounts of testosterone are produced by the hypertrophied adrenal 

glands (a common result of castration in vertebrates; Parkes 1945; Rosner et al. 1966).  

This adrenal testosterone may then be converted to sufficient levels of estradiol that 

can feminize the skin.  Therefore, female signals produced by the skin of sauropsids 
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(birds, reptiles) may ultimately be controlled by the presence or absence of estradiol, 

which is directly regulated by the activity of aromatase.  

In conclusion, we have shown that low, chronic levels of estradiol are 

sufficient to induce female pheromone production in male garter snakes.  Moreover, 

castration alone may be stimulating aromatase activity that leads to localized 

aromatization of low levels of testosterone that can also have feminizing effects on 

skin-derived pheromones in these snakes.  Ongoing work with an aromatase inhibitor 

(1,4,6-androstatriene-3,17-dione, ATD) and testosterone supplementation will 

determine if the mechanism for sexually dimorphic signal production in the red-sided 

garter snake is conserved in sauropsids.   
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Figure 4.1.  Proportion of males (n out of 10; mean + SEM) courting the stimulus 
male from each experimental group in arena trials. SHAM males received surgery 
only, GX males were castrated, E2 males received an estradiol implant, and GXE2 
males were castrated and received an estradiol implant.  Different letters represent 
statistical differences between treatment groups.
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Figure 4.2.  Average number of males (+SEM) attracted from a mating ball by the 
experimental male.  Group abbreviations are explained in Figure 4.1. Different letters 
above bars represent statistical differences between those groups. 
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Figure 4.3.  Results of Y-maze trailing experiments.  Black bars represent the number 
of unique, courting males that chose the E2-implanted male scent (either E2 or GXE2) 
over the stimulus presented in the other arm (gray bars).  The bias test presented 
snakes with no stimulus scents.  Asterisks represent statistically significant choice for 
an arm (P<0.05), and “ns” means nonsignificant.  Sample size was smaller in the E2 
vs. SHAM trial because there were only 12 SHAM males to provide scent trails. 
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Figure 4.4.  Non-metric multidimensional scaling plot for pheromone data collected 
from the experimental males.  The E2 (    ) and GXE2 (     ) groups exhibited high 
similarity in their pheromone profiles, whereas SHAM (   ) and GX (    ) snakes 
produced the most variable profiles.  GX snakes produced profiles that encompassed 
the same area of similarity as the estrogen-treated groups.  Group abbreviations are 
explained in Figure 1.  The shading scheme represents the general statistical 
differences (P<0.05) between the various groups (i.e. different colors are statistically 
different treatment groups).  The exception to this is the GX and GXE2 comparison, 
which was not statistically significant (P=0.10).
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Figure 4.5.  Ratio of unsaturated (U) to saturated (S) pheromone components for each 
group (mean+SEM).  Different letters above bars represent statistical difference 
between those groups.  Group abbreviations are explained in Figure 4.1.  In general, 
estrogen treatment resulted in pheromone profiles consisting mostly of large, 
unsaturated methyl ketones, which is similar to the pattern seen in large females (data 
not shown). 
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Figure 4.6.  Main panel, Within-group comparisons of the proportion of pheromone 
profiles comprised of low molecular weight (black bars) and high molecular weight 
(hatched bars) methyl ketones.  Asterisks represent statistically significant, within-
group differences (P<0.05) between molecular weight categories.  SHAM snakes 
produced more low weight methyl ketones than high weight, whereas the opposite was 
true for the experimental groups.  Inset, Between-group differences in the ratio of 
proportions of high molecular weight methyl ketones (HMW) to low weight (LMW).  
Data were log-transformed, and different letters represent statistical differences 
(P<0.05) between groups.  See Figure 4.1 for explanation of treatment group 
abbreviations. 
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Secondary sexual signals are typically controlled in their organization 

(permanent) and activation (transient).  Common examples are courtship behavior 

patterns in birds and mating calls of frogs, both of which have centers (brain nuclei) 

and local effectors (muscle groups) that are organized during development and 

activated in adulthood by sex steroids.  Very little is known about the 

activation/organization of chemical signals in vertebrates, mostly because research 

effort has largely focused on the structure of the signals themselves and the sensory 

systems required for their detection.  The red-sided garter snake (Thamnophis sirtalis 

parietalis) is a model vertebrate for studying behavioral endocrinology and animal 

communication due to the complete reliance of males on detecting the female sex 

pheromone.  No study has quantified both the behavioral and biochemical responses in 

chemical signaling following sex steroid treatment of reptiles, nor has there been such 

a study placed in the activation/organization context.  The purposes of this study were 

to 1) determine the quantitative patterns (behavioral, biochemical) resulting from 

estrogen treatment of male snakes and 2) test whether the effects were reversible 

(activational) or permanent (organizational).  I implanted males with estrogen implants 

(REMOVAL) and then control males with blank implants (SHAM) in 2007, took them 

to the field in 2008 for bioassays, then removed the implants in the summer.  That 

same year, I implanted a new group of males with estrogen implants (E2), then took 

all animals back to the field for bioassays in 2009.  Neither SHAM nor REMOVAL 

males were attractive in 2009, though the latter were attractive in 2008 when they had 

estrogen implants.  Both total pheromone quantity and quality were dramatically 

increased following estrogen treatment, but removal of estrogen re-established male-
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typical pheromone blends.  Thus, estrogen activates, not organizes, the molecular 

machinery required for production of female pheromone blends in garter snakes.    

 

Introduction 

Sexual signals (coloration, morphology, scents) and the sensory systems 

required for their perception (visual, auditory, olfactory) are structured during 

development by sex steroid hormones.  Key experiments done by Phoenix et al. (1959) 

clearly demonstrated that not only are sex steroids critical for guiding the organization 

of neural centers controlling sex-specific behavior, but the presence of those same sex 

steroids or others are necessary later in life to activate sexual behavior controlled by 

these centers.  These experiments established that in vertebrate reproduction, sex 

steroids have two major effects:  permanent (organizational) and reversible 

(activational).  Though this generalized verbal model has been adjusted to 

accommodate other, more complicated pathways through which sex hormones 

function (e.g. Moore et al. 1998), the concept of activational/organizational effects of 

steroids generally fits most systems and has repeatedly been tested (reviewed 

extensively in a special issue of Hormones and Behavior, 2009, vol. 55(5)).  

Organizing effects of steroids on sexual signals (e.g. behavior, coloration) have 

been demonstrated in numerous vertebrate groups.  Classic examples come mostly 

from avian taxa, where sexual signals are organized by exposure to sex steroids during 

critical developmental windows, as is the case for badge size in house sparrows 

(Passer domesticus; Strasser and Schwabl 2004), male singing behavior in zebra 

finches (Taeniopygia guttata; Gurney and Konishi 1980), and male courtship behavior 
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in Japanese quail (Coturnix japonica; Adkins 1979).  Activational effects of steroid 

hormones on sexual signals have been known for at least the past century.  These 

effects can be seen on the secondary sexual signals in all vertebrate groups, from fish 

to mammals (e.g. fish, Liley and Stacey 1983; amphibians, Kelley and Pfaff 1976; 

reptiles, Cooper et al. 1987; birds, van Oordt and Junge 1934; mammals, Carlisle et al. 

1981).   

Within the activational/organizational context, reversal of sexual signals is 

possible in vertebrates following hormonal manipulation and/or as the result of natural 

processes.  Many studies have demonstrated that steroid-induced reversal of secondary 

sexual characteristics is organizational, with classic examples coming from studies on 

the effects of endocrine disrupting compounds.  For example, females in natural 

populations of mosquitofish (Gambusia affinis holbrooki) exposed to metabolites of 

DDT express male characteristics, such as gonopodia and courtship behavior (Lake 

Apopoka, Florida; Howell et al. 1980).  From this same area, feminization of male 

alligators (Alligator mississippiensis; specifically intromittent organs) has been 

documented to be the result of exposure to the same compounds (Guillette Jr et al. 

1996; Guillette et al. 1999).  Of particular interest are studies where the reversal of 

signal production is only activational.  Electric fish emit sexually dimorphic 

discharges from their electric organs, and implanting females with testosterone 

induces male-typical discharge patterns in several species (e.g. Dulka and Maler 1994; 

Herfeld and Moller 1998; reviewed in Zakon 2000).  Male courtship behavior in 

female fish can also be induced by implantation of androgens (e.g. Stacey and 

Kobayashi 1996; Kobayashi and Nakanishi 1999).  Male secondary sexual 
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characteristics can be induced in female amphibians (courtship behavior, Kelley and 

Pfaff 1976; morphology, Zimmer and Dent 1981; calling behavior, Penna et al. 1992; 

coloration, Hayes and Menendez 1999). 

Numerous reptilian species show sexually dimorphic coloration that is directly 

regulated by androgens, and females implanted with testosterone will express male 

coloration and/or male behavior (Cox et al. 2005; Rhen and Crews 2000).  Of note is a 

study on striped plateau lizards (Sceloporus virgatus; Abell 1998) which demonstrated 

a marked increase in femoral pore secretion in both sexes following treatment with 

testosterone, suggesting that chemical signal production in this species as well as 

most/all phrynosomatid lizards is directly regulated by steroid hormones.  Structures 

in reptiles associated with the broadcasting of sexual signals, such as the cartilages 

used to extend the dewlap of anoles, can be masculinized by treating females with 

testosterone (e.g. Lovern et al. 2004).  In some birds (e.g. ruffs, Philomachus pugnax), 

male traits can be induced in females (e.g. courtship behavior, male plumage) via 

testosterone implants (Lank et al. 1999).  Sexually dimorphic plumage in birds is 

regulated differently in different lineages which can be seen in the disparate effects of 

ovariectomy in females (reviewed in Ralph 1969; Owens and Short 1995).  In 

mammals, females can be induced to exhibit male behavior, especially mounting 

behaviors (e.g. Phoenix et al. 1959; Goldfoot and Van Der Werff 1975).  Reversal of 

secondary sexual signals via activation in mammals has yet to be demonstrated 

experimentally, though there are extensively explored phenomena (e.g. pseudopenis of 

female hyenas, Glickman et al. 2006).  
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Though classic sexual signals (e.g. calling behavior, plumage) are well 

characterized in terms of the activation/organization context in vertebrate 

endocrinology, chemical cues–equally powerful, specific signals–have not been 

evaluated within the same context.  Garter snakes utilize a potent chemical signal, the 

female sexual attractiveness pheromone, to both identify and choose between mates in 

the massive mating aggregations (thousands of animals) that form every spring in the 

Interlake region of Manitoba, Canada.  The composition of the pheromone indicates 

several key pieces of information to males:  species (Mason 1993), population 

(LeMaster and Mason 2003), sex (Mason et al. 1989), season (Mason et al. 1987; 

LeMaster and Mason 2001c; Parker and Mason 2009), reproductive condition (Shine 

et al. 2003a), and age (LeMaster and Mason 2002).  More interesting is that male red-

sided garter snakes can be deceived into courting other males that produce small 

amounts of female sex pheromone (“she-males”).  These she-males have been shown 

to gain a thermoregulatory advantage during spring mating (Mason and Crews 1986; 

Shine et al. 2001a). Thus, there are examples of both honest and dishonest signaling 

via sex pheromones in the red-sided garter snake system.  The organization and 

physiological control of pheromone production has been unexplored in our system. 

Only one study has examined the activational effects of estrogen (via 

ovariectomy/hormone replacement) on female garter snake attractivity, and the results 

of that study were confounded by the lack of complete ovariectomy in some of the 

experimental animals (Mendonça and Crews 1996). 

  The female sexual attractiveness pheromone of the red-sided garter snake is a 

blend of nonvolatile, long-chain (C29-C37) saturated and monounsaturated methyl 
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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).  We 

can quantify the relative contributions of each methyl ketone in the profile in addition 

to examining the ratio of saturated to unsaturated molecules.  We can then determine 

how other factors (e.g. snake length, body condition) explain the differences 

quantified in pheromone profiles.  These comparisons illuminate differences that arise 

in bioassays (i.e. explaining why longer, larger females are preferred by males in 

courtship trials, LeMaster and Mason 2002; Shine et al. 2003).  

Recent work has shown that both abiotic and biotic factors affect the quality 

and expression of female sex pheromone in red-sided garter snakes (Parker and Mason 

2009; Parker et al., in prep).  In the first study, we demonstrated that the process of 

low temperature dormancy, which is critical for inducing maximal male reproductive 

behavior upon emergence in the spring, optimizes the female sexual attractiveness 

pheromone:  females are most attractive in spring as a result of low temperature 

dormancy.  In the second study, we showed that estrogen implantation in male garter 

snakes results in low levels of circulating estradiol (0.2 ng/ml) which induces female 

pheromone production.  Implanted males were attractive to wild males in arena and 

den courtship trials, and Y-maze experiments demonstrated that males preferred the 

scent of implanted males to normal males, natural she-males, and small females.  In 

addition, the sex pheromone profiles of implanted males were most similar to large 

females, suggesting that estrogen is the sex hormone responsible for either the 
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activation or organization of pheromone production in this species.  The purpose of 

the following experiment was to test whether the effect of estrogen on pheromone 

production was reversible and, hence, activational. 

In the summer of 2007, male red-sided garter snakes were implanted with 

either estrogen implants or blank implants in the lab (Corvallis, Oregon), and then 

taken to the field (Manitoba, Canada) in 2008 to evaluate the effectiveness of the 

implant on inducing attractivity via bioassays.  We then collected new snakes the same 

year, and took them all back to the lab in the summer of 2008. The implants were 

removed from the 2007 animals, and the new snakes received estrogen implants.  All 

snakes were taken back to the field in the spring of 2009 and were tested in the same 

bioassays at the den.  

 

Materials and Methods 

Collection of animals and laboratory conditions 

We collected male red-sided garter snakes (Thamnophis sirtalis parietalis) in 

the spring of 2007 (n=16) and the spring of 2008 (n=8). All animals were collected 

from the same den (Inwood, Manitoba, CA). The snakes were transported back to the 

laboratory at Oregon State University (Corvallis, OR) and kept under simulated field 

conditions in environmental chambers (summer, 14h 26C:10h 16C L:D; fall, 10h 

16C:14h 8C; winter, 0h:24h 4C). 

 

Surgical procedures 
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In July of each summer (2007 and 2008), snakes were anaesthetized with a 

subcutaneous injection of brevital sodium (0.003 mL of 0.5% solution per 1 g body 

mass) until righting reflex was abolished (~15 min.; see Wang et al. 1977).  Sterile 

corneoscleral scissors were used to make an incision between the second and third 

dorsal scale rows to insert the implants into the peritoneal cavity.  Silastic implants 

(0.76 mm i.d. X 1.65 mm o.d. X 5 mm length; Dow Corning) were created from 

silastic tubing sealed with medical adhesive (silicon) at both ends after either being 

filled with crystalline estradiol (n=16; 17-β estradiol, Sigma-Aldrich) or left empty 

(n=8).  Following surgery, the incision site was sutured (4-0 silk suture fitted to small 

cutting needle) and the snakes allowed time (6h) to recover in a sterile cage before 

being placed back in their home cage. In 2007, eight males (REMOVAL) received 

estrogen implants that were then removed in the summer of 2008 while the other eight 

(SHAM) retained their blank implants for two years.  In 2008, eight males (E2) were 

given estrogen implants to serve as positive controls.  In the springs of 2008 and 2009, 

all available animals were taken to the field for bioassays in the den. 

 

Bioassays 

Mating balls composed of several males courting individual females serve as 

ultimate scenarios for assessing the attractiveness of experimental animals.  Previous 

work in this system tested male mating behavior and female attractiveness in outdoor 

enclosures (e.g. Shine and Mason 2001). Though these arenas are ideal for measuring 

male courtship behavior directed toward females (who are typically receptive), 

experimental males do not permit courtship for long periods of time and will actively 
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avoid courtship from other males (Parker, personal obs.).  To overcome this difficulty 

in assessing experimental male attractiveness, we have developed a bioassay where 

mating balls containing a single female were started in the den by placing a newly 

emerged female on the ground until 20 males began courting her.  The female had her 

cloaca taped to prevent copulation since mated females rapidly become unattractive 

(Devine 1977).  The taping procedure does not affect male or female behavior 

(LeMaster and Mason 2002; Lutterschmidt et al. 2004).  Once the mating ball formed, 

we introduced the experimental animal within 20 cm of the mating ball.  We counted 

the number of males attracted by the experimental male from the mating ball over a 

one minute period without replacement.  Males were removed from the experimental 

male if they exhibited chin rubbing behavior (a score of 3 in ethogram of Moore et al. 

2000).  

 

Implant validation and radioimmunoassay 

Blood (0.3 ml) was taken from all males via caudal vein within one min using 

heparinized syringes (1 cm3, 25-g).  Blood was stored on ice (<4h) until centrifugation 

to separate out red blood cells (1500 rpm, 5 min), and the plasma was frozen at -20C 

and stored at -80C until used in direct radioimmunoassay following modified 

procedures of Lutterschmidt et al. (2004) and similar to previous hormone studies (e.g. 

Whittier et al. 1987a). 

Briefly, we extracted steroids from plasma aliquots (20-40 µl) with anhydrous 

ethyl ether.  The ether phase was isolated and dried under nitrogen gas in a water bath 

(35C).  Hormone extracts were then resuspended in phosphate-buffered saline and 
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incubated with tritiated estradiol (2,4,6,7,16,17-3H estradiol, GE 

Healthcare/Amersham Biosciences, Piscataway, NJ) and estradiol antiserum 

(Fitzgerald Industries International, Concord, MA) at 4C for 12–24 h.  Cross-reactivity 

of this antiserum with estrone is 1.0%; cross-reactivity with estriol is <0.2%; cross-

reactivity with testosterone is <0.1%.  Unbound steroid was separated from bound 

hormone using dextran-coated charcoal, and the radioactivity of each sample was 

quantified in a Beckman SC 6000 scintillation counter.  Samples were assayed in 

duplicate and corrected for individual recovery variation.  Mean extraction efficiency 

for estradiol was 99%, as determined by the recovery of tritiated estradiol added to 

samples before extraction with ethyl ether.  All samples (i.e., treatment groups) were 

randomly distributed across the steroid assays.  

 

Pheromone extraction and analysis 

All snakes were sacrificed at the end of the project for pheromone collection 

following the methods of Mason et al. (1989).  Snakes were euthanized with a lethal 

overdose of brevital sodium (6 mg/kg) prior to individual collection of skin lipids by 

immersion in hexane for 12 hr.  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 using a 

rotary evaporator, and the total skin lipid yield of the dry product was determined (mg) 

before fractionation.  The pheromone was isolated using alumina columns (activity III 

[Sigma-Aldrich; St.  Louis, MO]; pooled fractions 4-6 [2% diethyl ether:98% hexane 

as mobile phase]).  The pooled fractions containing pheromone were reduced by using 
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a rotary evaporator and weighed to determine the mass (mg; termed “pheromone 

fraction mass” hereafter).  The combined pheromone fractions are composed almost 

solely of methyl ketones that comprise the pheromone (>99% of fraction mass).  The 

pooled pheromone fraction was resuspended in a pheromone:hexane mixture (1 mg:1 

ml) before analysis with gas chromatography/mass spectrometry. 

Individual pheromone 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 μl) of the 1:1 samples (1 mg pheromone:1 ml 

hexane)  were injected onto the fused-silica capillary column (RTX-1; 15 m x 0.25 

mm ID; Restek Corporation, Bellafonte, PA) 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 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 pheromone mass, unsaturated to 

saturated component ratio, and individual unsaturated and saturated component mass 

using one-way and two-way ANOVAs followed by pairwise comparisons (Tukey 
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Tests; SigmaStat v.3.5).  When assumptions of normality (distribution, equal variance) 

were not met, data were log-transformed before statistical analyses.  Pheromone mass 

and individual component mass were derived using previously published methods 

(Mason et al. 1990 Mason et al. 1990; LeMaster and Mason 2002).  By using an 

internal standard (methyl stearate, 20 μg/ ml hexane; LeMaster et al. 2008), we were 

able to derive individual component mass (μg) for all of the 17 methyl ketones 

comprising the pheromone.   

Global differences in pheromone structure were analyzed by using the Multi-

Response Permutation Procedure (MRPP) in the vegan package for R (v.1.8-8; 

McCune et al. 2002) as previously published (Parker and Mason 2009).  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 scaling plot to 

visually represent differences in individual pheromone profiles were also generated 

using the vegan package, and all graphics were created in SigmaPlot (v.10.0). 

 

Results 

Bioassay 

Between 2008 and 2009, SHAM males did not change in their attractiveness 

(Wilcoxon signed rank test, W=0.00, P=0.841), so we conducted a one-way ANOVA 

on the 2009 bioassay data using only the 2009 SHAM data. There was a significant 

treatment effect (F2,23=74.330, P<0.001), and E2 males were more attractive than both 

SHAM and REMOVAL males (Tukey tests, q=16.050, P<0.001; q=13.815, P<0.001, 

respectively; Figure 5.1). SHAM and REMOVAL males did not differ in their 
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attractiveness (q=1.487, P>0.05). REMOVAL males were more attractive in 2008 

when they had their estrogen implants than in 2009 after the implant had been 

removed (paired t-test; t7=3.721, P=0.010; Figure 5.1, inset). 

 

Hormone assay 

Implantation resulted in an average estradiol concentration of 0.20 ng/ml both 

years. The REMOVAL males had undetectable estradiol levels in 2009 compared to 

E2 males (Mann-Whitney, U=6.00, P<0.001). Intraassay variation was 4.9%, and the 

limit of detection was 14 pg/ml. 

 

Pheromone analyses 

Pheromone collection is terminal, so only pheromone data from 2009 were 

analyzed.  Treatment had an effect on total pheromone mass (F2,25=12.768, P<0.001), 

and E2 males produced more pheromone than both SHAM and REMOVAL males 

(q=6.887, P<0.001; q=5.251, P=0.003, respectively; Figure 5.2). Total pheromone 

mass was not different between SHAM and REMOVAL males (q=1.352, P>0.05).  

When all 17 methyl ketones were analyzed for total abundance with mrpp in R, there 

was a global difference in composition between the three groups (A=0.2088, 

δ=0.3998, P<0.001).  E2 males had pheromone blends that were distinct from SHAM 

and REMOVAL males (A=0.2943, δ=0.3629, P<0.001; A=0.1932, δ=0.4248, 

P=0.005, respectively; Figure 5.3).  SHAM and REMOVAL males did not have 

different pheromone blends (A=-0.0171, δ=0.4145, P>0.05). 
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The components of the pheromone blends were analyzed singly via two-way 

rANOVA (methyl ketone molecular weight [Da], treatment as factors) to determine 

which components were affected by estrogen treatment. Treatment and molecular 

weight both had significant effects on pheromone component mass, and there was a 

significant interaction (F2,25=5.452, P=0.012; F16,25=106.645, P<0.001; F32,46=8.760, 

P<0.001, respectively). Methyl ketones weighing 476, 490, 504, 518, and 532 Da, all 

unsaturated components of the blend, were all found in higher amounts in E2 males 

than in both SHAM males (q=6.914, P<0.001; q=7.599, P<0.001; q=11.478, P<0.001; 

q=9.587, P<0.001; q=10.008, P<0.001, respectively) and REMOVAL males (q=5.421, 

P<0.001; q=6.563, P<0.001; q=9.202, P<0.001; q=7.316, P<0.001; q=6.769, P<0.001, 

respectively; Figure 5.4).  Interestingly, the only methyl ketone that was found in 

higher amounts in REMOVAL males than in SHAM males was the 532 Da compound 

(q=2.873, P=0.045).  There was a global difference in the ratios of 

unsaturated:saturated methyl ketone abundances among the three groups 

(F2,25=22.454, P<0.001), and E2 males had higher ratios than both SHAM and 

REMOVAL males (q=9.044, P<0.001; q=7.173, P<0.001, respectively).  SHAM and 

REMOVAL males did not differ in their ratios (q=1.483, P>0.05; Figure 5.5). 

 

Discussion 

Our results have shown that the promotion of sex pheromone production in 

male garter snakes by estrogen implantation is reversible, suggesting that estrogen is 

activating the synthesis of female sex pheromone.  REMOVAL males returned to 

expressing typical male pheromone blends with reduced pheromone quantity and low 
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U:S ratios.  It may be that female garter snakes, which are larger than males in our 

system, elicit courtship because of the combined effect of quantitative and qualitative 

differences in the blend of methyl ketones present in the skin.  Both sexes produce 

methyl ketones, but males may have adapted to respond to differences in concentration 

(“quantity”) and blend (“quality”) of the methyl ketones that serve as sexual signals in 

this system. 

The relationship between attractivity and estradiol in female garter snakes is 

perplexing.  While female garter snakes may have reduced/diminished attractivity 

following ovariectomy (Mendonca and Crews 1996), attractivity cannot be completely 

abolished.  Indeed, OVEX females in the aforementioned study still elicited male 

courtship in laboratory trials, albeit at a much lower level.  This does not occur with 

SHAM vs. OVEX females when tested in the field (Parker, pers. obs.), suggesting 

laboratory and field assessments of attractivity may not be comparable.  Ovariectomy, 

while reducing circulating/activational levels of estrogen, does not completely abolish 

the availability of estrogen.  Also, neither treatment with tamoxifen, a traditional anti-

estrogen, nor ovariectomy can reduce/diminish attractivity in female garter snakes 

(Parker, unpubl. data).  These results have led us to suggest that the skin of females is 

organized to produce the pheromone whereas male skin has the activational capacity 

for producing sex pheromone.  

The activation of female pheromone production in males requires direct 

signaling by estrogen.  Thus, aromatase activity may be central to the maintenance of 

attractivity by the skin in this species.  Mason et al. (1985) reported that aromatase 

activity in the skin of female garter snakes was higher than males, which would result 
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in conversion of any androgens to estrogens at a local level.  The skin of vertebrates, 

especially mammals, is capable of steroidogenesis (Grando 1993; Slominski et al. 

2000), and castration in both males and females does not abolish androgen production 

due to adrenal hypertrophy and subsequent androgen synthesis (e.g. Parkes 1945).  

Thus, any adrenal testosterone arriving at the skin may be converted by aromatase to 

estrogen (endocrine) in addition to androgens produced and converted by the skin 

itself (autocrine).  In a sense, the gonads and adrenal glands are sources of androgens 

with the skin being a sink and site for aromatization and localized feminization.  

Previous studies on sexually dimorphic coloration and plumage in vertebrates have 

found aromatase to be central in the production of certain sexual signals (e.g. Rhodes 

et al. 1997; George et al. 1981).  The skin of red-sided garter snakes may be similarly 

arranged, but only studies utilizing molecular quantification and immunological 

staining of skin tissue will be able to elucidate this. Conversely, experiments utilizing 

potent inhibitors could elucidate the details of an aromatase-based mechanism. 

The dependence of pheromone production on steroid hormones has been 

established both behaviorally and quantitatively in other vertebrates (e.g. fish, Liley 

and Stacey 1983; amphibians, Kikuyama et al. 2005; reptiles, Cooper et al. 1986; 

birds, Bohnet et al. 1991; mammals, Iwata et al. 2000b).  Most of these and related 

studies have suggested that their observations of the actions of sex steroids were 

activational given the cessation of pheromone action/production in the absence of the 

focal steroids. However, the true test of activational effects of steroid hormones 

requires a combination of precise bioassays with quantitative and qualitative 
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assessment of steroid presence and effect on the pheromone in question, as is the case 

in our study. 

Our results suggest that the skin of snakes may be held in a sex-specific state 

of skin lipid production and expression by a balance between different primary sex 

steroids.  It may be that estrogen serves as the primary feminizing cue for this 

secondary sexual signal.  The role of androgens in affecting production and expression 

of pheromones is unexplored in reptiles, but estrogen has been tested repeatedly for its 

ability to induce attractivity in females (reviewed in Whittier and Tokarz 1992a).  

Male reptiles and their skin secretions do not normally elicit courtship behavior from 

other males, but she-male garter snakes in the Manitoba population serve as an 

illuminating example (Mason and Crews 1986).  Perhaps further hormonal 

manipulation of she-males and normal males can reveal the complete proximate 

mechanisms regulating secondary sexual signal production in this and, by proxy, all 

snake species. 
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Figure 5.1.  Number of males attracted from mating balls in the den (per min.; mean + 
SEM) in both 2008 (inset) and 2009.  Experimental males implanted with estrogen 
(E2) were more attractive than both SHAM males and old estrogen-implanted males 
whose implants had been removed in 2008 (REMOVAL). REMOVAL males were 
only attractive in 2008 (inset) when they had circulating levels of estrogen, an effect 
abolished by implant removal in 2009.  Asterisks or different letters above bars 
represent statistical differences (P<0.05) between groups.  
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Figure 5.2.  Total pheromone mass (µg, mean +SEM) from control, estrogen 
implanted (E2) and implant-removed (REMOVAL) males.  Different letters represent 
statistical differences between groups (P<0.05).
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Figure 5.3.  NMS plot derived from relative proportions of the 17 unique methyl 
ketones comprising the pheromone blends from the three groups. Points close together 
represent individual snakes with more similar pheromone blends. Estrogen 
implantation in male garter snakes (E2) results in significantly different (P<0.05) 
pheromone blends than SHAM treatment. Once implants are removed from males 
(REMOVAL), they do not persist in their production of sex pheromone and return to 
the SHAM-typical blend.  
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Figure 5.4.  Mass of methyl ketone (µg; mean+SEM) for each of the 17 unique 
methyl ketones (classified by molecular weight [Da]) between the three groups.  Only 
the compounds weighing 476, 490, 504, 518, and 532 Da were significantly higher 
(P<0.05) in estrogen-implanted males (E2) than SHAM and REMOVAL males 
(asterisks).  REMOVAL males produced more of the 532 Da methyl ketone than did 
SHAM males. 
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Figure 5.5.  Ratios (mean+SEM) of unsaturated:saturated methyl ketone molecules in 
the pheromone blends of male red-sided garter snakes.  Estrogen implantation (E2) 
biased the ratios of pheromone blends compared to normal males (SHAM), and this 
effect was reversible by removing the estrogen implants (REMOVAL).  Different 
letters represent statistical differences (P<0.05) between groups. 
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Vertebrates communicate their sex to conspecifics through the use of sexually 

dimorphic signals, such as ornaments, behaviors, and scents.  Further, the underlying 

hormonal correlates of secondary sexual signal expression are key to understanding 

the seasonality and evolution of sexually selected signals.  The red-sided garter snake 

(Thamnophis sirtalis parietalis) is the only reptile for which there is a described 

pheromone.  Garter snakes rely completely on the sexual attractiveness pheromone for 

species identification and mate choice decisions, making this a unique model species 

for exploring the relationship between pheromones and the endocrine system.  Some 

males naturally produce female pheromone, and recent work has shown that castration 

can induce this effect.  The purpose of the current study was to determine the 

mechanism(s) acting to prevent female pheromone production by males.  We found 

that castrated males did not produce female pheromone if given testosterone implants, 

suggesting that pheromone production is actively inhibited in garter snakes by 

testosterone.  Also, aromatase inhibition (via ATD implants) prevented castrates from 

becoming attractive, but only slight changes occurred in the composition of the 

pheromone from these males compared to SHAMs.  Thus, we have shown that 

pheromone expression in garter snakes is the result of the lack of testosterone and, 

perhaps, the induction of aromatase activity in the skin which would have localized, 

feminizing effects.  Combined with other evidence that estrogen directly induces 

female pheromone expression in males, our findings reveal the evolutionary pattern of 

sex steroid control of sexual signal expression in sauropsids (birds, reptiles). 

 

Introduction 
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Secondary sexual characteristics take many forms, and most vertebrates show 

pronounced sexual dimorphism in these characteristics that facilitate species/sex 

recognition as well as mate assessment.  For example, most bird species have sex 

specific breeding plumage that can be composed of bright colors, elaborate feathers, 

and complex iridescence and reflectance properties, all of which can be sexually 

selected (Andersson 1994).  Such secondary sexual characteristics can be seasonally 

regulated by the presence of sex steroid hormones, which have activational effects on 

the expression of sexual signals (Owens and Short 1995).  Removal of the activational 

hormone(s) via gonadectomy disables the expression of the sexual signal, thus 

eliminating the dimorphism (e.g. van Oordt and Junge 1934; Stokkan 1979). 

Activation of sexually dimorphic signals can be accomplished by single 

hormones, but often several hormones are involved, especially in the regulation of 

complex signals.  For instance, sexual coloration in tree lizards requires activation and 

organization by two different androgens, testosterone and dihydrotestosterone, but 

each hormone has specific effects on aspects of sexual coloration (Hews and Moore 

1995).  Further, masculine sexual signals in sauropsids (reptiles, birds) are often not 

activated by the presence of androgens; instead, the absence of a female hormone 

(typically estradiol) prevents expression of the female sexual signal in males.  For 

instance, castration of adult mallards has no effect on their bright breeding plumage, 

which suggests that androgens are not required for expression of this signal (e.g. 

Haase and Schmedemann 1992).  However, ovariectomy of females has been shown 

to induce the expression of male breeding plumage (e.g. domestic fowl, Greenwood 

and Blyth 1938; blue-winged teals, Greij 1973).  Here, the absence of estrogen causes 
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the ovariectomized female to express the male breeding plumage, which has been 

noted anecdotally in domestic fowl that have non-functioning ovaries (Owens and 

Short 1995).  Female pheromone production in red-sided garter snakes is elicited by 

estrogen implantation in males (Parker and Mason, in prep).  Removal of estrogen 

abolishes male expression of the female trait and returns the expression of the normal 

male trait (male-typical pheromone blend, in this case).  However, in another previous 

experiment, we found that castration induces expression of the female pheromone 

blend without the presence of exogenous estrogen.  The goal of this experiment was to 

determine if the presence of testosterone inhibits expression of the female trait induced 

by castration or if a mechanism for estrogen production is being triggered to enable 

female pheromone production in castrates. 

The idea for this study arose from a naturally-occurring phenomenon in the 

Manitoba garter snake study system.  Some male red-sided garter snakes smell like 

females (“she-males”; Mason and Crews 1986).  It was believed that this was perhaps 

an alternative reproductive strategy in this system, but she-males are typically ignored 

in mating balls when a female is present (Shine et al. 2003).  Further, most males 

express female pheromone upon emergence, which appears to confer a selective 

advantage to these cold males by enabling them to warm up faster once at the surface 

(Shine et al. 2001a; LeMaster et al. 2008).  Although female mimicry is transient in 

most males, some she-males continue to express female pheromone beyond the first 

weeks of the mating season (Mason and Crews 1986).  These long-term she-males 

have higher circulating testosterone than normal males, and it was postulated that 

aromatase activity in their skin may be constitutively active leading to aromatization 
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of androgens to estrogens within the skin, causing a localized, feminizing effect on the 

expression of pheromones (Mason and Crews 1986). Such a scenario mirrors the 

findings from Sebright banthams where hen-type feathering in males persists, even 

following castration (George et al. 1981).  The expression of the male comb and wattle 

was abolished with castration, but hen-type feathering was not, leading to the 

discovery of a mutation in the aromatase gene in the skin of males causing constant 

expression of female plumage due to production of estrogen at the skin (George et al. 

1981).  Work in mallards revealed that castration induces assumption of eclipse 

(“female”) plumage, but only when castrates are given high doses of testosterone, 

suggesting that aromatase expression in the skin may be induced by castration (Haase 

and Schmedemann 1992).  These lines of evidence lead us to hypothesize that female 

pheromone expression in castrated males may be due to aromatase activity in the skin, 

or it may simply be due to the lack of testosterone inhibition of pheromone production 

in the skin. 

Castration/hormone replacement is a standard method for studying the effects 

of hormones on behavior and sexual signals, but potent inhibitors can also be used in 

combination with traditional approaches to block the effects of hormones or the 

enzymes that regulate their conversion into other, active compounds.  For instance, 

flutamide and cyproterone acetate have both been used as successful inhibitors of 

androgen action, mostly as assayed by abolishing/reducing male-typical behaviors 

(e.g. Tokarz 1987; Deputte et al. 1994; McGinnis et al. 1996; Bayley et al. 2002; 

Fusani et al. 2007; Sebire et al. 2008).  However, the ability of inhibitors to work 

effectively/fully is dependent on the dosage given and the target type (peripheral vs. 
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central; Alexandre and Balthazart 1986).  By using an established aromatase inhibitor 

(1,4,6-androstatrien-3,17-dione; ATD), we expect to block the ability of aromatase to 

convert androgens to estrogens both within the skin and systemically.   

 

Methods 

Collection of animals and laboratory conditions 

We collected male red-sided garter snakes (Thamnophis sirtalis parietalis) in 

the spring of 2008 (n=63).  All animals were collected from the same den (Inwood, 

Manitoba, CA).  The snakes were transported back to the laboratory at Oregon State 

University (Corvallis, OR) and kept under simulated field conditions in environmental 

chambers (summer, 14h 26C:10h 16C L:D; fall, 10h 16C:14h 8C; winter, 0h:24h 4C). 

 

Surgical procedures 

In July of 2008, snakes were anaesthetized with a subcutaneous injection of 

brevital sodium (0.003 mL of 0.5% solution per 1 g body mass) until righting reflex 

was abolished (~15 min.; see Wang et al. 1977).  Sterile corneoscleral scissors were 

used to make an incision between the second and third dorsal scale rows to insert the 

implants into the peritoneal cavity.  Silastic implants (1.67 mm i.d. X 2.41 mm o.d. X 

10 mm length; Dow Corning) were created from silastic tubing sealed with medical 

adhesive (silicon) at both ends after being filled with crystalline testosterone (n=24; 

Sigma-Aldrich), ATD (1,4,6-androstatrien-3,17-dione, n=12, Sigma-Aldrich), or left 

empty (n=15).  ATD was chosen as the aromatase inhibitor as it has been shown to be 

effective in blocking sexually dimorphic behavior and morphology in mammals, birds, 
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and fish when implanted peripherally, demonstrating that implantation results in both 

central and peripheral distribution of this inhibitor (e.g. Bakker et al. 1996; Guiguen et 

al. 1999; Van Duyse et al. 2005; Roselli et al. 2006; Adkins-Regan and Leung 2006).  

Only one study has been done using ATD to block aromatase-driven sex behavior in 

garter snakes, so in this experiment, we followed the protocol for implant size shown 

to be effective in that study (Krohmer 2008).   For implant-only groups, the incision 

site was sutured (4-0 silk suture fitted to small cutting needle) following insertion of 

the implant into the intraperitoneal cavity.  For groups requiring castration, the testes 

were exposed and excised using sterile forceps, corneoscleral scissors and a cauterizer 

(see Camazine et al. 1980 for methods).  Following surgery, the snakes were allowed 

time (6h) to recover in a sterile cage before being placed back in their home cage.  In 

the spring of 2009, all animals were taken to the field for bioassays in the den. 

 

Bioassays 

We have developed a bioassay where mating balls containing a single female 

were started in the den by placing a newly emerged female on the ground until 20 

males began courting her.  The female had her cloaca taped to prevent copulation 

since mated females rapidly become unattractive (Devine 1977).  The taping 

procedure does not affect male or female behavior (LeMaster and Mason 2002; 

Lutterschmidt et al. 2004).  Once the mating ball formed, we introduced the 

experimental animal within 20 cm of the mating ball.  We counted the number of 

males attracted by the experimental male from the mating ball over a one minute 
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period without replacement.  Males were removed from the experimental male if they 

exhibited chin rubbing behavior (a score of 3 in ethogram of Moore et al. 2000).  

 

Implant and castration validation via radioimmunoassay 

Blood (0.3 ml) was taken from all males via caudal vein within one min using 

heparinized syringes (1 cm3, 25-g).  Blood was stored on ice (<4h) until centrifugation 

to separate out red blood cells (1500 rpm, 5 min), and the plasma was frozen at -20C 

and stored at -80C until used in direct radioimmunoassay following modified 

procedures of Lutterschmidt et al. (2004) and similar to previous hormone studies (e.g. 

Whittier et al. 1987). 

Briefly, we extracted steroids from plasma aliquots (20-40 µl) with anhydrous 

ethyl ether.  The ether phase was isolated and dried under nitrogen gas in a water bath 

(35C).  Hormone extracts were then resuspended in phosphate-buffered saline and 

incubated with tritiated testosterone (1,2,6,7-[3H]testosterone, GE 

Healthcare/Amersham Biosciences, Piscataway, NJ) and testosterone antiserum (Wein 

Laboratories, Inc., Succasunna, NJ) at 4C for 12–24 h.  Cross-reactivity of this 

antiserum with 5-α-dihydrotestosterone is high (63.2%), so results are reported as total 

androgen concentration, not testosterone.  Unbound steroid was separated from bound 

hormone using dextran-coated charcoal, and the radioactivity of each sample was 

quantified in a Beckman SC 6000 scintillation counter.  Samples were assayed in 

duplicate and corrected for individual recovery variation.  Mean extraction efficiency 

for testosterone was 99%, as determined by the recovery of tritiated testosterone added 

to samples before extraction with ethyl ether.  All samples (i.e., treatment groups) 
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were randomly distributed across the steroid assays (n=3).  Mean intraassay variation 

was 9%, and the interassay variation was 17%.  The limit of detection was 0.11 ng/ml.  

This value was assigned to non-detectable total androgen levels. 

 

Pheromone extraction and analysis 

All snakes were sacrificed at the end of the project for pheromone collection 

following the methods of Mason et al. (1989).  Snakes were euthanized with an 

overdose of brevital sodium (6 mg/kg) prior to individual collection of skin lipids by 

immersion in hexane for 12 hr.  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 using a 

rotary evaporator, and the total skin lipid yield of the dry product was determined (mg) 

before fractionation.  The pheromone was isolated using alumina columns (activity III 

[Sigma-Aldrich; St.  Louis, MO]; pooled fractions 4-6 [2% diethyl ether:98% hexane 

as mobile phase]).  The pooled fractions containing pheromone were reduced 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 methyl ketones that comprise the pheromone (>99% of fraction mass).  The 

pooled pheromone fraction was resuspended in a pheromone:hexane mixture (1 mg:1 

ml) before analysis with gas chromatography/mass spectrometry. 

Individual pheromone 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 μl) of the 1:1 samples (1 mg pheromone:1 ml 



142 

 

hexane)  were injected onto the fused-silica capillary column (RTX-1; 15 m x 0.25 

mm ID; Restek Corporation, Bellafonte, PA) 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 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 pheromone mass, unsaturated to 

saturated component ratio, and individual unsaturated and saturated component mass 

using one-way ANOVAs and two-way repeated measures ANOVAs followed by 

pairwise comparisons (Tukey Tests or Student-Neuman-Keuls multiple comparisons; 

SigmaStat v.3.5).  When assumptions of normality (distribution, equal variance) were 

not met, data were log-transformed before statistical analyses.  Pheromone mass and 

individual component mass were derived using previously published methods (Mason 

et al. 1990; LeMaster and Mason 2002).  By using an internal standard (methyl 

stearate, 20 μg/ ml hexane; LeMaster et al. 2008), we were able to derive individual 

component mass (μg) for all of the 17 methyl ketones comprising the pheromone.   
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Global differences in pheromone structure were analyzed by using the Multi-

Response Permutation Procedure (MRPP) in the vegan package for R (v.1.8-8; 

McCune et al. 2002) as previously published (Parker and Mason 2009).  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 scaling plot to 

visually represent differences in individual pheromone profiles were also generated 

using the vegan package, and all graphics were created in SigmaPlot (v.10.0). 

 

Results 

Radioimmunoassay 

Castration reduced total androgen levels in castrated groups (GX and 

GX+ATD) compared to SHAM snakes (U=17, P<0.001).  GX snakes had lower total 

androgen levels than GX+ATD snakes (U=0, P<0.001), which is most likely due to 

lack of testosterone (adrenal-derived testosterone) metabolism by aromatase in the 

ATD group leading to higher circulating levels of testosterone (e.g. Ellinwood et al. 

1984; Mougeot et al. 2005).  A common side effect of castration is adrenal 

hypertrophy and increased synthesis of sex steroid hormones (Parkes 1945; Rosner et 

al. 1966).  Testosterone implants resulted in average total androgen levels of 26.02 

ng/ml, which is within the physiological range for this species in both the breeding and 

non-breeding seasons (e.g. Moore et al. 2000; Moore et al. 2001).  

 

Bioassay 
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There were differences in the number of wild males in mating balls attracted 

by experimental males (H4=26.37, P<0.001). GX males attracted more males per 

minute than did SHAM (Q=4.469, P<0.05), GX+ATD (Q=3.160, P<0.05), GX+T 

(Q=3.736, P<0.05) and T males (Q=3.789, P<0.05; Figure 1). 

 

Pheromone analyses 

 Total skin lipid mass (mg/cm of length) was affected by treatment 

(F4,69=3.554, P=0.011).  Greater skin lipid mass was produced by GX+ATD, GX+T, 

and T males than GX males (q=4.055, P=0.043; q=3.505, P=0.041; q=3.918, 

P=0.036, respectively). No other differences existed in total skin lipid mass.  Mass of 

total pheromone (µg/ml) was affected by treatment (greatest in the GX and GX+ATD 

males; F4,65=5.665, P<0.001; Figure 2). Both GX and GX+ATD males produced more 

pheromone than SHAM males (q=5.774, P=0.001; q=5.047, P=0.004), and GX males 

also produced more pheromone than GX+T males (q=3.969, P=0.033). No other 

differences were detected in total pheromone production. 

Using MRPP, we can test for global differences in pheromone blend 

composition (individual methyl ketone values) using total abundance and relative 

proportion metrics obtained from integration of chromatograms.  There were global 

differences in pheromone composition between the groups using both total abundance 

and relative proportion values (A=0.074, P<0.001; A=0.067, P<0.001).  In pairwise 

comparisons using both abundance and proportion data, GX males had statistically 

different blends than SHAM (A=0.126, P<0.001; A=0.137, P<0.001) and GX+T 

males (A=0.076, P=0.007; A=0.091, P=0.007).  GX males had different pheromone 
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composition than T males based on relative proportions of methyl ketones (A=0.055, 

P=0.026) but not total abundance of methyl ketones (A=0.030, P=0.076).  GX males 

did not show differences in pheromone composition from GX+ATD males using 

either total abundance or relative proportions (A=-0.008, P=0.623; A=0.008, 

P=0.224). 

There were composition differences in the pheromone produced by GX+ATD 

males compared to other groups.  GX+ATD males had different blends than SHAM 

and GX+T males in total abundance (A=0.112, P=0.001; A=0.056, P=0.025), but 

only differed from SHAM males in relative proportions (A=0.054, P=0.011; 

GX+ATD vs. GX+T, A=0.014, P=0.263).  Lastly, T males had different pheromone 

blends than SHAM males in total abundance but not relative proportions of methyl 

ketones (A=0.045, P=0.037; A=0.016, P=0.237).  No other comparisons were 

different (see Table 1). 

Individual component mass differed due to both treatment and methyl ketone 

weight when comparing GX and SHAM males (F=6.280, P<0.001).  The methyl 

ketones that showed the most marked production in response to castration were the 

compounds weighing 476 (q=2.869, P=0.045), 490 (q=5.687, P<0.001), 504 

(q=5.858, P<0.001), 518 (q=7.667, P<0.001), and 532 Da (q=7.542, P<0.001), which 

are all unsaturated methyl ketones (Figure 3). The methyl ketones weighing 478, 492, 

and 506 Da all increased in GX males as well, though the magnitude of these 

differences was far less than that of the aforementioned compounds (q=3.743, 

P=0.010; q=3.581, P=0.013; q=6.062, P<0.001).  These same methyl ketones (478, 
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492, 506) were the only ones that increase following estrogen treatment in males 

(Parker and Mason, in preparation).   

Mass of certain methyl ketones was higher in GX males compared to GX+T 

males also (F=4.029, P<0.001).  The methyl ketones weighing 490, 504, 506, 518, 

and 532 Da had greater masses in GX males than GX+T males (q=3.948, P=0.006; 

q=3.514, P=0.015; q=3.992, P=0.006; q=5.872, P<0.001; q=5.403, P<0.001, 

respectively).  Interestingly, T treatment may affect the abundance of two saturated 

components of the pheromone blend compared to SHAM and GX+T males (methyl 

ketones 506 and 450; Figure 6). 

The ratios of unsaturated methyl ketones to saturated methyl ketones (U:S) in 

the sex pheromone blends of Thamnophis sirtalis parietalis have previously been used 

to delineate biochemical differences that contribute to male behavioral responses to 

different females (e.g. LeMaster and Mason 2002; Parker and Mason 2009).  There 

were differences in U:S ratios among the groups (F4,65=4.811, P=0.002).  GX males 

had higher U:S ratios than SHAM, GX+T and T males (q=5.622, P=0.002; q=4.740, 

P=0.007; q=3.866, P=0.022, respectively; Figure 7).  GX males and GX+ATD males 

did not have different U:S ratios (q=2.655, P=0.065), and no other differences were 

detected. 

Lastly, the pheromone blend can also be divided into high molecular weight 

(HMW, >463 Da) and low molecular weight groups (LMW, <463 Da; Parker and 

Mason 2009).  As was the case with U:S, there were differences among the groups in 

HMW:LMW ratios (F4,65=5.861, P<0.001).  GX males had higher HMW:LMW ratios 

than SHAM, GX+ATD, GX+T, and T males (q=5.928, P<0.001; q=2.934, P=0.042; 
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q=5.221, P=0.003; q=4.968, P=0.002, respectively; Figure 8).  No other differences 

were detected. 

 

Discussion 

The results from this study show that testosterone (T) actively prevents female 

pheromone production in male garter snakes.  In the absence of T, adult male garter 

snakes produce female pheromone blends that are attractive to males, as evidenced by 

their ability to elicit courtship behavior from wild males engaged in mating balls.  

However, when castrated males were given testosterone implants, they were 

unattractive, and their pheromone blends returned to the typical male blend.  The 

effects of testosterone and anti-aromatase treatment on pheromone production were 

disparate:  testosterone completely restored the male pheromone phenotype, but ATD 

only caused a significant shift in the HMW:LMW ratio back to the male-typical ratio. 

Taken together, these results suggest that female pheromone production is prevented 

by testosterone, and castration may be inducing an aromatase-based mechanism that 

converts non-testicular androgens (most likely from the adrenals) to estrogens to 

promote pheromone production. 

When testosterone is present, it has a consistent effect on pheromone 

composition: SHAM, GX+T, and T males all produced very similar pheromone blends 

(Figure 5, NMS plot).  The spread seen in the NMS plots of GX and GX+ATD 

pheromone blends is greater than that seen in the aforementioned groups.  Previous 

work showed that the composition of the pheromone blend produced as a result of 

estrogen implantation is relatively invariable, with blends from estrogen implanted 
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males being dominated by high molecular weight, unsaturated methyl ketones.  Since 

both GX and GX+ATD males lack a major source of sex steroid hormone unlike 

estrogen implanted and intact males, the variation in the composition of their 

pheromone blends is expected.   

In this paper, we have shown that there are differences in concentration and 

total abundances of methyl ketone molecules between certain groups (e.g. SHAM and 

T males).  However, the proportions of individual methyl ketones within the blend 

(which are not significantly different between SHAM and T males) override said 

differences and result in the observed lack of attractivity in T males.  This statistically 

significant difference may not be biologically relevant.  The fact that T implantation 

resulted in larger amounts—but not changes in proportions—of methyl ketones may 

simply reflect the well documented response of the skin to androgen treatment.  In 

mammals and birds, androgen treatment (implantation, injection; testosterone 

especially) stimulates skin lipid production (e.g. Nikkari and Valavaara 1970; Ebling 

1974; Abalain et al. 1984a).  Our results show that skin lipid production in garter 

snakes is increased by both T supplementation (GX+T and T males) and aromatase 

inhibition (GX+ATD) compared to gonadectomy alone (GX males).  The lack of a 

difference between SHAM and GX males in total skin lipid production may result 

from the decrease in amplitude of maximum seasonal total androgen levels in the 

laboratory compared to the field (laboratory: ~10 ng/ml, Parker, unpubl. obs.; field: 

~70 ng/ml, Moore et al. 2001).  Implantation with silastic tubing packed with 

crystalline testosterone boosted circulating androgen levels to 26 ng/ml, which would 

establish a dose-response type of effect on skin lipid production between GX, SHAM, 
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and T/GX+T males.  The difference in total skin lipid mass between GX and 

GX+ATD males may be due to lack of peripheral metabolism of adrenal-derived 

androgens in the aromatase-inhibited males.  Previous work has found that ATD 

treatment causes an increase in circulating levels of testosterone (e.g. Mougeot et al. 

2005).  ATD is thought to facilitate testosterone production by acting at the level of 

the pituitary to stimulate luteinizing hormone and/or adrenocorticotropic releasing 

hormone (Ellinwood et al. 1984; Slama et al. 1986).  Though there were no statistical 

differences in total androgen between GX and GX+ATD males in this experiment, all 

GX+ATD males had detectable levels of total androgen whereas GX males did not.  

This suggests that ATD may be stimulating testosterone production in castrates, most 

likely from the adrenal glands (e.g. Kitay 1963; Rosner et al. 1966).   

We propose that testosterone does not upregulate synthesis of female 

pheromone in the garter snakes.  Rather, lack of (or at least significant decrease in) 

testosterone is necessary for the expression of the female sex pheromone blend.  Total 

pheromone mass and individual methyl ketone abundance were affected by 

testosterone treatment, but proportions of the methyl ketones in the blend of the 

testosterone treated (T, GX+T) and SHAM males were not (Figure 6).  The idea of 

testosterone limitation regulating sexual dimorphism in skin lipid production was 

addressed in a study on the sebaceous glands of rats (Toh 1980).  Not only is there 

sexual dimorphism in skin lipid (sebum) production in rats, but the effects of 

castration are stronger if done before sexual maturity (Toh 1980).  An interesting aside 

is that, unlike in garter snakes, female-typical lipid secretion cannot be induced in 

other sebaceous-like glands with the treatment of estrogen (e.g. preputial glands of 



150 

 

rats, Alves et al. 1986).  Further, in mammalian skin, estrogen is thought not to 

promote, but rather inhibit, skin lipid production (e.g. Ebling 1967).  This balance 

between sex steroid hormones and skin lipid production is further complicated by the 

fact that pituitary hormones are likely involved, acting either directly or permissively 

to promote skin lipid production (e.g. Ebling 1974).  Such intricate regulation is not 

limited to mammals.  The uropygial gland of birds produces sex-specific blends of 

skin lipids that are affected by androgen treatment (e.g. Abalain et al. 1984a; 1984b).  

Also, the uropygial gland of male mallards can be induced to secrete female-typical 

blends of skin lipids if given estrogen implants, suggesting that skin lipid dimorphism 

is regulated in this gland by a balance between androgens and estrogens (Bohnet et al. 

1991).  In previous work, we have shown that estrogen overrides the inhibitory signal 

generated by testosterone by implanting intact males with estrogen (Parker and 

Mason, in preparation).  However, we know nothing about the role that pituitary 

hormones may be playing in the regulation of skin lipid production and/or 

composition in garter snakes, which is an interesting question. 

Males may be cuing in on the relative ratio of high versus low molecular 

weight methyl ketones in the pheromone blend, not simply the presence or absence of 

large amounts of pheromone or the relative abundances of unsaturated to saturated 

components.  The bioassay revealed that males were not interested in castrates treated 

with aromatase inhibitor, though the only statistically significant difference in the 

pheromone blends of GX and GX+ATD males was detected in the HMW:LMW ratios 

(the U:S ratio was “intermediate” for GX+ATD males compared to GX and SHAM 

males, but was not significantly different from either).  The comparison between the 
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GX and GX+ATD males is intriguing because this is the first evidence from our 

system that the HMW:LMW ratio alone is critical.  We knew from previous work that 

the ratio of unsaturated to saturated methyl ketones—for the entire blend—underlies 

male preference for certain females, with larger females producing a higher proportion 

of unsaturated methyl ketones in their pheromone blends than smaller females 

(LeMaster and Mason 2002).  The current paper is the first to show that the ratio of 

higher weight methyl ketones to lower ones is critical for triggering stereotypical 

courtship behavior in male snakes in the den.  Organisms that use pheromone blends 

consisting of large numbers of components to make mate choice decisions are capable 

of precise discrimination among blends, where mating behavior is only triggered in 

males if the molecules within the blend are in typical ratios (e.g. Hendry et al. 1975; 

Miller et al. 1976).  In our system, the majority of males are ignored in the den despite 

producing low levels of methyl ketones at least in the range of detectability by other 

males.  We believe this means the balance between HMW and LMW molecules is the 

key biochemical property of the sex pheromone for initiating male reproductive 

behavior.  Though the ratio of unsaturated to saturated methyl ketones mediates mate 

choice in this system, the ratio of the molecular weight of those components appears to 

be of equal importance.  

The relationship between sex steroids and skin-derived sexual signals in snakes 

is best understood in a phylogenetic context.  Given the extensive literature on avian 

endocrinology and behavior and their close evolutionary relationship with reptiles, we 

can draw inference into the evolution of hormonal control of skin-based signals from 

comparisons between our work and avian studies.  The expression of sexually 
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dimorphic plumage in basal bird groups is dependent on sex steroid hormones 

(reviewed in Owens and Short 1995).  In these basal groups, male expression of bright 

plumage is the ancestral state, with the derived state being the female’s dull plumage 

(Kimball 2006).  In regard to hormonal control, the ancestral condition is estrogen-

dependence of expression of the female trait (dull plumage, in the case of 

Paleognathid birds) and derived states vary from androgen dependence to 

nonhormonal control (Kimball 2006).  Estrogen’s role in regulation of plumage 

dichromatism has been established experimentally as well (Mueller 1970; Mueller 

1976).  Female mallard skin expresses female plumage, even in the absence of 

estrogen, once grafted to the skin of males (Mueller 1970).  Thus, not only is the 

control of the female’s dull plumage dependent on estrogen, the developmental effects 

of estrogen on this dimorphism are permanent.  Considering that male birds and 

squamate reptiles are homogametic (ZZ), male secondary sexual traits are suggested to 

be set in the original, default character state, with females (ZW) expressing derived 

states that are dependent on sex hormones only present after the development of the 

female reproductive tract (Kimball 2006).  The sex pheromone in garter snakes serves 

as an interesting evolutionary model for exploring the origin of endocrine-mediated 

control of sexual phenotype in terrestrial vertebrates given its parallel control 

mechanisms to those of bird plumage.  The derived state exists in female snakes, with 

estrogen activating expression of attractive sex pheromone blend.   Males, however, 

may provide a window into the evolution of active inhibition of expression of female 

traits (via testosterone’s presence), which has not been shown in bird plumage 

experiments. 
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The relationship between sex steroid hormones and pheromone production in 

snakes is complex.  While estrogen can directly stimulate female pheromone 

production in males, castration is sufficient to produce the same outcome.  However, 

estrogen implanted males are more attractive than are castrates (Parker and Mason, in 

preparation).  This may simply be a dose-dependent response to estrogen if indeed 

aromatase activity is induced following removal of testosterone (and other androgens) 

via castration.  Estrogen-induced attractivity in males is reversible by removing 

estrogen (Parker and Mason, in preparation), and castration-induced attractivity in 

males is reversible by implanting castrates with testosterone or by blocking aromatase 

activity with an inhibitor (this study).  Ultimately, we believe that pheromone 

production is directly regulated by estrogen (+) and testosterone (-) with aromatase 

mediating this balance and shifting it toward female-typical pheromone expression in 

the absence of testosterone.  Thus, the garter snake sex pheromone blend serves as an 

honest indicator of an individual’s sex, but only when its underlying hormonal 

architecture is intact and functioning in line with the individual’s genetic sex. 
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Figure 6.1.  Bioassay results examining attractivity of experimental male red-sided 
garter snakes.  The number of wild males that left a mating ball in the den to court the 
focal animal (courtship score ≥ 3) were counted over 1 min. (mean + SEM).  Different 
letters above bars represent statistically significant differences between groups 
(P<0.05).  SHAM=intact males implanted with blank silastic capsules, GX=castrated 
males implanted with blank silastic capsules, GX+ATD=castrated males implanted 
with aromatase inhibitor, GX+T=castrated males implanted with testosterone, T=intact 
males implanted with testosterone. 
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Figure 6.2.  Total mass (µg) of methyl ketones (sex pheromone components; 
mean+SEM) produced by experimental males.  See Figure 1 for description of 
abbreviations.  Different letters above bars represent statistically different groups 
(P<0.05).  There is no difference between GX+T and T males.   
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Figure 6.3.  Mass (µg; mean+SEM) of individual methyl ketones (grouped by 
molecular weight, Da) comprising the sex pheromone blend of intact (SHAM) and 
castrated (GX) male red-sided garter snakes.  Asterisks represent significant 
differences (P<0.05) from pairwise comparisons between experimental treatments.  
Inset:  Non-metric multidimensional scaling (NMS) plot for total pheromone 
composition based on relative proportions of methyl ketones comprising pheromone 
blends.  Each point represents an individual snake’s pheromone blend.  Points that are 
close together are more similar in composition than points that are farther apart.  
Dashed gray line represents the division between male-typical (left) and female-
typical (right) pheromone blends based on inspection of individual chromatogram 
patterns.
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Figure 6.4.  Mass (µg; mean+SEM) of individual methyl ketones (grouped by 
molecular weight, Da) comprising the sex pheromone blend of castrated (GX) and 
aromatase inhibitor-implanted males (GX+ATD).  Asterisks represent significant 
differences (P<0.05) from pairwise comparisons between experimental treatments.  
Inset:  Non-metric multidimensional scaling (NMS) plot for total pheromone 
composition based on relative proportions of methyl ketones comprising pheromone 
blends.  See Figure 6.3 for a description of the meaning of the plot.  Dashed gray line 
represents the division between male-typical (left) and female-typical (right) 
pheromone blends based on inspection of individual chromatogram patterns.
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Figure 6.5.  Mass (µg; mean+SEM) of individual methyl ketones (grouped by 
molecular weight, Da) comprising the sex pheromone blend of castrated (GX) and 
castrated males implanted with tetosterone (GX+T).  Asterisks represent significant 
differences (P<0.05) from pairwise comparisons between experimental treatments.  
Inset:  Non-metric multidimensional scaling (NMS) plot for total pheromone 
composition based on relative proportions of methyl ketones comprising pheromone 
blends.  See Figure 6.3 for a description of the meaning of the plot.  Dashed gray line 
represents the division between male-typical (left) and female-typical (right) 
pheromone blends based on inspection of individual chromatogram patterns.
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Figure 6.6.  Mass (µg; mean+SEM) of individual methyl ketones (grouped by 
molecular weight, Da) comprising the sex pheromone blend of intact males (SHAM), 
castrated males implanted with testosterone (GX+T), and intact males implanted with 
testosterone (T).  Asterisks represent significant differences (P<0.05) from pairwise 
comparisons between experimental treatments.  Inset:  Non-metric multidimensional 
scaling (NMS) plot for total pheromone composition based on relative proportions of 
methyl ketones comprising pheromone blends.  See Figure 6.3 for a description of the 
meaning of the plot.  Dashed gray line represents the division between male-typical 
(left) and female-typical (right) pheromone blends based on inspection of individual 
chromatogram patterns.
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Table 6.1.  Statistical results from pairwise comparisons of pheromone composition 
between experimental groups.  A: Relative proportions of methyl ketones comprising 
pheromone blends, B:  Total abundance of methyl ketones comprising pheromone 
blends.  Gray shaded cells are non-significant results, underlined values indicate 
discrepancies between relative proportion and total abundance outcomes of tests. 
 

A: 
RELATIVE PROPORTIONS OF METHYL 

KETONES 

 GX GX+ATD GX+T SHAM 
GX+ATD 0.224    

GX+T 0.007 0.025   
SHAM <0.001  0.011 0.659  

T 0.026 0.553 0.784 0.134 

     
B: 

TOTAL ABUNDANCE OF METHYL 
KETONES 

 GX GX+ATD GX+T SHAM 
GX+ATD 0.623    

GX+T 0.007 0.026   
SHAM <0.001 0.001 0.412  

T 0.076 0.205 0.576 0.037 
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Figure 6.7.  Ratio (mean+SEM) of unsaturated (U) to saturated (S) components in the 
pheromone blends of experimental male garter snakes.  Different letters above bars 
represent statistically different groups (P<0.05).  
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Figure 6.8.  Ratio (mean+SEM) of high molecular weight (HMW, >463 Da) to low 
molecular weight (LMW, <463 Da) methyl ketones comprising the pheromone blends 
in experimental male garter snakes.  Different letters above bars represent statistically 
different groups (P<0.05).   
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CHAPTER 7.  CONCLUSION 

The role that steroid hormones play in sculpting sex-specific signals is central 

to the coordination of reproduction.  For the majority of this dissertation, I have 

explored the relationship between pheromone expression and sex hormones in a model 

reptile, the red-sided garter snake.  In groups of vertebrates (e.g. species, clades) that 

exhibit strong sexual dimorphism, the divergence between the sexes in secondary 

sexual signals is often driven by sex steroids.  We know comparatively very little 

about the regulation of such sexual dimorphisms in non-avian and non-mammalian 

systems.  In this dissertation, I have revealed underlying control mechanisms for 

secondary sexual signals in a more basal group of vertebrates (snakes).  However, 

several research avenues that I pursued were not discussed previously.  Here, I would 

like to summarize these findings to convey what I have come to understand about the 

control of sex pheromone expression in red-sided garter snakes.  I will conclude by 

discussing the role that the skin played in the evolution of chemical signals as the sole 

type of sexual signal that has been experimentally tested and supported in the 

reproductive biology of snakes.  

 

Remaining Questions – Female Garter Snakes  

 Though this thesis only included one chapter on female garter snakes, and even 

that chapter did not discuss the relationship between hormones and pheromone 

production, I have conducted several failed experiments that I would like to 

summarize.  The experiments all attempted to abolish/diminish pheromone production 
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in female garter snakes.  The negative data I generated in these experiments illuminate 

the evolution of the sex steroid-sexual signal relationship, which I will discuss. 

 

Ovariectomy 

 In the fall of 2005, summer of 2006, and summer of 2007, I created the 

following groups:  OVEX (ovaries removed, blank silastic implant given), SHAM 

(intact, blank silastic implant given), E2 (ovaries removed, estrogen implant given).  

The number of animals in each year varied greatly, as my original plan was to keep a 

large number of females for subsequent years.  In none of those years were the OVEX 

females rendered unattractive relative to SHAM snakes.  This is in contradiction to the 

results presented by Mendonça and Crews 1996, where ovariectomized females were 

“unattractive” to male garter snakes and received less courtship than control females.  

The results from that study, however, hinged on a laboratory bioassay of attractiveness 

where lab males are introduced to focal animals in test cages to assess the number of 

males courting and the courtship score per male.  Our bioassays were always done in 

the field with wild males to determine attractiveness of experimental animals.  Thus, it 

may be inaccurate to even compare the results of my studies to theirs.  However, in 

Mendonça and Crews (1996), they also admitted incomplete ovariectomy of some of 

the OVEX females, which is a problem.  An issue that I have had in my studies with 

females has been the toxicity of estrogen.  I often experienced a high incidence of 

death with E2 females, which is in contrast to the negligible level seen in males treated 
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with estrogen implants of the same size.  This sex-specific sensitivity to estrogen is 

intriguing. 

 

Inhibition 

 In addition to ovariectomy experiments, I have also attempted to 

abolish/diminish female attractivity by treating intact females with an estrogen 

inhibitor (tamoxifen).  This, again, was unsuccessful in diminishing female attractivity 

compared to controls.  I believe this is due largely to dosage and incomplete pairing of 

this treatment with ovariectomy.  Tamoxifen typically only prevents estrogen action 

when paired with complete removal of the ovaries, and tamoxifen has both agonist and 

antagonist properties depending on the type of estrogen receptor (Paech et al. 1997).  

Further, tamoxifen can be bound with high specificity by intracellular proteins at 

target sites for estrogen action, thus preventing tamoxifen from exerting any effect 

(e.g. Kon 1983).  These reasons combined to make interpretation of my tamoxifen 

experiment questionable. 

 

Future work 

 If other attempts will be made to render female garter snakes unattractive, there 

are several excellent approaches that, from results in this dissertation, could perhaps 

yield positive results.  Previous work showed that female garter snakes have high 

aromatase activity in their skins compared to males (~three-fold greater for females; 

Krohmer and Mason, unpubl. obs.).  Pairing ovariectomy with aromatase inhibition 
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(via ATD) could alter pheromone production.  Further, pairing ovariectomy, 

aromatase inhibition and testosterone treatment could have a larger inhibitory effect 

pheromone production.  Ultimately, I can envision a continuum of pheromone blends 

arising from the following treatment groups, from attractive to unattractive:  SHAM, 

OVEX, OVEX+ATD, OVEX+tamoxifen, OVEX+ATD+T. 

 Also, I attempted to address a dosage effect of estrogen in female garter snakes 

with a suprising result.  Since female snakes increase in fecundity with increasing 

length (and therefore age), I had considered the effect that length would have on the 

post-mating estrogen surge.  Immediately following mating in the spring, female red-

sided garter snake females exhibit a transient surge in estradiol (Whittier et al. 1987a).  

I abolished this effect by mating OVEX females in the spring, demonstrating that the 

surge is accomplished by the regressed ovaries (Parker, unpubl. data).  Later, I 

questioned whether the magnitude of the post-mating estradiol surge was related to 

SVL and if these size-dependent differences in the magnitude of the surge were 

mediating differences in pheromone composition and quantity among females.  My 

reasoning was that longer females would have more active follicles capable of 

secreting more estradiol.  Thus, longer females should greater post-mating estrogen 

surges, ultimately making these females more attractive.  However, I found that 

keeping wild caught females for a prolonged period (2+ weeks) before executing the 

experiment prevented some females from exhibiting the post-mating estrogen surge, 

an interesting finding on its own.  There are likely size-dependent effects to the surge, 
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and an elegant addition would be to implant males with different sizes of estrogen 

implants to determine how dosage affects composition of the pheromone.   

 

Summary 

 Ovariectomy in female garter snakes is insufficient for abolishing attractivity 

for several reasons.  First, the presence of systemic estrogen appears to exert a 

different level of effect on pheromone production since castrated male snakes with 

blank silastic implants still produce female pheromone blends.  An addition, the earlier 

in the season males are castrated, the more similar their pheromone blends are to those 

of large females (Parker, unpubl. data).  Second,  ovariectomy removes systemic 

estrogen, but it does not completely abolish physiological processes in the skin.  The 

skin can synthesize and respond to its own steroid hormones, suggesting that systemic 

hormones are not the only factors affecting cellular processes and synthesis in the skin 

(e.g.Zouboulis 2000; Zouboulis et al. 2002).  Third, the adrenal glands continue to 

synthesize sex hormones following gonadectomy, and combined with continued 

aromatase activity of the skin, functional, intact adrenal glands could prevent the skin 

from being deprived of hormones regardless of (epi)dermal hormone synthesis (Parkes 

1945; Kitay 1963; Toh 1980).  Lastly, pituitary hormones play peculiar roles in the 

regulation of skin lipid synthesis, as revealed by studies in mammalian systems (e.g. 

Nikkari and Valavaara 1970; Ebling 1974).  Perhaps hypophysectomy could also be 

used in combination with ovariectomy to modulate pheromone production in snakes.  

Taken together, I have established that the regulation of female sex pheromone 
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production is complex and relies on either the activational effect of estrogen or the 

suppressive action of testosterone (Figure 7.1).   

 

The Vertebrate Skin as a Source of Chemical Signals 

The skin of vertebrates was long considered a static organ whose primary 

(read: sole) duty was to establish a barrier to the external environment.  However, 

research in the physiology of mammalian skin has revealed a plethora of complicated, 

critical functions that the skin maintains for the body (e.g. vitamin D synthesis).  

Incredibly, the skin exhibits autocrine (“intracrine”) capacity enabling it to synthesize 

all of the hormones that compose at least one hormone axis (hypothalamic-pituitary-

adrenal, or HPA; Zouboulis et al. 2002).  In bizarre cases, such as the Sebright 

bantham which exhibits hen-type plumage, aromatization of estrogens in the skin may 

not only have localized effects (George et al. 1981).  Such skin-derived hormones can 

also enter circulation and have systemic effects, which has been demonstrated in avian 

and mammalian systems, including humans (e.g. George and Wilson 1980; McCamant 

et al. 1987; Hemsell et al. 1977).  Unfortunately, we know virtually nothing about the 

physiology of reptilian skin, especially the relationship between its innate physiology 

and systemic physiology, such as the influence of the central endocrine axes on 

processes within the skin.  This is problematic because the origins of mechanisms that 

function in birds and mammals could be understood in an evolutionary context by 

studying extant, basal taxa.  Interesting questions thus aris concerning 1) the evolution 

of the autocrine capacity of the skin as well as 2) the endocrine relationship between 
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the gonadal hormone axis and skin secretory function.  This thesis was an attempt to 

bridge an aspect of skin physiology (sexual signal production) with systemic 

physiology (endocrinology) by studying a model reptilian species that relies 

completely on a skin-based sexual signal for coordinating reproduction. 

How the lipid-based pheromone of garter snakes is synthesized remains an 

open question that could provide insight into the evolution of epidermal physiological 

pathways in vertebrates.  The skin is likely synthesizing female sex pheromone itself 

rather than the pheromone blend being synthesized and shuttled to the skin from some 

internal source.  Originally, it was hypothesized that the pheromone was vitellogenin, 

which is a large protein manufactured chiefly by the liver whose synthesis is 

upregulated by estrogen (Garstka and Crews 1981; Garstka et al. 1982). Though the 

role of vitellogenin as a pheromone was soundly disproven (Mason et al. 1989), 

certain researchers in snake reproduction have failed to acknowledge the significance 

of these findings (e.g. Aldridge et al. 2005).  This is surprising considering that the 

blend of methyl ketones that serve as sex pheromones was identified, synthesized, and 

then rigorously tested (e.g. Mason et al. 1990).  Further, the sex pheromone is 

remarkably similar to other lipids produced de novo by epidermal-type tissues, even in 

invertebrates (e.g. Chase et al. 1992).  The synthesis of pheromone in garter snakes 

occurs within the skin based on three critical pieces of evidence.  First, the female sex 

pheromone becomes more abundant throughout hibernation, but females do not shed 

between the fall and emergence in the spring (Parker and Mason 2009).  Second, the 

skin of snakes does not have pores for exuding products from circulation nor does it 
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exhibit discrete glands for specialized secretory action (Lillywhite and Maderson 

1982).  Third, the methyl ketones are secreted en mass with a collage of skin lipids 

throughout the length of the snake’s body.  These last two points are peculiar since the 

majority of vertebrate pheromones that have been identified are distinct products of 

specialized glands.  For example, courtship pheromones in salamanders arise from 

mental glands, territorial markings in lizards are produced by femoral glands, and sex 

pheromones in elephants are exuded from temporal glands (Rollmann et al. 1999; 

Martín and López 2006; Greenwood et al. 2005).  How, then, could the mechanism of 

pheromone production have arisen in snakes? 

The skin of tetrapods secretes lipids primarily for preventing evaporative water 

loss, and many tetrapods have evolved specific lipid-producing glands for this 

function (e.g. sebaceous glands in mammals, uropygial glands in birds; Lillywhite and 

Maderson 1982;Maderson 1986).  However, this is not true for snakes, even though 

their closest relatives, squamate lizards, possess lipid-producing glands (femoral 

glands).  Snakes have a glandless skin and instead secrete their integumentary lipids 

throughout the entirety of the skin.  It has previously been suggested that, in the 

evolution of terrestrial life, the simplest mode of communication would have been 

cheap, labile chemical cue deposition in the environment, such as marking territories 

with skin lipids or feces (Duvall 1986).  Since the skin had to upregulate lipid 

deposition to prevent desiccation on land, this hypothesis is tenable (Maderson 1986).  

One of the more perplexing aspects to skin biology is that an array of diverse 

compounds composes the skin lipid milieu of extant terrestrial vertebrates, yet most of 
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these compounds have unknown functions (Nicolaides 1974).  An emergent 

hypothesis is that at least some of these compounds may have originally served as 

chemical signals to coordinate species-specific activities on land.  Sexual selection on 

skin-based chemicals could have driven the diversification of skin lipid compounds.  

The link between a) seasonally fluctuating, sex-specific hormones that have conserved 

effects in vertebrates and b) expression of basal secondary sexual signals that have 

remained stable over time can reveal the evolutionary origin of sexual dimorphisms 

that act as the substrate for sexual selection.  

Further work is needed using multiple vertebrate models to form a complete 

understanding of the evolution of skin-based sexual signaling, which is likely the most 

ancestral form of terrestrial communication.  Much work has been done by researchers 

in dermatology on the relationship between steroid hormones and skin lipid 

production/composition in mammals to understand certain pathologies, especially acne 

and cancers of the skin.  A wealth of knowledge exists from these medical studies.  

The major research models for studying the relationship between steroids and skin 

physiology are the rat sebaceous gland and the costovertebral organ (“flank gland”) of 

hamsters.  What has emerged from decades of studies in these models is that lipid-

secretion is responsive to castration and hormonal manipulation, but more importantly, 

the composition of these secretions is affected by sex steroid hormones (e.g. Ebling 

1974; Grando 1993).  The flank gland especially is interesting because this gland 

primarily secretes lipids that have a chemical communication function, and the gland 

is largely composed of sebaceous-type secretory cells (e.g.Takayasu and Adachi 1970; 
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Cabeza and Miranda 1997; Cabeza et al. 1998).  Most importantly, the flank gland of 

males hypertrophies in response to sex steroid hormone treatment (androgens) and 

becomes reduced under the influence of castration and androgen inhibitors (Lutsky et 

al. 1975).  This model holds much promise in a comparative context if it were to be 

paired with studies in the red-sided garter snake.  It may be possible to find a unifying 

theme in the shifts in skin lipid composition resulting from steroid manipulation.  Such 

a pattern could elucidate a physiological pathway(s) for synthesis underlying the skin-

hormone interaction that acted as the original mechanism contributing to the current 

diversity in vertebrate skin lipid composition. 

 

Discussion 

The evolution of skin-based sexual signals in snakes remains mysterious.  

Unlike other reptiles that have received extensive, diverse research attention for their 

displays of visual sexual signals (anoles, side-blotch lizards), no such intersexual, 

visual signals have been identified in snakes.  This may be correlated with the loss of 

limbs; however, male-male combat is an intrasexual behavioral display and is 

widespread in snakes (see Carpenter and Ferguson 1977 for review).  Also, snakes 

exhibit a tremendous diversity of aversive visual displays and warning colorations.  

Visual systems in snakes show a comparable diversity and even exhibit spectacular 

adaptations for processing and interpreting complex visual signals  (Hartline et al. 

1978; Sillman et al. 1997; Davies et al. 2009).  Though these lines of evidence do not 

necessarily purport the existence of undescribed visual sexual signals in snakes, it is of 



181 

 

181 

note that none have been addressed experimentally.  Some species of snakes do 

exhibit sexual dimorphism in coloration, but whether this plays a role in mate 

selection has yet to be tested (Seigel and Ford 1987).  There is evidence for males 

making species-level discrimination based on color pattern (Shine 2005).  However, 

sex identification in that study system was only accomplished once males had access 

to chemical cues.   

The fossorial origin of serpentine life likely precluded the evolution of visual 

signals for coordinating reproduction.  Instead, ancestral snakes may have relied upon 

immediately accessible, chemical sexual signals for species and sex recognition.  Not 

only is there sexual dimorphism in chemical signals in snakes, but also in the anatomy 

required for perception of such chemical cues (e.g. Huang et al. 2006; Smith et al. 

2008).  Thus, both signal production and reception exhibit sexual dimorphism, 

suggesting that these sensory systems have been shaped by sexual selection.  The 

work presented in this dissertation furthers the idea that chemical communication may 

be the only method by which snakes effectively coordinate reproduction.  Not only is 

genetic sex reflected by the skin lipid blend, but composition of the blend is directly 

regulated by sex steroid hormones.  This is the first set of studies to demonstrate 

qualitative and quantitative relationships between internal and external chemical 

signals in a reptile.  I hope that my results elicit future experimentation to understand 

the evolution of physiological mechanisms controlling sexual signal expression, which 

can be revealed by studying reptilian model systems such as the red-sided garter 

snake.  
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Figure 7.1.  Conceptual model of hormonal control of pheromone expression in garter 
snakes.  Black lines represent natural pathways, dashed lines are experimental.  
ZZ=male genotype for reptiles and birds, ZW=female genotype.  Either the presence 
of estrogen or the absence of testosterone can induce female pheromone expression. 
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