Journal of Chemical Ecology, Vol. 30, No. 3, March 20@42004)

TIMBER RATTLESNAKES (Crotalus horridu$ USE
CHEMICAL CUES TO SELECT AMBUSH SITES

RULON W. CLARK*

Department of Neurobiology and Behavior
Cornell University
Ithaca, New York 14853, USA

(Received June 10, 2003; accepted November 12, 2003)

Abstract—Chemicals left by organisms moving through the environment are
used by other organisms to mediate interspecific interactions. Most studies of
chemical eavesdropping focus on prey responding to chemical cues from preda-
tors, despite the fact that chemical cues are frequently used by predators as a
source of information about pregrotalus horridususes a foraging strategy that

is widespread among sedentary predators: the snake chooses a site where it is
likely to encounter prey and remains immobile for many hours. | investigated this
ambush hunting behavior in captive-raised timber rattlesnakes and provide evi-
dence that sit-and-wait predators may discriminate among prey chemical cues,
evenwhen they have no prior experience with the prey. Snakes explored chemical
cues with chemosensory behaviors, and more frequently adopted a stereotyped
ambush foraging posture toward chemical cues from prey sympatric with their
population of origin than either allopatric prey or sympatric nonprey species
that are eaten by other viperids. These results support the notion that intra- and
interspecific variation in diet may be mediated proximally by innate recognition

of cues from particular prey items. This system also describes a bioassay that
may be used in the isolation and identification of prey-derived kairomones. Stud-
ies such as this can be used to determine more realistic parameters for models
of predator—prey interaction and foraging behavior that involve secretive, less
active predators.

Key Words—Timber rattlesnakeCrotalus horridus foraging behavior, chem-
ical cues, prey discrimination.

INTRODUCTION

Organisms leave chemical cues on the substrate as they move through the en-
vironment. These are often used by other organisms to mediate interspecific
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interactions, providing prey information about their predators (Kats and Dill,
1998), and predators about their prey (Burghardt, 1990). Even though the use of
chemical cues to find prey is a common hunting strategy, most work on chemical
exploitation has focused on prey detecting predators (Kats and Dill, 1998).

Scent or odor trails left inadvertently by prey animals are generally assumed
to be composed of chemicals released as an unavoidable consequence of excretory
processes. These cues represent a reliable information source about potential prey,
and are exploited by a variety of predators. Most studies of chemosensory prey
recognition focus on actively foraging predators that use chemical cues to find and
track prey (Burghardt, 1990; Stowe et al., 1995; Finelli et al., 2000; Koivula and
Korpimaki, 2001). However, chemical cues are also used by sit-and-wait predators
to locate profitable ambush sites at which to sit and wait for prey (Downes, 1999;
Roth et al., 1999; Carroll, 2000; Persons and Rypstra, 2000). Many aspects of the
use of prey chemical cues are likely to differ between ambush and active foragers,
since they seek to derive different information.

For an ambush strategy to be effective, predators must be able to identify
sites where they are likely to encounter their prey. The use of chemicals to se-
lect profitable ambush sites requires some means of identifying species-specific
cues that have been left relatively recently. The extensive literature on actively
foraging squamate reptiles indicates that many species are born with an ability to
use chemical cues in discriminating among prey (Burghardt, 1990). These studies
use similar methods to present predators with chemical cues (reviewed in Cooper,
1998): a cotton-tipped applicator is impregnated with chemicals from the integu-
ment of a potential prey species and then placed in the vicinity of the predator.
The number of tongue-flicks (indicative of level of vomeronasal functioning) and
the propensity to bite the applicator is then used as an index of positive responses.
Studies following this methodology have found that actively foraging snakes and
lizards discriminate among different prey chemical cues, and that these prefer-
ences vary geographically (Arnold, 1981). Presumably, this predisposition toward
certain prey is an efficient means of focusing foraging behavior on prey that is
beneficial, because it is either abundant, relatively easy to catch, or energy rich.

However, predators that typically do not actively track their prey fail to re-
spond to chemical cues that are presented following the cotton applicator method.
In particular, most iguanian and agamid lizards (Cooper, 1995) and viperid snakes
(Chiszar and Scudder, 1980) exhibit no response to prey chemical cues presented
on cotton-tipped applicators. It may be that for some cases the chemical cues
were not presented in an ecologically relevant manner. Many snakes are primarily
ambush predators, moving widely through the environment in search of chemical
cues, which are then used in ambush site selection (reviewed in Greene, 1992).
Prairie rattlesnakesCfotalus viridig, pygmy rattlesnakesS{strurus miliariug,
and broad-headed snakéemplocephalus bungaroidgbkave all been shown to use
chemical cues to locate suitable ambush sites (Duvall et al., 1990; Downes, 1999;
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Roth et al., 1999; Theodoratus and Chiszar, 2000). Since chemosensory informa-
tion is so important for snakes in general (Halpern and Kubie, 1984; Schwenk,
1995), the use of prey chemical cues exhibited by these species is probably char-
acteristic of most snakes that ambush their prey.

Inthis study, | examine the selection of ambush sites by a sit-and-wait foraging
viperid, the timber rattlesnak€(otalus horridu3, presented with chemical cues
derived from various potential prey species. This study is the first to examine the
ability of a sit-and-wait predator to discriminate among various chemical cues
when selecting an ambush site.

METHODS AND MATERIALS

The snakes used in this experiment consisted @@falus horridusbornin
the laboratory to three wild-caught females that were caught on August 15, 1999,
in Wyoming, Clinton, and Lycoming Counties, Pennsylvania. | conducted exper-
iments between October 1, 2000, and May 1, 2001, during which the 24 snakes
ranged from 45.5to 66.7 cm total length and from 64 to 196 g in body mass. Snakes
were housed individually in 20 gallon aquaria and reared on a diet of laboratory
mice. The snakes were maintained in a Cornell University animal-holding facility
at22—26C under a 12L:12D light cycle, with a water dish and heating pad situated
at one end of each aquarium.

| tested the 24 experimental subjects once each on a series of aqueous extracts
of the integument of 8 vertebrate species, some of which were known to be prey
for C. horridusin at least some part of its range (Clark, 2002). Each subject was
also tested using tap water as a control. All aqueous extracts were prepared by
placing a living, intact animal into a water bath for 10 min in the proportion of
1 ml of water per gram of body mass. Extracts were refrigerated until use. All
extracts were used within 8 hr.

I made extracts from green froBé&na clamitang great plains skinkfumeces
obsoletuy, laboratory rat Rattus rattuy, cotton rat Sigmodon hispidysdwarf
hamster Phodopus sungorischipmunk Tamias striatuy white-footed mouse
(Peromyscus leucopysnd dog Canis familiarig. All of the animals from which
extracts were made were wild-caught, except the dog, laboratory rat, and dwarf
hamster, which were bred in captivity. | chose species to provide chemical extracts
that represent (1) species that naturally occur in the diet of the population from
which the snakes were taken (white-footed mice and chipmunks); (2) species that
occur in the diet of other populations of the same species (cotton rat); (3) species
related to natural prey, but not sympatric with horridus (dwarf hamster and
laboratory rat); (4) species sympatric with horridusthat are not eaten, but that
are eaten by other pitviper species (skink and green frog); and (5) a nonprey
mammalian animal (dog).
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The testing procedure consisted of placing a shake in a wooden, open-topped
enclosure (75« 75 x 120 cm) lined with clean construction paper and containing
a water dish, a cover object, and two rectangular wooden blocks @28 4 cm).

The snake acclimated to its new surroundings for at [@akbefore each test. At

the beginning of each test, both wooden blocks were removed and paper towels
were placed across the top of each. One of these paper towels, selected at random,
was soaked in 10 ml of extract, while the other was soaked in tap water. Both
wooden blocks were replaced in the enclosure, and the snake was allowed to
respond to these chemical extracts for 120 min, after which the paper towels were
removed from the wooden blocks and the trial ended. When placed back into
the enclosure, the blocks were situated in an area of the arena such that each was
approximately equidistant from the subject. | used this method for creating artificial
chemical trails because it allows the presentation of similar chemical cues from a
broad range of prey species. In pilot studies, snakes exhibited similar responses to
chemical extracts made from aqueous extracts and more naturalistic trails made
from allowing a small mammal to run across the substrate surface several times.

Each of the 24 subjects was tested with a different random ordering of the nine
conditions (eight experimental and one control). No subject was tested more than
once in a 30-d period. All tests were conducted at least 21 d after the subject had
last been fed. Subjects undergoing ecdysis were not tested. Be€ahegaidus
forages mainly at night (Reinert et al., 1984), all trials were conducted during
the dark half of the light cycle and recorded with a video camera with low-light
recording capability (Soyy Handycam CCD-TRV57).

All videotapes were coded and scored blindly. | defined the first encounter
with the chemical extract as the time from the initial encounter to the time the
snake removed its head from contact with the chemical extract for more than
60 sec. The snake’s head did not have to be in contact with the chemical extract
for the entire time of the initial encounter, so long as it was not out of contact for
more than 60 sec. | recorded the latency to encounter the chemical extract and the
number of tongue flicks that the snake delivered to the chemical extract during
this encounter (defined as a tongue flick where the tongue actually contacted the
trail or was directly above the paper towel containing the extract). Additionally, |
noted whether or not the subjects adopted the stereotyped ambush posture response
(Reinert et al., 1984) after encountering the chemical extract. Qualitatively, this
response is a stereotyped, overt behavior, consisting of the snake coiling in a tight
coil adjacent to the chemical extract, with the head and neck oriented toward the
trail in a ready-to-strike position. To quantify this behavior, an ambush posture was
defined as the snake not moving, with its head and anterior one third of its body
in a recoiled position, oriented toward and within 15 cm of the chemical extract,
adopted within 2 min of tongue flicking the chemical trail, and maintained for at
least 5 min. In the majority of cases, the ambush posture was maintained for the
entire duration of the trial if it was adopted.
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For statistical analysis, | used a scoring system to create a composite measure
of the ambush response and the number of tongue flicks, given upon first encoun-
tering a trail. This scoring system is based on a widely used measure developed
for actively foraging snakes, the tongue-flick attack score, or TFAS (reviewed in
Cooper and Burghardt, 1990). TFAS assumes that an attack is a stronger response
than any number of tongue flicks and that the latency to attack decreases with
increasing stimulus. TFAS is calculated as

TFAS = TFmax+ (TL — latency)

where Thaxis the maximum number of tongue flicks emitted toward the stimulus
by any individual in any trial, TL is trial length in seconds, and latency is the la-
tency in seconds to attack the stimulus. Under this scoring system, individuals that
attack the stimulus receive the base unit score gf.L,Fmodified by the latency

to attack. Individuals that do not attack are scored as the number of tongue flicks
emitted toward the stimulus. | modified this score by substituting the ambush re-
sponse for the attack response. In so doing, a tongue-flick ambush score (TFAM) is
created

TFAM = TFnax+ (TL — latency)

where Thax is the maximum number of tongue flicks emitted during initial en-
counter of the chemical extract by any individual in any trial, TL is trial length in
minutes, and latency is the latency in minutes to adopt the ambush posture toward
the chemical extract. This composite measure, like TFAS, assumes that an ambush
posture indicates a stronger response than any number of tongue flicks, and that
the latency to ambush posture decreases with increasing stimulus.

The responses of the subjects were square-root-transformed, tested for nor-
mality with Kolmogorov—Smirnov tests, and compared with a randomized block
ANOVA, with snake identity as the blocking factor. Tukey’s test was used to make
pairwise comparisons. Statistical analysis was conducted with the software pro-
gram Minitat®. All values are given as meah SE.

RESULTS

The number of tongue flicks toward chemical extracts during initial encounter
varied markedly among treatments (Table 1) and was highest for white-footed mice
(116 £ 12) and chipmunks (10% 13). The ambush posture was never adopted
in response to the blank control treatments, nor to the skink treatment, but was
adopted by at least one individual in response to all other treatments (Table 1).
The ambush posture was adopted most frequently in response to chemical cues
from white-footed mice (46% of trials) and chipmunks (33% of trials). In general,
the mean rates of tongue flicking, latency to encounter the chemical extract, and
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TABLE 1. RESPONSES OFCAPTIVE-RAISED TIMBER RATTLESNAKES DURING FIRST
ENCOUNTER WITH CHEMICAL DERIVED FROM9 DIFFERENT SOURCES

Length of Latency to
Tongue  encounter  encounter  Ambush posture

Trail flicks (min) (min) occurs TFAM
Tap water control 1&5 0.6+ 0.2 56+ 11 0 17+ 5
Dog 44+ 7 1.7+ 0.3 15+ 7 1 52+ 12
Green frog 42+ 8 1.7+ 0.3 32+ 10 2 56+ 15
Skink 74+ 9 3.3+ 04 18+ 7 0 74+ 9
Lab rat 66+ 9 27+04 27+ 8 4 93+ 18
Cotton rat 611 28+0.5 24+ 9 5 108+ 20
Dwarf hamster 7% 8 3.3+ 04 11+ 5 5 111+ 16
Chipmunk 105+ 13 4.0+05 5+1 8 156+ 21
White-footed mouse 116 12 5.0+0.5 10+ 4 11 164+ 21

Note.Each snakeN = 24) was tested once under each treatent.

propensity to exhibit the ambush posture were correlated, indicating the usefulness

of a single composite measure that takes all of these measures into account.
Comparison of the average TFAM scores with a randomized block ANOVA

shows that the snakes differentiated between the treatmaints 8, 23; F =

13.2; P < 0.001, Figure 1)Post hoccomparisons with Tukey’s test reveal that

(Figure 1) the response to all treatments was stronger than the response to the blank

control (P < 0.01); the response to chemical cues from natural prey (chipmunks
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Fic. 1. Tongue flickambush response (TFAM) of timber rattlesnakes to chemical trails from
different animals P < 0.001, randomized block ANOVAN = 24). Tukey’s test used to
compare individual treatments (A B, P < 0.03; C> D, P < 0.05).



TIMBER RATTLESNAKES USE CHEMICAL CUES TO SELECT AMBUSH SITES 613

and white-footed mice) was stronger than the response to all other treatments,
including chemical cues from other small mammal species<(0.03); and the
response to small mammal species was stronger than the response to trails made
from nonmammal and large mammal species< 0.05).

DISCUSSION

This study illustrates the ability @@rotalus horridusto use chemical cues in
locating suitable ambush sites. Previous studies have indicated that other ambush-
foraging snake species are sensitive to chemical cues when ambushing prey. Greene
(1992) reviewed field observations of venomous snakes, using chemosensory cues
to locate suitable ambush sites, and coined the term “mobile ambushing” to de-
scribe that foraging strategy. Prairie rattlesnakés\iridis), in the field and in
the lab, coiled near bedding soiled by potential prey (Duvall et al., 1990). Addi-
tionally, prairie rattlesnakes adopted ambush coils directed toward chemical trails
left by mice (Theodoratus and Chiszar, 2000). Free-ranging pygmy rattlesnakes
(Sistrurus miliaruy were attracted to transects that had been treated with aqueous
washes from their preferred prey (Roth et al., 1999). Broad-headed shikae{
cephalus bungaroidgsvere attracted to retreat sites containing odors from velvet
geckos Qedura lesueur)i(Downes, 1999). These studies show that the use of prey
chemical cues in ambush site selection is likely an important foraging technique
that is taxonomically widespread in serpents.

The use of prey kairomones (sensu Brown et al., 1970) by squamate reptiles
has been the focus of several model systems in behavior and ecology (Arnold,
1981; Burghardt, 1990; Chiszar et al., 1992; Cooper, 1995); yet none of these sys-
tems have combined the ecological aspects of prey recognition and discrimination
with the chemical identification of prey-derived kairomones. Identification of the
kairomones used in these systems is necessary to understand the mechanisms by
which predators use chemosensory information to identify and discriminate among
chemical stimuli from their prey. Using bioassay-guided fractionation, proteina-
ceous chemoattractants that elicit predatory attacks from garter snakes in an active-
foraging context have been isolated from both earthworms (Wang et al., 1993)
and frogs (Wattiez et al., 1994). To date, no attempts have been made to identify
kairomones used by sit-and-wait predators. Active and ambush foragers derive
different types of information from prey kairomones; therefore, the nature of the
kairomones used in these two contexts may differ.

Timber rattlesnakes are specialists on small mammals, and feed on almost
nothing else, other than the occasional bird (Clark, 2002). The subjects from
this study were taken from a north-central Pennsylvania population, where the
diet consists primarily of white-footed mice, deer mice, red-backed voles, and
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chipmunks (Reinert et al., 1984; Clark, 2002). The only other species used in this
study that regularly occurs in the diet of timber rattlesnakes is the cotton rat, which
is only eaten in southern populations (Clark, 2002). The snakes responded more
positively to chemical extracts from chipmunks and white-footed mice thanto those
of cotton rats. Chemical extracts from lizards and frogs were not as stimulating to
timber rattlesnakes as those from small mammals. Other viperid species from the
same dens and populations as timber rattlesnakes prey on frogs and lizards, even
though timber rattlesnakes do not (Uhler et al., 1939; Savage, 1967; Keenlyne and
Beer, 1973). Taken together, these results indicate that food preferences are locally
adapted, and that both intra- and interspecific variations in diet are mediated in
part by the recognition of prey chemical cues.

Timber rattlesnakes responded more strongly to chemical extracts from their
natural prey than to chemical extracts from closely related species. This response
was exhibited in spite of the fact that the subjects were born and raised in captivity
and had never encountered natural prey items. However, at least one subject ex-
hibited the ambush posture in response to all other chemical trails, except skinks,
indicating that inexperienced snakes may also investigate chemical cues from an-
imals that do not appear in their natural diet. Therefore, even though they are
biased toward natural prey items, timber rattlesnakes retain the ability to respond
to novel prey. Previous studies employing the cotton applicator technique have
shown that active foragers using chemical cues to trail their prey also discriminate
among potential prey in favor of those that occur in the natural diet (Burghardt,
1990). As with the timber rattlesnakes in this study, actively foraging snakes also
exhibit mild predatory responses to a wide range of species that do not occur
in their diet. In general, it seems that snakes are born with a predisposition to-
ward chemical cues from certain prey species, which can then be strengthened or
weakened by subsequent experience (e.g., Arnold, 1978; Burghardt, 1999). Sub-
sequent experiments with timber rattlesnakes have indicated that their responses
to prey chemical cues are also affected by feeding experience (Clark, unpublished
data).

The snakes in this study were raised on laboratory mites(musculus
and thus the positive responses to chemical trails from small mammals might re-
sult from this diet. However, this does not explain why sympatric small mammal
species are preferred to others. Taxonomically, chipmunks are more distantly re-
lated toM. musculughan any of the other small rodents used in this study (Hall,
1981), so it is unlikely that the more positive response seen to natural prey was
due purely to similarity between their chemical cues and those from laboratory
mice.

In addition to tongue flicking and the ambush posture, mouth gaping (Graves
and Duvall, 1983) was observed in these experiments. This behavior has been
observed in other species, and is presumably a mechanism by which snakes can



TIMBER RATTLESNAKES USE CHEMICAL CUES TO SELECT AMBUSH SITES 615

enhance chemosensory functioning by clearing the vomeronasal passage once it
has become saturated with stimuli (Schwenk, 1995). In this study, it was most
frequently seen either immediately after orimmediately before an ambush posture
was adopted.

Ambush site selection by timber rattlesnakes has the potential to address many
guestions about foraging behavior and predator—prey interactions. For example, it
would be possible to examine how timber rattlesnakes respond to chemical trails
that potentially encode information bearing on the probability of prey encounter
or capture. Such a system could be used to test models of optimal giving-up time
for an ambush forager (e.g., Nishimura, 1991) or game-theoretic model of habitat
selection by prey (Bouskila, 2001).
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