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Abstract Chemoreception is often crucial to the interaction between predators and their

prey. Investigating the mechanisms controlling predator chemical preference gives insight

into how selection molds traits directly involved in ecological interactions between species.

In snakes, prey cue preferences are influenced by both direct genetic control and experi-

ence-based plasticity. We assessed prey preference in a group of Dusky Pigmy Rat-

tlesnakes that had eaten only mice or lizards over a 5 year period to test whether genetics

or plasticity primarily determine the preference phenotype. Our results provide evidence

for genetic determination of preference for lizard chemical cues in pigmy rattlesnakes.

Snakes preferred the scent of lizards, regardless of their initial diet, and the response to

mouse scent did not differ from the water-only control. We discuss these findings in light

of previous studies that manipulated snake diets over shorter timescales.

Keywords Prey preference � Tongue-flick � Pigmy rattlesnake � Sistrurus miliarius �
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Introduction

The means by which predators locate and attack their victims can dictate key features of

predator–prey dynamics, such as encounter rate, defensive strategies, and the likelihood of

coevolution in antagonistic interactions (Brodie and Brodie 1999; Gilman et al. 2012).

Instances of geographic or ontogenetic variation in the preference of predators for par-

ticular prey provide the opportunity to investigate the conditions under which selection
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favors phenotypic plasticity versus fixed traits with a direct genetic basis in such

interactions.

Chemoreception is a common mechanism by which predators identify and locate

suitable prey. Chemical cue preferences are highly tractable, as they can be assayed with

choice experiments or the measurement of response intensity to a chemical stimulus.

Squamate reptiles have been developed as a model system for studying the relative effects

of genes and environment on chemical cue preference (Burghardt and Hess 1968; Bur-

ghardt 1993). The tongue of many squamate reptiles is paired with a specialized

chemosensory surface, the vomeronasal organ, and exclusively used for chemosensory

purposes. As such, the positive relationship between interest in prey chemical cues and the

intensity of tongue-flicking behavior is well-established for many species (Burghardt and

Hess 1968; Burghardt and Pruitt 1974; Cooper and Burghardt 1990). Tongue-flick studies

in different snake species have revealed diverse sources of influence on prey preference

including a heritable genetic basis for preference for certain prey chemical cues (Arnold

1981; Waters and Burghardt 2005), ontogenetic shifts in preference that parallel shifts in

gut contents of wild specimens (Saviola et al. 2012), and experience-related modulation of

preference that may be induced by a single meal (Burghardt and Krause 1999; Waters and

Burghardt 2013).

The impacts of multi-year diet restriction on prey preference have not been explored in

snakes, with the longest experimental study involving different diets lasting from birth to

1 year of age (Gove and Burghardt 1975). Further, most studies of snake chemical cue

preference have been conducted on active foraging snakes in the family Colubridae, pri-

marily Thamnophis sirtalis. Preference studies of sit-and-wait predators, such as viperid

snakes, are comparatively rare, limiting the scope for inference about the importance of

taxonomic and life-history differences in the evolution of preference (but see Clark 2004b;

Bevelander et al. 2006; Saviola et al. 2012).

To investigate the impact of long term diet restriction on prey preference in an ambush-

foraging pitviper, we studied a captive population of Dusky Pigmy Rattlesnakes (Sistrurus

miliarius barbouri) fed from birth to the age of 5.5 years on either mice or lizards (see

Gibbs et al. 2011). There is previous experimental evidence showing that this snake uses

chemoreception when selecting ambush sites (Roth et al. 1999; Bevelander et al. 2006).

Furthermore, our experimental diets represent both major and minor taxa present in the

natural diet of the Dusky Pigmy Rattlesnake, which is largely composed of reptiles and

frogs, with small mammals representing a minor diet component (Gibbs and Mackessy

2009). Under an experience-based model where foraging success effects future preference,

we would expect to see elevated preference for chemical cues of a snake’s long-term prey

type. Alternatively, if snakes from both diet groups preferred a single prey scent over the

other, this would be evidence for strong genetic effects on preference. We assessed these

alternatives using the classical method of tongue flick counts during presentation of

aqueous prey extracts.

Materials and methods

Test subjects

The Dusky Pigmy Rattlesnakes used in this experiment were captive born from four

pregnant females collected near Deland, Florida, in 2008. At birth, we placed snakes into
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experimental diet groups as part of the study of Gibbs et al. (2011) on the effects of snake

diet on variation in their venom. The snakes used in the current study had been fed

exclusively on either Cuban brown anoles (Anolis sagrei; hereafter referred to as lizards,

n = 3 snakes) or white mice (Mus musculus; hereafter referred to as mice, n = 6 snakes)

for 5.5 years. Two snakes were the single offspring of two other mothers. A group of four-

siblings was equally divided among the diet treatments, while a three-sibling group con-

sisted of one mouse-fed and two lizard-fed individuals.

Feeding and housing

We housed all snakes in one room and fed them every 2 weeks. We fed each snake a meal

that equaled 12 percent of its body weight 22 days before beginning the scent trials to

control for hunger levels in the snakes. We transferred all snakes to large-size Kritter

Keepers� (Model 20025, 34 cm 9 23 cm 9 22 cm, Lee’s Aquarium and Pet Products,

San Marcos, CA) that were laid on their longest side with the lid facing the middle of the

room. The clear side of the enclosure facing up was covered with black paper into which a

rectangular port was cut for a GoPro� video camera (Hero 3 model, GoPro, Inc., San

Mateo, CA).

Procedure for tongue-flick trials

We prepared scent extracts of lizard and mouse following the procedure of Clark (2004a)

which involves suspending prey items in distilled water for 1 h, storing the aliquots of the

prey-infused water at -80 �C and then using thawed aliquoits for tongue flick trials.

Aliquots of pure distilled water served as controls. To prepare for a trial, we opened one

thawed scent vial and dipped a single cotton swab into the extract. Next, we fixed the

cotton swab to the end of a 750 cm long 9 1 cm wide wooden rod. Then, we placed the

GoPro� camera in the port atop the enclosure, opened the enclosure door, and introduced

the scent to the snake.

The trial began when the swab reached 5 cm in front of the snake’s head where it was

held motionless and the snake’s response assessed. Each trial lasted for 40 s, during which

time the observer counted all tongue-flicks and notified a second observer sitting out of

view of the time of strikes by the snake. We confirmed the final tongue flick counts and

timing of strikes secondarily when both E.H.K. and a second, naı̈ve observer viewed and

scored all trial videos. The inter-rater reliability of tongue-flick counts between these

observers was measured as 0.99 via Pearson’s correlation coefficient.

We observed all snakes in nine separate trials over a period of 9 days, with one trial per

day. Three tests occurred with each scent extract (mouse, lizard, distilled water). Given the

three experimental scents tested, there were three possible orders in which we could have

presented them to the snakes. We randomly assigned two snakes on mouse diets and one

snake on the lizard diet to each possible presentation order. We fixed this order across the

9 day trial period (e.g. a snake might have been presented mouse, lizard, water, mouse,

lizard, water, mouse, lizard, water).

Data analysis

We used our tongue flick counts and timing of strikes during trials to calculate the tongue-

flick attack score (TFAS; Cooper and Burghardt 1990). The TFAS is a composite measure
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that considers the number of tongue-flicks observed while providing additional weight to a

strike by the snake at the cotton swab. The TFAS is calculated as

TFAS = TF ? (TL - latency), where TF is the number of tongue-flicks, TL is the trial

length, and latency is the time at which a strike occurs. If there is no strike, latency is equal

to trial length.

Trials without any tongue-flicks were omitted from analysis, since we cannot confirm

awareness of the scent in these cases. We used SPSS Statistics v.22 (IBM Corp., Armonk,

NY) during analysis. The TFAS data were log-transformed to meet assumptions of nor-

mally-distributed residuals and homoscedasticity. We fitted a linear mixed-effects model

(LMM) to the transformed data, with experimental diet, scent, and scent*diet interaction as

fixed factors. Snake ID was specified as a random subject-variable with a scaled identity

covariance structure to model the non-independent measurements done on a single snake,

while trial day (1–9) was included as a repeated-measures variable with a first-order

autoregressive covariance structure to model potential non-independence of all measures

taken closer together in time. Degrees of freedom for the model were estimated with the

Satterthwaite approximation. A significant main effect of scent would support genetic

determination of scent preference, while a significant scent*diet interaction would support

diet-induced plasticity in chemical cue preference.

Results

Snakes reacted with at least one tongue-flick in 56 of 81 trials. For both experimental diet

groups, lizard scent elicited nearly twice the number of tongue-flicks, led to snakes striking

the cotton swab about three times more frequently, and there were fewer tongue-flicks

before the first strike, meaning that the decision to strike required less chemical investi-

gation (Table 1).

The linear mixed-effects model revealed that the scent extract presented affected the

TFAS (F2,34.3 = 4.65, P = 0.016, Fig. 1), where the TFAS in response to lizard scent was

approximately double that shown in response to mouse or water presentation. There was no

main effect of experimental diet (F1,6.6 = 0.064, P = 0.808) or a scent * diet interaction

Table 1 The tongue-flick and strike response of Dusky Pigmy rattlesnakes to a 40 s presentation of lizard
extract, mouse extract, or water on a cotton swab

Diet Scent # Trials with a
tongue-flick

Proportion of trials
with a tongue-flick

# Tongue
flicks

Proportion of
trials with a
strike

# Tongue
flicks before
strike

Lizard 8 0.89 11.9 ± 4.7 0.38 1.5 ± 0.5

Lizard Mouse 6 0.67 5.5 ± 3.3 0.17 4.0 [n = 1]

Water 7 0.77 6.8 ± 2.1 0.29 5.5 ± 3.5

Lizard 9 0.5 8.4 ± 3.6 0.56 0.83 ± 0.2

Mouse Mouse 14 0.77 5.4 ± 0.6 0.14 3.5 ± 2.5

Water 12 0.67 6.7 ± 1.3 0.17 4.0 ± 2.0

Other than the proportion of trials with a tongue-flick, all values were calculated from only the trials during
which a snake reacted to presentation with at least one tongue-flick. Data are proportions or means (±1 SE),
and means were calculated by first averaging repeated trials within an individual snake
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(F2,34.3 = 0.047, P = 0.954), which suggests a lack of inducible plasticity in the chemical

preferences of these snakes. Dunn–Šidák corrected post hoc comparisons of the model-

estimated means for each prey scent to the control scent showed that Pigmy rattlesnakes

preferred lizard scent over the water control (P = 0.017; model-estimated 95 % CI for

difference in TFAS: 1.21–9.38), while the response to mouse scent did not differ from

water (P = 0.962). This confirms an overall preference for lizard scent, regardless of

whether snakes had been fed only lizards or only mice since their birth.

Discussion

Our main result is that regardless of whether these rattlesnakes were fed only mice or only

lizards from birth to five and a half years of age, they preferred the scent of lizards. This

provides strong indirect evidence for a canalized genetic determination of preference for

lizard chemical cues in these snakes. Furthermore, there is no evidence that 5 years of

feeding on mice elevates a rattlesnake’s response to mouse scent in any way, since the

response to mouse scent did not differ from the water-only control. Given the strong

evidence for a genetic basis for preference, we can expect chemoreception to be targeted

by divergent selection among areas with varying availability of specific prey species given

that pigmy rattlesnakes eat a variety of prey (Gibbs and Mackessy 2009).

Toxicity assays show that Pigmy rattlesnake venom is most toxic to A. sagrei, as

compared to frog and mouse models (Gibbs and Mackessy 2009). This suggests that

chemical cue preference of these predators is well-matched with both their capability to

capture lizard prey over mice and the increased abundance of lizards in their diet. Margres

et al. (2015) showed that fang morphology and venom variation are functionally-integrated

phenotypes for feeding in the Eastern Diamondback Rattlesnake (Crotalus adamanteus).

Our result suggests that chemical preference could be another component of the integrated

feeding system of rattlesnakes, where the importance of particular prey species leads to the

parallel evolution of both prey-specific venom and chemical cue targeting.

Our study is limited by both sample size and potential non-independence among the

siblings in groups. Squamate chemoreception is a highly stereotyped response to certain

scents based on chemoreceptor density and chemical concentration (Burghardt and Hess

1968; Halpern 1992; Burghardt and Chmura 1993), allowing studies like ours to measure

chemical preference with a high ratio of signal to noise despite small samples (e.g. Gove
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and Burghardt 1975; Mushinsky and Lotz 1980; Weaver and Kardong 2009). Reduced

power would bias toward not detecting real effects of our treatments: in contrast we

detected a clear pattern of preference for the lizard scent. Heritable variation in

chemosensory responses among litters has been previously documented in garter snakes

from a single site (Burghardt et al. 2000), as well as preference polymorphism within a

single litter (Burghardt 1975). For our purposes, more homogeneity in genetic makeup

should facilitate testing the alternatives of genetic and environmental control of phenotype.

Prey preference in snakes has been used as a trait to study both adaptive genetic

divergence in behavior (Arnold 1981; Drummond and Burghardt 1983; Aubret et al.

2006) and the contexts under which experience results in a phenotypically plastic trait

(Clark 2004a; Aubret et al. 2006; Waters and Burghardt 2013). Studies with diet expo-

sure periods ranging from 1 week to 1 year in a range of species have shown evidence for

both plasticity (Fuchs and Burghardt 1971) and a strong genetic basis for the trait (this

study; Burghardt and Hess 1968; Arnold 1977; Arnold 1981). We see two future research

directions as useful for understanding the ecological and evolutionary bases for the high

degree of variation in the factors determining prey preference shown by this work. First,

comparative phylogenetic analyses would establish how labile feeding preference is over

evolutionary time and if there are broad ecological correlates with prey preference

characteristics within lineages of snakes (Cooper 2008). Second, population-level com-

parisons of preference variation within a single species could yield insights into how

geographic variation in selection shapes the evolution of plasticity, especially if paired

with estimates of both local prey availability and levels of gene flow (Arnold 1981;

Gomulkiewicz et al. 2007). These approaches complement each other by providing macro

and microevolutionary perspectives on what determines variation in this behavioral

phenotype.
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