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The sensory systems of Boidae and Crotalinae snakes detect subtle differences of thermal
infrared energy. The complexity of this ability involves neurophysiological mechanisms
with interspecific differences in the anatomy of thermoreceptor organs and functionally in
thermal detection ranges and thermal thresholds, with ecological correlations that
influence the thermo-reception. However, little is known about the information these
snakes obtain and use from infrared radiation. We analyzed the behavioral response of
adult Mexican Lance-head Rattlesnakes (Crotalus polystictus) to static thermal stimuli,
evaluating the influence of distance from the snake of the thermal stimuli, and its lizard-
like or mouse-like shape. The results reveal that C. polystictus is able to detect static
thermal stimuli located from 20 to 200 cm away. Head movements and tongue-flicks were
the most frequently performed behaviors, which suggests they are behaviors that can
facilitate the detection of subtle differences in temperature of static stimuli. In addition, we
suggest that stimulus shape and temperature are important in the timing of head
orientation and frequency of tongue-flicks. We discuss the possible methodological and
sensory implications of this behavioral response in C. polystictus.
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Abstract

The sensory systems of Boidae and Crotalinae snakes detect subtle differences of thermal
infrared energy. The complexity of this ability involves neurophysiological mechanisms with
interspecific differences in the anatomy of thermoreceptor organs and functionally in thermal
detection ranges and thermal thresholds, with ecological correlations that influence the thermo-
reception. However, little is known about the information these snakes obtain and use from
infrared radiation. We analyzed the behavioral response of adult Mexican Lance-head
Rattlesnakes (Crotalus polystictus) to static thermal stimuli, evaluating the influence of distance
from the snake of the thermal stimuli, and its lizard-like or mouse-like shape. The results reveal
that C. polystictus is able to detect static thermal stimuli located from 20 to 200 cm away. Head
movements and tongue-flicks were the most frequently performed behaviors, which suggests
they are behaviors that can facilitate the detection of subtle differences in temperature of static
stimuli. In addition, we suggest that stimulus shape and temperature are important in the timing
of head orientation and frequency of tongue-flicks. We discuss the possible methodological and

sensory implications of this behavioral response in C. polystictus.
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Introduction

The Viperidae and Boidae snakes are families, widely recognized for their ability to detect subtle
fluctuations in infrared thermal radiation (<0.003°C; Bullock & Diecke, 1956; Ebert, 2007;
Bakken & Krochmal, 2007). The thermal difference between objects, allows these snakes to
assimilate thermal information (Shine & Li-Xin., 2002; Krochmal & Bakken, 2003; Van Dyke &
Grace, 2010), which converges with visual information in the optical tectum, to create an

environmental thermal map (Newman & Hartline, 1981, 1982; Campbell et al., 2002).

The neurophysiological mechanisms these snakes use to detect thermal contrasts have
been widely studied (Newman & Hartline, 1982; Berson & Hartline, 1988; Goris, 2011). It is
known that these mechanisms help snakes find optimal sites for thermoregulation (Bakken &
Krochmal, 2007), perceive images during the ecdysis process (King & Turmo, 1997), and detect
both predators and prey (Noble & Schmidt, 1937; Molenaar, 1992). However, the functionality
of this mechanism is limited by a snake’s morphology and its interaction with the environment.
For example, variables such as pit diameter and depth may influence the sharpness, strength and
contrast of an image and may be correlated with snake habits, habitats, and prey activity periods

(Bakken & Krochmal, 2007).

Other investigations have focused on the pit membrane irradiance, which is a function of
source dimensions, source-background temperature contrast, and distance (Bakken & Krochmal,
2007)). Although the general knowledge about snake thermoreception is widespread, scientists
know little about the amount of information that snakes obtain from the infrared spectrum and
studies are pending to clarify the effect of prey shape and distance as variables that may be

involved in a snake’s reaction and its ability to detect temperature differences.
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Only a few behavioral studies have explored the detection of snake thermal stimuli. The
present work investigates the thermal detection, measured as the thermal irradiance contrast of a
target against the background at different distances, and the resulting ability of the Mexican
Lance-head Rattlesnake (Crotalus polystictus) to detect two forms of prey stimulus using a
behavioural approach. The advantage of behavioral studies is that the reception and assimilation
of thermal signals is displayed as a whole across the behavioural reaction of the snakes, while
studies of thermal infrared imaging in the facil pit, center only on certain features of the thermal
perception or processing (Ebert & Westhoft, 2006). Crotalus polystictus is a medium-sized snake
with a total length of up to 800 mm (Fig. 1). It is endemic to Mexico (specifically the
neovolcanic axis) and subject to special protection (SEMARNAT, 2010). Habitat includes
grasslands and pine-oak forests between 1450 and 2600 m elevation (Armstrong & Murphy,
1979; Campbell & Lamar, 1989). It feeds mainly on small endothermic vertebrates such as mice,
and ectothermic vertebrates such as lizards. Both have been reported as the main prey for the

only well-studied population in Mexico (Meik et al., 2012). It is active in both day and nighttime.

Material & Methods

This study received the approval of the ethics committee of the Universidad Autonoma del
Estado de México (Number 4047/2016SF). All subjects were treated humanely on the basis of

guidelines outlined by the American Society of Ichthyologists and Herpetologists (ASIH, 2004).

In order to analyze the behavioral response of C. polystictus (Cope, 1865) during presentation of
a static thermal stimulus that was different in both shape and distance, we used eight adults
males (mean + 1Standar Deviation, SD: Snout Vent Length SVL=518.4 + 137.5 mm; body

weight = 236.2 £ 79.9 g) provided by Herpetarium “Reptilium” of the Zacango Zoo in Toluca,
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Meéxico. The snakes were kept inside the herpetarium and individually housed in glass terrariums
(50 x 30 x 30 cm) containing water dishes, ad libitum, and logs. The terrariums were housed at
an ambient room temperature of 20-28°C, and were exposed to a 12 h light/12 h dark
photoperiod. The snakes were fed every 12 days with mice (Mus musculus) of approximately
10% of their body weight to stimulate their appetite during the trials (Ebert & Westhoff, 2006).
Five days after mouse ingestion the snakes defecated and during the next seven days the snakes

were tested. When the tests were finished, the snakes were fed again.

Thermal stimuli

To evaluate the effect of prey shape in the thermal reception of the snakes, we used the forms of
the two main prey of C. polystictus, a mouse-like shape (6 cm?) and a lizard-like shape (7 cm?).
Specifically both thermal stimuli were built with resistors (22 Q) (Fig. 2; Martinez-Vaca, 2015)
and attached to an electronic switch (Solid State Swich, SSR 10 amp). The temperature of both
thermal stimuli was adjusted and constantly monitored with a thermal sensor (thermocouple K -
270 -1372 °C), which was attached onto the surface of prey-like element and connected to an
intelligent temperature programming device (XMT-7100 , Nanning Giant Mechanical and

Electrical Technologies, China) so that we could adjust and control the stimuli temperature.

Although the geometry of both thermal stimuli is complex, with many resistors
presenting various angles between the long axis of the resistor and the vector from the target to
the snake, Pit vipers respond behaviourally to different forms of thermal contrast (Van Dyke &
Grace, 2010), particularly, this structure of thermal prey has been tested in Viperidae snake
Ophryacus undulates, demonstrating that they can thermally simulate both prey (Martinez-Vaca,

2015) and provoke behavioral response of snake during presentation of static thermal stimulus.
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To generate a temperature difference of 5°C between the artificial stimuli and the room
temperature, the thermal stimuli were maintained at 29 + 1°C and the room temperature at 24 +
1°C, with the thermal sensor and the temperature programming device, previously described.

The absolute temperatures in °C was used in thermal radiation calculations. The total radiant flux
emitted from both stimuli and the irradiance contrast was calculated using the adjusted model
Stefan-Boltzmann as in de Cock Bunning (1983). We calculated the irradiance contrast for both
stimuli located 20 cm from the snake (minimum distance, as described below) and 200 cm
(maximum distance). The lizard-like stimulus had a thermal contrast of 0.012 to 0.00012 W cm?,
and the mouse-like shape was 0.010 to 0.00010 W/cm?, where W cm? represents watts per square

centimeter.

Experimental tank

The experimental glass tank (220 x 20 x 20 cm) was divided into two compartments:
compartment A in which the experimental snake was maintained during the test (20 x 20 x 20
cm; Fig. 3), and compartment B (200 x 20 x 20 cm) into which an experimental thermal stimulus
was placed. Compartment B was marked every 20 cm, from 0 to 200 cm, (Fig. 3). The two
compartments were separated by a metal mesh barrier (5 mm pore) located at the 0 cm mark that
prevented the snake from touching the thermal stimulus and decreased the visual perception of it
as well. To eliminate external vibrations (Van Dyke & Grace, 2010) the experimental tank was
placed on a 20 mm thick Polystyrene sheet. The tank was covered with dark paper to prevent the
snakes from seeing the observer (Stone, Ford & Holtzman, 2000). Experimental tanks were

housed in a room with an air temperature of 24 + 1°C.

Experimental procedure
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We placed a stimulus (lizard-like or mouse-like) in compartment B of the experimental tank 15
minutes before testing, and at any one of ten distances (20, 40, 60, 80, 100, 120, 140, 160, 180
and 200 cm) from the mesh barrier that separated the two compartments. Ten minutes before the
test, one C. polystictus was extracted from its terrarium and placed into compartment A of the
experimental tank (Ebert & Westhoff, 2006). The test started after the snake adjusted to the new
surroundings and ceased moving about. The snake was videotaped (SONY DCR-DV203, 12
megapixels, Dolby Laboratories, Japan) for four consecutive minutes. The first two minutes of
video recording was a no-thermal contrast treatment in which the thermal stimulus was kept at
24 + 1°C, similar to room temperature. At two minutes, the heating mechanism to the thermal
stimulus was turned on and it gradually increased the temperature of the stimulus to 29 + 1°C in
86 £ 3.4 5(34.8 +3.7 s to up the first °C and 11.8 = 1.9 s between each posterior °C). During this
time, the snake was videotaped (for a total of two minutes) to record its behavioral response to
the stimulus (Ebert & Westhoff, 2006; Van Dyke & Grace, 2010). After the video recording
finished, we removed snake from the experimental tank and placed back into its terrarium. The
experimental tank was cleaned with Neutrox® odorless soap (Specialized Materials and Supplies

S.A of C.V, Jalisco, México) and another individual was placed in it for the next test.

The tests were conducted at night, from 1900 to 2400 hours in order to not alter the
snakes’ circadian rhythm and to coincide with the period of greatest activity recorded for C.
polystictus (Armstrong & Murphy, 1979). The thermal stimuli (lizard-like and mouse-like), the
ten distances to which the stimuli were placed (from 20 to 200 cm) and the eight experimental
snakes were randomly alternated. Three replications per distance were performed, each with a
different snake. To minimize habituation, each snake was tested only one time in a day, with

three days between each test.
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Evaluated behaviors and statistical analysis

To evaluate the ability of C. polystictus to detect static artificial thermal stimuli, in two different
shapes, and ten different distances, we observed and recorded the following behaviors displayed
by C. polystictus: (1) head orientation (change of head position in direction of stimulus, Ebert &
Westhoft, 2006); (2) tongue-flick (tongue protrudes from the mouth swinging up and down,
Gove & Burghardt, 1983); and (3) pupil orientation (change of pupil position in direction of
stimulus, Martinez-Vaca, 2015). Additionally, we measured the frequency and latency of each
behavior. Latency is defined as the time between when the thermal stimulus was offered and the

behavior was displayed.

The behavior frequencies were transformed by square root (Zar, 1984) and were analyzed
with a three-way ANOVA (temperature: 24 and 29°C; distance: 20 - 200 cm; and stimulus
shape: lizard or mouse) for each behavior. Because statistical test resolution can be affected by
sample size and inter-individual variability, it was decided to corroborate the maximum distance
of thermal detection (200 cm) with a two-way ANOVA (stimulus shape, and stimulus

temperature.).

For latency analysis, we used only behaviors registered when the stimulus temperature
reached 29°C due to the interests in the responses caused by the thermal stimulation and because
only some snakes showed a minimal and individual behavioral activity at room temperature
(24°C). Thus, we proceeded to perform a two-way ANOVA (stimulus shape and distance).
Finally, because in natural conditions the behavioral response to a thermal stimulus involves a
combination of different sensory systems, we applied a three-way ANOVA (stimulus shape,

distance, and behaviors) for latency and frequency at 29°C. When the significance level was <
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155  0.05, we used the post-hoc Student-Newman-Keuls test. We used the statistical program Sigma
156  Stat version 3.5, and for all results we reported behavior frequencies transformed by square root

157 (Zar, 1984). Data are represented as the mean + 1 SE.

158 Results

159  Each behavior in C. polystictus showed different frequencies, but neither shape nor distance of
160 stimulus had any effect on the frequencies of each behavior (three-way ANOVA, behavior, F), =
161 4.92, P=0.009; distance, Fo=0.82, P = 0.59; shape, F;= 0.35, P=0.55). The interactions

162 between behavior frequencies, distance, and shape were not significant (P > 0.05, Student-

163 Newman-Keuls post hoc).

164 The three-way ANOVA indicated that the head orientation and the tongue-flick had the
165 highest frequencies (2.32 and 2.27, respectively; Fig. 4B). The latency was similar for all

166 distances (Fy=1.91, P =0.06), and for all registered behaviors (¥ = 2.58, P = 0.08), however,
167 there is a slight tendency (P = 0.08) in which the pupil orientation was the first behavior

168 performed in response to the thermal increase of the stimulus (Fig. 4A).

169 Although few snakes had a minimum behavioral activity in the absence of thermal
170  contrast (when both stimulus temperature and room temperature were at 24°C). The snakes
171 responded more frequently to both stimulus shapes (lizard and mouse) when they gradually
172 increased in temperature to 29°C (tongue-flicks, F=37.81, P =0.001), head orientation (¥ =

173 56.89, P =0.001), and pupil orientation (¥ = 48.81, P =0.001; Fig. 5).

174 Only at 20 cm from the stimulus did the snakes direct more tongue-flicks to the mouse-
175 like shape than to the lizard-like shape (20 cm; Fig. 6). The latency of the snakes was lower for

176 the lizard-like stimulus (49 s), than for the mouse-like (67 s; F'=3.89, P = 0.055; Fig. 7). Neither
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the stimulus shape nor its distance influenced the latency of the snakes (distance Fo=1.14, P =

0.35; distance-stimulus shape Fo=1.68, P =0.12).

In general, the stimulus distance did not have a significant effect on the frequency of
behaviors registered, but when the stimulus was at 200 cm, the behavioral response was still
greater at 29°C than at 24°C stimulus temperature: tongue flicks (£ = 8.20, P = 0.02), head
orientation (' = 18.84, P = 0.002), and pupil orientation (¥ =9.75, P =0.01) (Fig. 8). At 29°C
the tongue flick and head orientation showed similar frequencies for both lizard-like and mouse-
like shapes. Only the frequency of pupil orientation was greater for mouse-like than for lizard-

like stimuli (£ =5.02, P = 0.055; Fig. 8).

Discussion

The objective of this study was to analyze the ability of the snake Crotalus polystictus to detect
and recognize static thermal stimuli in two different shapes, ten different distances, and two
different temperatures. The results show that this species can detect static thermal stimuli by
thermal contrast of relative warm objects (29°C) against a cooler background (24°C). This
species also shows a shorter time to respond to the lizard-like stimulus, and a more frequent
behavioral response to the mouse-like stimulus. In general, the behavioral response was not

different between the experimental stimulus distances.

Under our experimental protocol, the maximum distance for thermal stimulus was 200
cm and C. polystictus was able to respond behaviorally to this maximum distance. This suggests
a high thermal sensitivity, exceeding more than two or three times the maximum detection
distance reported for other vipers, such as 66.6 cm in Agkistrodon rhodostoma (de Cock

Bunning, 1983) and 100 cm in Crotalus atrox (Ebert & Westhoff, 2006). However, Trimeresurus
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flavoviridis has the ability to respond to thermal stimuli located 500 cm away (Goris and
Terashima, 1973). This shows the need to implement experimental designs in C. polystictus to
investigate whether or not the snake is able to detect thermal stimulation at greater distances than

our 200 cm experimental distance.

With respect to the characteristics of prey items, it is known that the shape and size of the
stimuli are relevant to execute predatory attacks in semiaquatic colubrid snakes (Macias Garcia
& Drummond, 1995). However, this information is scarce in rattlesnakes which, to a large
extent, perceive prey thermally. In general our results show a certain ability of C. polystictus to
detect and differentiate heat energy between two different shapes, showing a shorter time to
respond to the lizard-like stimulus but a more frequent behavioral response to the mouse-like
stimulus. This ability to differentiate the two thermal energy sources is possibly associated with
the amount of heat radiated and the thermal contrast. The lizard-like stimulus presents a surface
temperature of a solid three-dimensional prey with 13 resistors. It exceeds 0.00002 W cm? of
thermal contrast as compared to the surface temperatue of the mouse-like stimulus (12 resistors).
And although in general, the behavioral response of C. polystictus did not show differences
between stimulus distances, the mouse-like stimulus provoked more tongue-flicks at 20 cm
distance and more pupil orientation at 200 cm. This suggests that thermal information may be

used by the snake to detect endothermic prey in both natural and laboratory settings.

Viperine snakes integrate sensory systems, as the pit organs, that respond to thermal
infrared radiation of surrounding surfaces (Bullock & Cowles, 1952), complemented with visual
stimuli. In this study, the visual perception of C. polystictus was limited by using a mesh screen
placed between it and the stimuli suggests that the increase in the pupil orientation frequency to

200 cm is a behavior needed to obtain visual information that complements the thermal stimulus.

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.26599v1 | CC BY 4.0 Open Access | rec: 2 Mar 2018, publ: 2 Mar 2018




222

223

224

225

226

227

228

229

230

231

232

233

234

235

236

237

238

239

240

241

242

243

244

This raises the possibility that the surface temperature of three-dimensional prey of the mouse-
like stimulus generates a greater thermal contrast and facilitates the perception of distant stimuli.
Under these assumptions, we should mention that thermal sharpness is favored by short distance

whereas thermal contrast is favored by long distances such as 200 cm.

The subtle way of initiating the detection of a thermal stimulus by means of the pupil
orientation by C. polystictus manifests a stealth behavior of great biological relevance for cryptic
animals (Cundall & Greene, 2000) whose survival depends on their camouflage and immobility.
The study of head orientation is important because the behavior can result in greater frequency of
detection of contrast of immobile thermal objects (Goris & Terashima, 1973). Head orientation
and movement is integrated with tongue-flicks for chemo-recognition and chemical confirmation

of stimuli previously detected via other sensory systems.

The register of certain behavioral activity of C. polystictus at 24°C of room temperature is
due to the exploratory and basal nature exhibited by some snakes after certain periods of
inactivity. Nevertheless, the artificial stimulus temperature, and the increased behavioral
response with 5°C of thermal contrast between stimulus and room temperature, suggest that
rattlesnakes are capable of detecting the radiance contrast (temperature contrast) between warm
stimulus and cooler background, defined as positive contrast (Van Dyke & Grace, 2010). The
functional implication of this ability to detect thermal contrast suggests that rattlesnakes may
maximize potential thermal contrast of prey with background temperature through the selection
of foraging sites. Such site selection could be particularly relevant to rattlesnakes preying
diurnally on ectothermic prey (lizards) and nocturnally on endothermic prey (mice). Our results
support the hypothesis that rattlesnakes have a high thermal sensitivity based on thermal contrast

favored by relevant distances such as 200 cm.
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Methodologically, the use of static stimuli made with electrical resistance, provides an
effective and economic way of performing thermal contrast experiments with snakes to the
exclusion of other sensory systems. It is also a practical method to provide different forms and

evaluate thermal recognition (Martinez-Vaca, 2015).
Conclusions

The Mexican Lancehead Rattlesnake (C. polystictus) has the ability to recognize static thermal
stimuli of different shapes up to 200 cm away. The stimulus shape and its interaction with the
distance, shape the execution of the behavioral responses to thermoreception with an increase in
behavioral response at 29°C from 24°C. The lizard-like stimulus resulted in a lower latency to its
detection while the mouse-like stimulus resulted in a greater frequency of tongue-flicks at 20 cm
and pupil orientation at 200 cm. The behaviors snakes exhibited more frequently for the

perception of the static thermal stimuli were the head orientation and tongue-flicks.

This research provides relevant information on the complexity of the snake thermal
sensory system, proposing effective, practical, and economic ways to evaluate the behavioral
response to thermal stimuli. It is clear that scientists need to improve the experimental designs to
continue generating knowledge about the sensorial and behavioral ecology of these snakes. We
propose that new studies need to be carried out that consider inter and intraspecific
ecomorphological comparisons and that manipulate variables involved in thermoreception such

as size, shape, irradiation, kinematics, mobility, and distance of thermal stimuli.
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NOT PEER-REVIEWED

Figure 1

Adult Mexican Lancehead Rattlesnake, Crotalus polystictus. (Photo by O Martinez Vaca-
Ledn).
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Figure 2

Static thermal stimuli built with electrical resistance in two different shapes, (A) lizard-
like, and (B) mouse-like.

Both stimuli are coupled to an electronic switch, a thermal sensor, and an intelligent

temperature programming device to adjust and control the stimulus temperature.
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Figure 3

The experimental glass in which the experimental C. polystictus was housed during the
test.

The experimental glass tank was divided into: compartment A, where the experimental snake
was maintained during the test, and compartment B into which an experimental thermal

stimulus was placed. The two compartments were separated by a metal mesh barrier.

Compartment A
20 cm

0 #l Metal mesh

Thermal stimulus

D

200 cm
Compartment B

Peer] Preprints | https://doi.org/10.7287/peerj.preprints.26599v1 | CC BY 4.0 Open Access | rec: 2 Mar 2018, publ: 2 Mar 2018




Figure 4

Behaviors displayed by C. polystictus in response to artificial thermal stimuli.

(A) Mean latency to displayed behavior = 1 SE. (B) Mean frequencies (square root

transformed) £ 1 SE. (*P < 0.05 vs Pupil orientation).
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Figure 5

Mean frequencies (square root transformed) = 1 SE of tongue-flicks, head orientation,
and pupil orientation displayed by C. polystictus in response to lizard-like and mouse-
like thermal stimuli at 24° and 29 °C.

* P < 0.05 vs thermal stimuli 24° + 1°C.
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Figure 6

Mean frequencies (square root transformed) £ 1 SE of tongue-flicks displayed by C.
polystictus in response to lizard-like and mouse-like thermal stimuli 20 cm away.
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Figure 7

Mean latency = 1 SE of head orientation displayed by C. polystictus in response to
lizard-like and mouse-like thermal stimuli at 29 °C.
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Figure 8

Mean frequencies (square root transformed) £ 1 SE of behaviors displayed by C.
polystictus in response to lizard-like and mouse-like thermal stimuli at 24° and 29°C and
200 cm away.

* P < 0.05 vs thermal stimuli at 24°C; Pupil orientation: mouse vs lizard to 29°C, Student-

Newman-Keuls post hoc.
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