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Abstract.—Snakes use chemical and visual cues to recognize prey, with genetics, experience, nutritional value, and 
natural prey restrictions affecting dietary choices.  Nevertheless, the effect of substituting natural prey with ancestral 
prey on dietary preferences remains unknown.  To address this question, we carried out captive experiments using 
the snake, Alcatrazes Lancehead (Bothrops alcatraz), which has a unique diet of ectotherms resulting from insular 
evolution, compared to the primarily endothermic diets of other members of the B. jararaca group.  We used wild 
caught and captive born individuals to conduct two experimental procedures to determine the impact of the long-
term (10+ y) feeding of endothermic prey (mammals) to both naive and experienced individuals on prey preference.  
Despite somewhat conflicting results, our study indicates that, despite long-term prey restriction, B. alcatraz prefers 
natural ectothermic prey items (centipedes and lizards) over the ancestral endothermic prey.  Although this study is 
limited by sample size, it suggests that the dietary preference of B. alcatraz is innate and conserved, with significant 
implications for the conservation of both this species and other island snakes.
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Introduction

Dietary selection in snakes, which is driven by 
differentiation and selection of sensory cues (Cooper 
and Burghardt 1990), is strongly influenced by the 
consequences of plasticity, thus providing ideal model 
systems to examine the interaction between innate 
and learned behaviors on prey preference (Burghardt 
and Hess 1968; Burghardt 1993).  Snakes employ 
both chemical and visual cues to recognize their 
prey during hunting (Chiszar et al. 1976; Drummond 
1985; Burghardt 1993).  Variations exist among 
species, however, as some rely more on visual and 
thermal cues (Chiszar et al. 1981), and others more 
on chemical cues (Saviola et al. 2012).  Nonetheless, 
many studies that examine chemoreception in snakes 
often overlook visual cues as initiators of vomeronasal 
chemoreception and consider only chemical stimuli 
(Saviola et al. 2011).  Therefore, it is necessary to 
carry out studies using diverse methods to test the 
appropriate sensory stimuli that elicit responses from 
each species.

Sensory studies in different snake species have 
revealed several variables influencing prey preference, 
encompassing a hereditary genetic basis (Arnold 
1981; Waters and Burghardt 2005), ontogenetic 

changes (Saviola et al. 2012), experience inducible 
by a single meal (Burghardt and Krause 1999; 
Waters and Burghardt 2013), and prey nutritional 
value (Burghardt et al. 2000).  An additional variable 
that has been scarcely addressed is prey restriction, 
which may lead to diverse and differing outcomes on 
prey preference.  Studies involving North American 
water snakes, for instance, demonstrated that snakes 
exhibited more pronounced responses to the scent 
of prey they had consumed over a year prior than 
to odors of foods they had never ingested (Gove 
and Burghardt 1975).  Research on the pit vipers 
Pygmy Rattlesnake (Sistrurus miliarius) and Black-
tailed Rattlesnake (Crotalus ornatus) have provided 
evidence for an innate preference of native prey 
scent cues over those of captive House Mice (Mus 
musculus) in naive individuals for feeding periods 
ranging from 1–5 y (Holding et al. 2016; Emerson 
and Johnson 2023).  All of these studies are based on 
prey restriction that aligns with the normal diet of the 
studied species.

Dietary differences occur among the pit vipers in the 
B. jararaca group, making it an ideal model system 
for the study of evolutionary sensory ecology.  Among 
these species, the Alcatrazes Lancehead (Bothrops 
alcatraz) stands out as having a distinct biology and 
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restricted diet resulting from approximately 11,000 
y of insular isolation on Alcatrazes Island, Brazil, 
where the absence of small mammals has resulted in 
a reliance on ectothermic prey (Marques et al. 2002; 
Grazziotin et al. 2006; Barbo et al. 2012, 2016).  
This vulnerable species is endemic to Alcatrazes 
Island and evolved from an ancestor similar to the 
common pit viper, Lancehead (Bothrops jararaca; 
Marques et al. 2002).  Remarkably, the absence of 
small mammals on the island has forced B. alcatraz 
to rely upon ectothermic prey, primarily centipedes 
(representing 70% of their food items) and lizards 
(Marques et al. 2002).

Based on the evolutionary history of B. alcatraz, 
our objective was to assess whether feeding only 
mammalian prey (similar to the ancestral condition) to 
captive individuals would influence prey preference 
of those individuals.  To determine this, we used two 
experimental methods, one to isolate and determine 
variation in chemosensory response to scent cues 
and the other to test the interaction between visual, 
thermal, and olfactory stimuli from whole prey items.  
Because of phylogenetic conservatism and nutritional 
quality of the prey items, we expected that B. alcatraz 
would favor mammals over native prey, exhibiting 
plasticity in feeding preference.

Materials and Methods

Animals.—We used eight snakes for experimental 
trials, five of which were wild caught (two males, 
three females) and three captive born from wild 
caught parents (one male, two females).  We captured 
snakes on Alcatrazes Island in 2012, while captive 
born snakes were born in 2013.  All snakes we used 
were adults based on snout-vent lengths > 44 cm 
(Marques et al. 2002).  We individually housed snakes 
in plastic boxes (45 × 30 × 15 cm), furnished with a 
cardboard substrate and a water pot, and maintained 
at a temperature of approximately 25° C under 
natural light-dark photoperiod (approximately 12:12 
h).  Due to the difficulty of maintaining a natural 
feeding regime (centipedes and lizards), we fed 
snakes laboratory Mus musculus equivalent to 10% 
of their body weight on a monthly basis.  Therefore, 
wild caught snakes had not been exposed to natural 
prey or their stimuli for more than 10 y, while captive 
bred individuals have never been exposed to natural 
prey items or their stimuli.

Experimental design.—For experiment 1, we 
investigated the olfactory feeding preference by 

preparing and presenting aqueous extracts to snakes 
(Greene et al. 2002; Mullin et al. 2004; Pernetta et al. 
2009; Weaver et al. 2012; Holding et. al. 2016), then 
calculating the tongue-flick/attack score, TFAS(R), 
proposed by Cooper and Burghardt (1990) to quantify 
snake responses, which uses scents absorbed onto a 
cotton swab.  Over a period of 300 s, we recorded the 
number of tongue movements directed at the swab.  
We prepared aqueous extracts of centipedes (Cryptops 
sp.), House Geckos (Hemidactylus mabouia), and 
Mus musculus.  We collected centipedes and lizards 
(used in this and the following experiment) in an 
adjacent area of mainland Atlantic Forest near the 
Alcatraz Islands.  We prepared all aqueous extracts 
by placing the prey item in a distilled water bath at 
a concentration of 0.25 g/ml for 4 h.  We killed prey 
on the same day of the experiment.  After preparation 
of aqueous extracts, we impregnated 15-cm sterilized 
swabs (Global Swab, Ltd. Harrow, England) with 
the appropriate extract, then passed 10 times on the 
dorsal and ventral surfaces of the body of the prey 
to increase the odor concentration.  We only used the 
same swab for tests that were repeated on the same 
day.

For controls, we used a swab impregnated with 
distilled water as a negative control and a swab dipped 
in a cologne solution at a ratio of 1:10 as a pungency 
control.  We presented scent cues in a randomized 
order by inserting a swab into a transparent acrylic 
block that was placed near the snake.  We began 
experimental trials when the swab reached a distance 
of 5 cm from the head of the snake, eliciting an 
initial tongue-flick response.  The performer of 
each experiment was blind to the conditions.  We 
recorded all experimental trials for 30 s using a 
HDR-PJ200 camera (Sony Electronics, New York, 
New York, USA) and allowed a rest period of 480 s 
between each trial.  We conducted all experiments in 
boxes measuring 26 × 18 × 15 cm.  The acclimation 
period was approximately 1 d before the start of the 
experiment.

For experiment 2, we investigated whether the 
same patterns of feeding preference appear for living 
prey items following the methods established by 
Aubret et al (2006) and Li et al (2011).  Living prey 
items provide visual, thermal, and olfactory cues.  
We placed snakes in a test arena measuring 58 × 40 
× 34 cm, divided into two equal compartments by a 
sliding door on the other side of the arena (Fig. 1).  
We placed the snake on one side of the test arena, 
and living prey items (mice, centipedes or lizards) 
in one of two small containers covered with a 1 mm 
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mesh screen and fixed to the substrate on the other 
side of the arena, with the other container containing 
a different prey type.  We marked the test arena 
substrate with a line separating the areas belonging to 
each prey box (Fig. 1).

After we introduced them to the empty 
compartment, we allowed the snakes to acclimate for 
900 s.  Then, we lifted the sliding door using a remote 
rope and pulley system.  Experimental trials began 
as soon as the head of the snake crossed the starting 
line and continued for a period of 600 s.  We recorded 
the time spent by the snake investigating around each 
prey container and counted tongue flicks directed at 
the prey box.  Over a period of 600 s, we recorded 
the number of tongue movements directed at the prey 
box.  We introduced the prey species in the trial room 
only during experimental trials and always kept them 
in a separate room to avoid introducing mixed odors 
into the experimental room or habituating the snakes 
to environmental odors (Burghardt and Layne 1995).  
We conducted three randomized trials: (1) mouse in 
one container/lizard in the other container; (2) mouse/
centipede; and (3) centipede/lizard.  As in experiment 
1, we tested each animal three times.

Statistical analysis.—We used the scoring system 
for snakes that are active predators described by 
Cooper and Burghardt (1990).  This method produces 
a tongue flick attack score (TFAS), where TFmax is 
the maximum number of tongue flicks elicited by the 
trial condition, TL is the length of the trial in seconds, 
and latency is the time in seconds to attack or to adopt 
the ambush posture toward the prey stimulus (Clark 
2004).  Here we adopt latency as attacks.  Because 
we tested individual snake responses to multiple 

prey cues, we used the TFAS(R) score for repeated 
measures on a single individual:

	 TFAS(R) = TFmax + (TL ˗ latency)

This scoring system assumes that an attack of a prey 
item scent cue is a stronger response than any number 
of tongue flicks, and latency to attack decreases with 
increasing response to the stimulus.  Therefore, if an 
attack does not occur, TFAS(R) is equal to the number 
of tongue flicks that occurred during the presentation 
period.

For data analysis, we used Generalized Linear 
Mixed Models (GLMM) with Poisson distribution 
and a log link function.  For experiment 1, TFAS(R) 
was the response variable, fixed factors were prey 
type and birthplace (captive born or wild caught), with 
individual and sex being input as random factors.  For 
experiment 2, time of prey box inspection (measured 
in seconds) was the response variable, prey type was 
the fixed factor, with individual and sex being input as 
random factors.  We transformed time using the log+1 
transformation to reduce the impact of extreme values 
and stabilize the variance.  We used the same model 
to analyze these data as the one used in the previous 
experiment.  The fixed variables included only the 
types of prey, while the random variables were the 
individuals and sex.  We performed a Tukey’s Test for 
post hoc pairwise comparisons.  For all models, we 
evaluated data dispersion analysis, homoscedasticity, 
and delineate tests using model diagnostic values and 
plots, with the help of the package DHARMa (Hartig 
2016) in R version 4.04 (R Core Team 2021).

Results

In Experiment 1, the TFAS(R) was influenced by 
the interaction between prey type and birthplace.  
Mouse scent elicited a significantly higher number 
of tongue-flicks in both captive-born and wild-
caught B. alcatraz, with a predatory attack by one 
snake from each collection group (Z = 4.796; P < 
0.001).  Additionally, there was a significantly higher 
TFAS(R) for centipedes over lizards among snakes 
born on the island (Z = ˗2.708; P = 0.007; Fig. 2).  
There was no apparent difference in TFAS(R) for 
prey among the groups with different birth origins (Z 
= ˗0.655; P = 0.512; Table 1).

In Experiment 2, the snakes reacted differently in 
relation to the tested prey.  Among the snakes born in 
captivity, only one demonstrated interest in any prey 
during the experiment.  This individual demonstrated 

Figure 1.  Diagram of the experiment 2 test arena used for 
investigating prey preferences in Alcatrazes Lancehead (Bothrops 
alcatraz), with a choice between two prey items that were placed 
in two small containers covered with a fine mesh screen and affixed 
to the substrate.  Diagram a shows the general setup and b is the top 
view of the test arena.
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interest exclusively for centipedes, performing 35 
tongue flicks and investigating the box with this prey 
57.1% of the time.  The snakes born on the island 
also showed a preference for centipedes over other 
prey.  The tongue flick rate was significantly higher 
for centipedes compared to mice and lizards, with 
values 82% and 67% higher, respectively (centipede/
mouse: Z = ˗7.623, P < 0.001; centipede/lizard: Z 
= ˗6.224; P < 0.001; Fig. 3).  Additionally, snakes 

significantly preferred living lizards over living mice 
prey, with a 47% higher TFAS(R) rate (Z = ˗2.436, 
P = 0.015; Table 1).  The time that B. alcatraz spent 
investigating the prey box also varied depending on 
the type of food item.  The snakes spent significantly 
more time inspecting the centipede box than those 
with mice (Z = ˗1.980, P = 0.048; Fig. 4, Table 2).

Figure 2.  The tongue-flick/attack score (TFAS[R]) of Alcatrazes 
Lancehead (Bothrops alcatraz) from the experiment of odors from 
a swab impregnated with aqueous scent cues of different prey 
for snakes born in captivity (blue) and on the island (yellow).  
Horizontal lines are the medians, boxes are the second and third 
quartiles, vertical lines extending from the box indicate the 
dispersion of the data, excluding outlying values.  The points 
beyond the whiskers represent outliers or extreme values in the 
data distribution.  Different lowercase letters indicate a significant 
difference between groups (P < 0.050).

Figure 3.  The mean (± standard deviation) of tongue-flick/attack 
score, TFAS(R), of Alcatrazes Lancehead (Bothrops alcatraz) born 
on the island for different prey (centipede, lizard, mouse) placed 
inside small containers covered with mesh screens.  Asterisks and 
horizontal bars indicate significant differences in the frequency 
of behaviors in relation to the type of prey stimulus among each 
species (*** P < 0.001 and * P < 0.050).

Fixed variables Estimate SE Z value P value

Experiment 1

    (Intercept) 384.71 0.802 4.796 < 0.001

    Prey (Centipede) ˗214.74 0.162 ˗13.193 < 0.001

    Prey (Lizard) ˗222.15 0.168 ˗13.201 < 0.001

    Prey (Pungence) ˗249.83 0.186 ˗13.398 < 0.001

    Prey (Control) ˗373.50 0.336 ˗11.096 < 0.001

    Birth (Island) ˗0.452 0.690 ˗0.655 0.513

    Prey (Centipede): Birth (Island) 0.756 0.197 3.831 0.001

    Prey (Lizard): Birth (Island) 0.399 0.214 1.860 0.063

    Prey (Pungence): Birth (Island) 0.085 0.254 0.335 0.738

    Prey (Control): Birth (Island) 0.041 0.464 0.089 0.929

Experiment 2

    (Intercept) 1.392 0.818 1.701 0.089

    Prey (centipede) 1.091 0.175 6.224 < 0.001

    Prey (mouse) ˗0.626 0.256 ˗2.436 0.015

Table 1.  Index model summary for Tongue Flick Attack Scores for multiple prey, TFAS(R), for Alcatrazes Lancehead (Bothrops 
alcatraz) with index estimates, standard errors (SE), Z test scores, and P values of significance for experiments 1 and 2.  The intercept for 
experiment 1 was prey (mouse) and birth (captivity) and for experiment 2 was prey (lizard). 
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that specialize on mammalian prey respond more 
strongly to olfactory cues, while species that feed on 
different prey types tend to respond more strongly to 
visual cues, thus providing evidence for a correlation 
between the evolution of prey preference and the 
type of cue used for primary prey detection by snakes 
(Saviola et al 2012).

Given that the diet of B. alcatraz has been restricted 
to ectothermic prey (centipedes and lizards) for at 
least 11,000 y (Martins 2002), it is possible that this 
species has adapted to respond primarily to visual 
stimuli to elicit a predatory response.  The second 
expectation that does not exclude the first is based 
on the phenomenon of food neophobia described by 
Barnett (1958).  This phenomenon is defined as the 
fear of eating new foods and the hesitation to ingest 
them (Modlinska 2022).  During experiment 1, based 
on olfactory ability, we observed a higher score for 
mice.  During feeding management, mice are killed 
before being offered to the snakes, providing prey 
at ambient temperature and without movement.  On 
Alcatrazes Island, where B. alcatraz lives, there are no 
endothermic prey, only potential aerial endothermic 
predators (Marques et al. 2002).  This species 
possesses loreal pits sensitive to thermal stimuli 
(Goris and Terashima 1976).  In the experiment 
with live prey, sensory stimuli (olfactory, visual, and 
thermal) were produced by the prey.  Therefore, due to 
the olfactory characteristic used in experiment 1 and 
the naivety of the snakes towards endothermic prey, 
we propose that B. alcatraz avoided scents associated 
with mice due to food neophobia and maintained its 
innate preference for natural prey (centipedes and 
lizards).  Future studies of food neophobia in this 
species could help interpret these findings.

The continued preference for natural prey, despite 
being fed nonnative prey for more than 10 y in 
captivity, provides evidence that prey preference in 
B. alcatraz is innate.  Evidence for an innate origin 
of prey preference has been similarly documented 
in other pit vipers (Clark 2004).  Dusky Pigmy 
Rattlesnakes (Sistrurus miliarius barbouri) primarily 
feed on lizards and anurans, but even when fed 

Discussion

Our experiments yielded contradictory results, 
contrary to what we expected, and showed that 
feeding preference is innate in B. alcatraz.  The 
results of experiment 1 suggested that both captive 
born and wild caught individuals prefer aqueous 
scent cues from mice but experiment 2 demonstrated 
that centipedes were preferred when presented with 
living prey items.  Consistent with the findings of 
the present study, Burghardt and Abeshaheen (1971) 
discovered that newly hatched Fox Snakes (Elaphe 
vulpina) did not attack cotton swabs soaked in prey 
extract but responded with attacks to a wide range of 
visual stimuli.  The movement of the prey, coupled 
with its odor, enhances the investigative and tongue-
flicking response in some snakes (Burghardt and 
Denny 1983).  Additionally, a strong response by 
the snakes to chemical cues from rodents may arise 
not from feeding preference, but from concentrated 
chemical cues from the numerous exocrine glands 
in mammals (Mateo and Johnston 2000), potentially 
explaining the high tongue flicking rates in response 
to the mouse scent cue during experiment 1 of our 
study.  Furthermore, mammals are present in the diet 
of most Bothrops species, and were probably in the 
diet of the ancestors of the B. jararaca group (Martins 
et al., 2002).  Thus, a high olfactory sensitivity to the 
smell of these animals may be conservative in this 
group.  Other studies have shown that snake species 

Figure 4.  Inspection time of Alcatrazes Lancehead (Bothrops 
alcatraz) born on the island for different prey (centipede, lizard, 
mouse) placed inside small containers covered with mesh 
screens.  Horizontal lines are the medians, boxes are the second 
and third quartiles, vertical lines extending from the box indicate 
the dispersion of the data, excluding outlying values. The points 
beyond the whiskers represent outliers or extreme values in the 
data distribution.  The asterisk and horizontal bar indicate a 
difference in inspection time between centipedes and mice.  The 
asterisk (*) and horizontal bar indicate significant differences in 
the frequency of behaviors in relation to the type of prey stimulus 
among each species (P < 0.050).

Fixed variables Estimate SE Z P

(Intercept) 0.5302 0.5624 0.943 0.3458

Prey (mouse) -1.3958 0.7050 -1.980 0.0477

Prey (lizard) -0.9491 0.5945 -1.596 0.1104

Table 2.  Alcatrazes Lancehead (Bothrops alcatraz) time 
inspection model summary with index estimates, standard errors 
(SE), and Z and P test of significance for experiment 2.  Intercept 
= Prey (centipede).
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mice from birth, displayed a preference for lizard 
scents (Holding et al. 2016).  Naive neonate Eastern 
Black-tailed Rattlesnakes (Crotalus ornatus) that 
fed exclusively on non-native mammalian prey in 
captivity when exposed to native mammal and lizard 
stimuli exhibited their preference for these wild prey 
(Emerson and Johnson 2023).  Similar patterns have 
also been shown in Western Terrestrial Garter Snakes 
(Thamnophis elegans), with one population that 
specializes in preying on banana slugs (Ariolimax 
spp.) producing offspring that maintain this dietary 
preference.  On the other hand, this preference for 
slugs has not been verified in populations of garter 
snakes that do not interact with the slugs in nature 
(Arnold 1980).  In addition to responses to prey 
stimuli, other pit viper species are known to possess 
prey-specific venoms that show more toxic effects to 
a narrow range of prey species that they frequently 
ingest (Gibbs and Mackessy 2009).  Bothrops 
alcatraz venom has been shown to exhibit more toxic 
effects on arthropods than on mammalian prey items 
(Narvaes 2007), further indicating an evolutionary 
basis for dietary specialization.

Although our study has limitations on sample 
size and the sourcing of individuals used for our 
experiments, it indicates that prey preference of B. 
alcatraz, like that of a few other pit viper species, 
is likely innate in origin, as individuals used for this 
study had been fed nonnative prey items for more 
than 10 y and the captive-born individuals have never 
been exposed to native stimuli.  Additionally, we 
show how use of varied methodologies can elucidate 
patterns about other sensory cues that do not become 
apparent when focusing on a single sense using a 
singular experimental methodology.  Given that B. 
alcatraz is a vulnerable species and lives in insular 
inhabitant of an area with highly restricted access, 
this research and other such studies provide valuable 
information to guide and inform wise management 
practices into the future.
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