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RESUMO

Uma das relacdes mais importantes entre 0s seres Vivo na natureza é a predacéo. A partir dela
é que surgem os comportamentos defensivos. Essa classe comportamental € amplamente
abrangente e diversificada entre os répteis, principalmente entre as serpentes. As adaptaces
comportamentais para se defender sofrem influéncia de diversos fatores ambientais e
intrinsecos aos animais, tornando-se um meio pelo qual a evolugdo pode agir. Além disso, é
através de um destes comportamentos que desencadeiam os acidentes causados por serpentes
peconhentas. O objetivo deste trabalho foi entender o comportamento defensivo sob uma
perspectiva ecoldgica e utilizd-lo como ferramenta no entendimento da epidemiologia de
acidentes ofidicos. Com base nisso, o grupo Bothrops se tornou um excelente objeto de
pesquisa. Dentro deste grupo, Bothrops jararaca é uma das serpentes de maior
representatividade em acidentes ofidicos do pais além de possuir uma historia evolutiva de
espécies relacionados que podem exercer influéncia no comportamento defensivo. Bothrops
insularis e Bothrops alcatraz, sdo duas espécies endémicas de ilhas, com origens e parentesco
com B. jararaca semelhantes, porém possuem ecologias e pressdes de predacédo diferentes. O
trabalho foi divido em dois capitulos. O primeiro trata da associacdo entre fatores bioticos e
abioticos no comportamento defensivo e padrdes epidemiolégicos, utilizando a B. jararaca. O
segundo capitulo, visa entender se 0 comportamento defensivo da jararaca continental e as
jararacas insulares sofre influéncia dos tipos de estimulos predatérios e como sdo os padrbes
comportamentais exibidos. Com base nisso, foi obtido um estudo do comportamento defensivo

abrangente e relevante.

PALVRAS-CHAVE: Comportamento defensivo. Jararaca. Jararacas insulares.

Epidemiologia. Ecologia



ABSTRACT

One of the most important relationships between living beings in nature is predation. It is from
these defensive behaviors arise from it. This behavioral class is wide-ranging and diverse
among reptiles, especially snakes. The behavioral adaptations to defend themselves are
influenced by several environmental factors and intrinsic to the animals, becoming a means by
which evolution can act. Furthermore, it is through one of these behaviors that accidents caused
by venomous shakes are triggered. The objective of this work was to understand defensive
behavior from an ecological perspective and use it as a tool to understand the epidemiology of
ophidian accidents. Based on this, the Bothrops group became an excellent object of research.
Within this group, Bothrops jararaca is one of the most representative snakes in ophidian
accidents in the country, besides having an evolutionary history of related species that may
influence defensive behavior. Bothrops insularis and Bothrops alcatraz are two endemic
species of islands, with similar origins and kinship with B. jararaca, but with different ecologies
and predation pressures. The paper is divided into two chapters. The first deals with the
association between biotic and abiotic factors in defensive behavior and epidemiological
patterns, using B. jararaca. The second chapter, aims to understand if the defensive behavior
of the continental jararaca and the insular jararacas is influenced by the types of predatory
stimuli and what the behavioral patterns exhibited are like. Based on this, a comprehensive and
relevant study of defensive behavior was obtained.

KEY WORDS: Defensive behavior. Jararaca. Insular jararaca. Epidemiology. Ecology
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1. CHAPTER 1: Association between defensive bite behavior and snakebite
epidemiology: A new tool for understanding epidemiological data

1.2 INTRODUCTION

Snakebite is a potentially fatal disease caused by toxins in the bite of a venomous snake.
About 4.5-5.4 million people are bitten annually by snakes worldwide (WHO, 2021). Snakebite
has been classified by the World Health Organization (WHO) as a high-priority neglected
tropical disease. Most of the research on snakebites is focused on venom - its properties, effects,
and antidotes (LANCET, 2019). The rest focuses mainly on the analysis of incidence and
individual risk factors (GUTIERREZ et al., 2017), however, studies related to snake ecology

remain a less discussed topic.

Snakebite shares many epidemiological similarities with zoonoses. Understanding the
ecology of hosts and vectors, as well as pathogens, has been critical to the control of zoonoses
(MORRI et al., 2019). There is very little research that relates snake ecology to snakebites. The
epidemiological understanding of ophidian accidents remains limited, which hinders efforts to
accurately map, predict, and mitigate the risk of ophidian accidents (MORRI et al., 2019)).
Therefore, a more dynamic understanding of the ecological determinants of venomous snakes
will greatly enhance control. Developing the ability to interpret the impact of ecological,
behavioral, and environmental parameters may provide new tools to reduce human-snake

contact and prevent the impact of ophidian envenomation on communities (WHO, 2021).

One of the important ecological behavioral variables for the study related to snake bites
is antipredator behavior. However, to date, there has been no study that relates the two topics
with the property. From the accidental encounter between a human and a snake, the snake will
defend itself and may use one of its antipredator behavior mechanisms (biting) and poison the
humans (GUTIERREZ et al., 2017). Therefore, when studying biting behavior, we are studying
the event that generates the poisoning. This behavior is highly influenced by various intrinsic
or environmental factors (STANKOWICH & BLUMSTEIN, 2005). Defensive tactics can
change in frequency depending on body size (WHITAKER et al., 2000; SHINE et al., 2002),
sex (SHINE et al., 2000; WEBB et al., 2001), aversive stimulus (SCUDDER & CHIZAR, 1977,
LLEWELYN et al., 2010), body temperature (MORI & BURGHARDT, 2004; WHITFORD et
al., 2020), and a variety of extrinsic factors (SHINE et al., 2000, 2002). These variables can
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influence the defensive repertoire in different ways, depending on the context and species of
each snake.

Bothrops jararaca is the most common species occurring in the southeast region of
Brazil, being responsible for the majority of accidents, about 90% of snakebite cases in the
country (FRANCA & MALAQUE, 2003; RIBEIRO & JORGE, 1997). Due to the
diversification of environments of occurrence, cryptic coloration, and high relative abundance,
B. jararaca has high representativeness of ophidian accidents in Brazil, being of great interest
to public health (PUZZI et al., 2008). Sazima (1988, 1992) studying the defensive behavior of
B. jararaca in the field suggested that the observed behavioral patterns of this species might
coincide with the epidemiological data of snakebites, suggesting the study of the ecology of

this species to understand and predict the epidemiological data.

Therefore, our goal is to analyze whether intrinsic and environmental aspects interfere
with the defensive behavior of B. jararaca, and how this is associated with the epidemiology
of both snakebites. More specifically, to analyze whether morphological properties, sex, life
stage, and environmental aspects such as aversive stimulus, environmental temperature, and
time of day interfere with the probability of attack and tolerance of B. jararaca. Furthermore,
to investigate the association between data on the probability of strike of B. jararaca and the
average number of snake bites caused by this species.

1.3. METHODS

1.3.1. Study Animal

We used 116 specimens of the Bothrops jararaca. Seventy-five adult snakes (37
females and 38 males: > 10 years old ), 13 juveniles (4 males and 9 females: 1.5 years old),
and 29 newborns (13 males and 16 females: 14 days years old). Specimens were born in
captivity, except for twenty-five adult snakes (10 females and 15 males) that came from the
wild in cities in Sdo Paulo state, which were at least 2 years in captivity. All animals were kept
in individual boxes (45x30x15), containing a cardboard substrate and water pot, at a
temperature of around 25 °C, under a light and dark photoperiod of 12:12. Biometric data were

collected from the snakes as SVL of Snout-Vent length (cm).
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1.3.3 Behavioral Tests

To perform the behavioral tests of aggressiveness, confrontations between a human and
the snake were performed, simulating an accident. The confrontation tests were carried out
between October and November 2021, a period of the year that the number of accidents caused
by this species increased (SILVA et al., 2003), and it is also the period of higher daily activity
of the animals (Siqueira et al., 2021). For the confrontations, a 2.025 m? (1.5m (length) X
1.35m (width) X 1m (height)) arena was set up, with an aluminum plate as the base, and
Styrofoam walls. For each behavioral test, the snakes were left in the arena for up to 15 minutes
in order to cease exploratory behaviors and habituate to the test arena. The confrontation
experiments were performed with and without physical contact between the animal's body and

humans. For the contact stimulus, the tester wore an appropriate safety boot and performed 30

steps by lightly touching three regions of the animal’s body (head, midbody, and tail) in random

order at 3-second intervals. In contrast, for the non-contact stimulus, the tester stepped 5 cm

away from the snake body regions, randomizing the order, without touching the animal. The
experiments were conducted during two periods of the day. In the morning period, the tests
were performed between 8 and 11 am. At night, the tests were performed between 6 and 10 pm.
A break of five days was given between the stimulus in order to avoid stress and learning
influences (GLAUDASs et al., 2006). In each test, the snake’s temperature was measured with
an infrared thermometer (ST-620, Incoterm) at a distance of 2 meters to avoid stress before the
confrontations. The temperature of the animals ranged from 15°C to 23°C. All experiments

were recorded in order to analyze later, using a film camera (HDR-PJ200, Sony).
1.3.4 The temperature of occurrence of Bothrops jararaca

To find out the temperature at which B. jararaca occurs in the wild, we collected the
distribution data of Bothrops jararaca according to Nogueira et al.(2019). An analysis was
performed using a point sample tool of QGis 3.18 software. Each point was applied under a
raster layer with climate data. For the high and cold temperature data, the bioclimatic variables
B1O5 (maximum temperature of the warmest month) and BIO6 (minimum temperature of the
coldest month) were used, respectively. The climate data were acquired from WorldClim
version 2.1 between the years 1970 and 2000. This version was released in January 2020. After
collecting the temperatures of B. jararaca occurrence, the average was taken to be able to make

the predictions of the probabilities of bites.
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1.3.5 Statistical Analysis
1.3.5.1 Behavioral tests

The statistical analyses were based on the experimental design. The categorical
predictor variables were the sex of the animal (two levels: male and female), human stimulus
(two levels: with and without physical contact), period of the day (two levels: morning and
night) and the continuous independent variables were size (SVL) and temperature (°C) of the
animal. The response variables were bite probability and tolerance. The bite probability was
defined by the number of successes in a certain number (n) of trials (number of Bernoulli
events). The number of attacks (bites) was defined as success whereas the number of
confrontations (n=30) minus the number of attacks was defined as failure (all anti-predator
behaviors that did not involve attacking and biting the man were considered as failure).
Tolerance was defined as the number of stomps with or without physical contact that the animal
endured until the human received the first bite. The Variance Inflation Factor (VIF) index was
used to find some collinearity between the predictor variables, considering the VIF value 4 as
the acceptable limit between the variables (Shrestha, 2020). However, there was no collinear

relationship between the variables.

Due to the nature of these variables and based on the experimental design, a Generalized
linear mixed model (GLMM) with binomial distribution and logit link function was used for
the bite probability data and for the tolerance data, GLMM with Poisson distribution and log
link function was used. All data were subsequently exponentiated for the interpretation of the
results. Since the model does not support the analysis of the additive and integrative properties
of the five variables, models were built without temperature, and subsequently included
temperature in the contexts where the contact and without human contact. For the general
model, where the additive relationship and integration of sex, day period, human stimulus, and
size were analyzed, the variables temperature, "ID" of each animal, and origin (born or not in
captivity) were used as random variables, since the experiments were performed with the same
animals and at different temperatures, thus eliminating certain pseudoreplication and
experimental design problems. For the models involving temperature, we evaluated the additive
and integrative relationships between the fixed variables temperature, size, sex, and period of
the day in each human stimulus. In this case, only the animals' ID and origin were used as

random variables.
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For the life stage analyses, 116 animals were used. The model was also a GLMM with
binomial and Poisson distributions, for bite probability and tolerance, respectively. The fixed
variables were life stage, day period, and sex, and the random variables were animal size,
individual, and environment of origin. Using ANOVA tables and AIC values, the minimum
adequate model was selected. In addition, we performed Tukey's Test for Post-hoc Analysis, in
order to find significant relationships between the variables. All models were subjected to data
dispersion analysis, homoscedasticity, and outline testing using model diagnostic values and
plots, with the help of the "DHARMa: residual diagnostics for hierarchical (multi-level/mixed)
regression models™ package in R.

To predict the bite probabilities was used the estimated coefficients of the minimum
adequate models, multiplying by the minimum temperature of 15°C and maximum temperature
of 30°C, and multiplying size by the average size of 85 cm of the B. jararaca population.This
size was chosen because it is the average size between males and females, therefore the size of
B. jararaca is most likely to be found in the wild.

1.3.6 Epidemiological data

1.3.6.1 Epidemiological data from the coast and plateau of S&o Paulo

To analyze the data on accidents caused by B. jararaca on the coast and plateau of Séo
Paulo was used data on bothropic accidents from the Brazilian government's Information
System for Notifiable Diseases (SINAN). The number of cases of bothropic accidents
(accidents caused by snakes belonging to the Bothrops genus) per year between 2009 and 2017
were collected from the thirty municipalities in Sdo Paulo that had the most cases. To
differentiate the municipalities between geographic regions, it was defined that cities occurring
below 80 meters of altitude belonged to the coast (lowland) and municipalities above 80 meters
of altitude as plateau (highland).

The number of accidents was estimated and corrected using the population number of
each municipality (IBGE, 2021). The number of accidents per 100,000 habitats was estimated.
We fitted a GLMM using the 'gImmTMB' R package (BROOKS et al., 2017) using the negative
binomial family (nbinoml) which was selected from alternatives based on tests of
overdispersion, Akaike's information criterion, AIC, values, and inspection of model diagnostic
plots. The fixed variable was geographic region (two levels: plateau and coast) and the random

variables were accident year and municipality identification.
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1.3.6.2 Association between size and jararacas involved in snakebites

The B. jararaca involved in accidents were obtained from the Alphonse Richard Hoge
herpetological collection of Instituto Butantan. These are snakes that people who have been
bitten bring with them when they go to the Vital Brazil hospital at the Butantan Institute. We
collected the sex and size of 422 individuals of B. jararaca involved in accidents from 1969 to
2005 in the plateau of Sdo Paulo state. We performed a histogram between which body size

was more frequent in accidents.
1.3.6.3 Epidemiological data from Sao Paulo associated with temperatures

In this test, we wanted to investigate whether there was an association between the
temperature of the municipalities and the average number of bothropic accidents. For this, we
collected the temperature of the municipalities evaluated in the previous analyses using the
Point sample tool, similar to the method used to acquire the occurrence temperatures of B.
jararaca. In this case, a raster layer was used with the climate variable BIO1 (Annual Average
Temperature) provided by WorldClim version 2.1. With the data of mean annual
temperatures and the number of bothropic accidents provided by SINAN, a GLMM with

Poisson distribution and log-link function was performed.

1.4 RESULTS

1.4.1. Behavioral influence of intrinsic and environmental factors

We found that both the snake's intrinsic and environmental factors are able to influence
the aggressiveness and tolerance of B. jararaca (Table S1,52,S3,S4). There was an interaction
between sexual, morphological and environmental variables influencing both bite probability
and tolerance. Sex, time of day, and type of human stimulus (with or without contact), when
evaluated alone, had no clear influence on both the likelihood of biting and tolerance of B.
jararaca, but their interaction clearly interfered with the animals' behavior. The period of the
day has an influence on the aggressiveness of females regardless of the stimulus, while males
were influenced by the period of the day only when there is no physical contact (z =3.204;
p=0.0295) Females subjected to physical contact with humans are more likely to bite during the
morning than at night (z = 3.692; p= 0.0055) as well as when there is no physical contact (z =
4.263; p=0.0005) (Fig 1).
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Physical contact between man and snake increased the likelihood of bite for both
females (z = 3.900; p= 0.0024) and males (z = 6.777; p <.0001), regardless of the period of the
day (Fig 1). Moreover, males, when subjected to human stimulation without physical contact,

are more tolerant than females (z= 3.220; p=0.00128).

With contact Without contact

b

C b °
C
Sex
- Female
B3 Male

Morning Night Morning Night

Bite probability

a ‘ ‘
!

Period of day

Figure 1. Biting probability of adult males and females of B. jararaca subjected to human
stimulation with and without contact during the morning and night periods. a: clear
statistical difference (p<0.05) found between females subjected to physical contact at different
times of the day. b: clear statistical difference (p<0.05) found between females subjected to
stimulation without physical contact at different times of the day. c: clear statistical difference
(p<0.05) found between males subjected to stimulation without physical contact at different

times of the day.

We observed that animal size influenced bite probability when snakes are subjected to
physical contact, showing a negative correlation, i.e. smaller snakes are more likely to attack
than larger ones (z=-2.922; p= 0.003481), but when there is no contact, size does not interfere
with attack probability (z= -0.216, p= 0.828811) (Fig 2). In addition, the number of times the

animal tolerated the stimulus, regardless of whether or not it had contact, body size had no
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Figure 2. Effect of size (SVL) and human stimulus on the probability of bite B. jararaca

adults.

In addition, the interaction between animal size, sex, type of human stimulus, and time
of day showed a clear interference in bite probability (z= -2.978; p= 0.002901) (Fig3) and
tolerance (z= 2.714; p= 0.00664) (Fig4). In general, smaller females are more likely to bite

mainly when they are touched during the morning period, however, for males, the opposite

occurs. Smaller males are less likely to bite. Nonetheless, there is still an exception, males that

are touched during the morning period, are more likely to bite, just like females (Fig3).
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Figure 3. Biting probability being influenced by animal size (SVL), sex, type of human
stimulus and period of the day. a; b: Clear statistical difference between female and male
lines (p< 0.05).

Furthermore, when there is physical contact between humans and B. jararaca, both
males and females, regardless of size and time of day, have a tendency to be intolerant to
stimulation. However, when there is no physical contact, smaller males are more tolerant than

larger ones during the morning period (z= 3.220; p= 0.00128) (Fig4).
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Figure 4. Tolerance (number of confrontations with or without non-bite contact) of B.
jararaca is influenced by animal size (SVL), sex, type of human stimulus, and time of day.

a: Clear statistical difference between female and male lines (p< 0.05).

Additionally, we found that the probability of a bite is also influenced by the part of the
animal's body where the physical contact is made. When there is contact with the head the
probability of attack is higher than in the middle and on the tail (z=-88.87, p< 0.00001). Contact
in the middle of the body and tail decreases the odds of a bite by 78.039% (z= -1010.77,
p<0.00001) and 93.320% (z= -1804.28, p<0.00001) respectively, than when there is contact
with the head.
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Figure 5. Probability of bite when there is physical contact with the head, midbody and

tail of B. jararaca. *** clear difference in bite probability between tail and midbody with the

stimulus made on the head ( p<0.001).

In the context of physical contact between humans and snakes, the temperature of the

animal influenced the probability of attack. Females in both nighttime and daytime periods,

animal temperature showed a positive correlation, i.e., warmer animals have a higher tendency
to bite (z = 3.868, p = 0.000110) (Fig 6). But for males, during the night period, there is a
negative correlation, in which warmer animals are less likely to attack (z= 14.840; p<0.00001)

(Figé).
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Figure 6. Influence of body temperature on the bite probability of females and males of B.
jararaca, in morning and evening periods. a: Clear statistical difference between female and male
lines (p< 0.05).

In addition to these effects mentioned, when the animals are stepped on, we observed
that the probability of biting changes according to the life stage of B. jararaca. Newborns have
a higher bite probability than adults, with a bite probability 2.17 times higher than the adult
chance (z= 3.533; p= 0.00041). Youngsters, on the other hand, have no clear differences from
adults (z= 1.362; p=0.17310) (fig.7). Stimulus tolerance, on the other hand, was not found to

have a clear difference between life stages.
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Figure 7. Probability of bite depends on the life stage of B. jararaca. *** Clear statistical

difference in probabilities between adults and newborns (p<0,001).

The interaction between life stage and sex proved to be important. The time of day did
not influence the probability of biting in the life stage (z= -0.710; p=0.477779). However, when
we analyzed the interaction between life stage and sex, both during the day and at night, there
was a significant difference in the probability of biting between the sexes of newborns and
adults (Newborns: z=-2.211; p=0.027050; Adults: z= 2.783; p=0.005392) but not among juveniles
(z=-0.619; p=0.53570). In general, newborn females were more aggressive than other animals,
regardless of the time of day (Fig. 8).
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Figure 8. Biting probability of B. jararaca of different sexes, life stages and times of day.
** Clear statistical difference between adult males and females both day and night (p<0.01). *

Clear statistical difference between newborn males and females both day and night (p<0.05).
1.4.2. Bite Probability Prediction

We obtained the local temperature of each point of occurrence of B. jararaca. The
average minimum temperature was about 15°C while the average maximum temperatures
chosen were 30°C (Figure S1). With these temperatures we were able to predict the probabilities
of biting for males and females, average size 85 cm (average size of a B. jararaca population),
when there is or is no contact with humans, at night and in the morning (tablel). We observed
that the greatest probability of attack is during the morning periods at higher temperatures, but
it is possible to observe that the probability of bite suffers much influence from the interaction
between the multiple environmental and intrinsic variables of the animal (tablel).
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A
Male
SVL (85 cm)
Data Morning Period
0° 0
With Without With Without With Without With Without
Probasitvol | 51% 90% 83% 100% 86% 25% 19% 57%
B
Female Q
SVL (85 cm)
Data Morning Period
o ! "
With Without With contact Without With contact Without With Without
contact
Probasilivol | 53y 41% 91% 88% 14% 23% 96% 63%

Table 1. Predicted bite probability for each in each scenario where there is or is not
physical contact between male and female snakes of size 85 cm and humans, at different
periods of the day and different temperatures. (A) Male; (B) Female.

Another interesting result was that Moraes (2008) showed that jararacas from the coast
are smaller than those from the highlands. Due to finding an influence of size on the
aggressiveness of B. jararaca, we performed bite probability predictions for body size of the
populations. As already predicted by the model, animals from the coast obtained higher
probabilities of attack than those from the plateau (Table S5).

1.4.3. Epidemiological data of snakebites by Bothrops jararaca

1.4.3.1.Epidemiological data from the coast and plateau of S&o Paulo

Since B. jararaca from the coast are probably more aggressive than those from the
highlands, we investigated the number of bothropic accidents from these regions. As expected,
more bothropic accidents occur on the coast than on the plateau (Table S6; Figure S2). On the
coast, an average of 36.75 accidents per 100 thousand inhabitants occurs annually, while on the
plateau, 10.64, and the odds of an accident occurring on the plateau are lower than on the coast
(z= -4.571, p = 0.00000485) (fig 9).
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Figure 9. Average number of bothropic accidents from 2009 to 2017, on the coast and
plateau of the state of S&o Paulo. *** clear statistical difference in the average number of

accidents between the plateau and coastal regions ( p<0.001)
1.4.3.2.Epidemiological data from Sao Paulo associated with temperatures

We found an association between the number of annual accidents originating in both
sexes per 100,000 inhabitants of the municipalities of Sdo Paulo and their temperature. A
positive relationship was found, in which municipalities with higher average annual
temperatures also had higher accident rates (Table S7). For each degree of temperature, the
odds of snakebite occurrence increase about 28.27% (z=2.416, p = 0.0157) (Fig10).
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Figure 10. Association between the average number of bothropic accidents in the

municipalities of Sdo Paulo and their mean annual temperature.
1.4.3.3.Association between size and jararacas involved in snakebites

In addition, we found that both female and male jararaca involved in accidents in the
Sé&o Paulo Plateau, tend to be smaller than the average population size of B. jararaca sampled
by the collection The average size of the males most involved in accidents is 760 mm while the
average male population size sampled by collection can range between 785 mm and 875 mm
(Moraes, 2008; Siqueira et al., 2018). The average size of the female population of B. jararaca
from the plateau of S&o Paulo ranges between 1097 mm and 1236.7 mm, and the average size
of females involved in accidents is 880 mm (Moraes, 2008; Siqueira et al., 2018) (fig.11).
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Figure 11. Histogram of the size of Bothrops jararaca involved in accidents in the S&o
Paulo lowlands. A- Males; B- Females. Black bar: mean size of snakes involved in accidents.
Red bar: mean size of B. jararaca from the Sdo Paulo plateau (Moraes, 2008). Yellow bars:

mean size of two populations from the municipality of Sdo Paulo (Siqueira et al., 2018).
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1.5. DISCUSSION

This is the first study to demonstrate the link between the influence of intrinsic and
environmental factors on snake aggressiveness and epidemiological data on snhakebites. The
aggressiveness of snakes, and its relationship to the chance of causing an accident, was defined
as the probability of effecting a bite, with anti-predator behavior being responsible for the
poisoning in humans. We found that this probability is influenced by the context in which the
snake is. The probability changes depending on the integration of snake size, sex, life stage,
type of aversive stimulus, what region of the body is touched, the temperature of the animal,
and time of day. Our results are in agreement with evidence that animals have the ability to
assess the risk of being eaten and respond in the best way (LIMA & DILL, 1990; IBANEZ et
al., 2014). Furthermore, according to the snake's natural history, context influences defensive
mechanisms in different ways. For example, habitat use, snakes that use the sit-wait strategy
(such as B. jararaca) use more crevices and holes and therefore, instead of fleeing, can perform
more varieties of behaviors than snakes that are active foragers (LLEWELYN,WEBB &
SHINE, 2010).

1.5.1. Influence of body size

The main variable that influenced the aggressiveness of the Bothrops jararaca was body
size. When stepped on, the smaller animals were more likely to bite. Epidemiological data
show that more accidents occur with small jararaca (SAZIMA, 1988). Therefore, the rate of
accidents caused by smaller snakes can be explained by their high aggressiveness. Body size is
known to influence aggression in many snakes (BOGERT, 1941; CARPENTER &
GILLINGHAM, 1975; GUTZKE et al., 1993; HAILEY & DAVIES, 1986; SHINE et al., 2002;
SWEET, 1985, ROTH & JOHNSON, 2004), although for certain species this relationship is
unclear (DELANEY, 2019). In general, smaller snakes tend to be more aggressive than larger
snakes (SHINE et al., 2002; SWEET, 1985, ROTH & JOHNSON, 2004). Possibly, this is due
to the predatory pressure these animals experience in the wild. Small snakes are generally more
preyed upon (BLOMBERG & SHINE, 2000; JANZEN et al., 2000; SHINE et al., 2001;
TUCKER et al., 1999; VITT, 2000). Furthermore, as we found for B. jararaca, other snake
species touched on the head also become more aggressive, since most predatory attacks that
confer greater risk and are more successful by predators are performed on the more frontal part
of the snake's body (LANGKILDE et al., 2004). Therefore, the risk of a human being suffering
a bite by stepping on the front part of a small jararaca is very high.
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We found other data that may explain the relationship between body size, behavior, and
accident epidemiology. Moraes (2008) found that the population of B. jararaca was smaller in
body size in the coastal plain than the population in the plateau in S&o Paulo state, Brazil.
Predictions of bite probabilities using body size from these populations showed that the smaller
snakes in the coast were more aggressive. The data found of botropic accidents in Sdo Paulo
state showed that the coast was the region with the highest number of accidents. Thus, the
influence of body size on the aggressiveness of B. jararaca would explain this epidemiological
profile. However, this association should be carefully analyzed, since it does not explain
causality, since the data provided by SINAN are for accidents caused by any snake belonging
to the Bothrops genus, and not exclusively for the B. jararaca species. Another factor is that
we do not know the abundance of pitvipers in different regions of the state of Sdo Paulo, and
possibly more accidents occur on the coast because the region has a larger number of snakes
than the highlands. More studies are needed to investigate this relationship between snakebites
on the coast and the plateau of S&o Paulo for a full understanding. Nevertheless, looking
exclusively at accident data caused by B. jararaca in the Séo Paulo plateau, we found that most
accidents are caused by smaller animals than the average found for the population. Thus,
another evidence that the influence of body size on B. jararaca behavior can lead to an increase

in accidents.
1.5.2. Influence of sex and life stage

The factor that most impacts the size of the snake is the sex. Bothrops jararaca presents
sexual dimorphism, with females being larger than males (CAMPBELL & LAMAR, 2004). In
the adult stage we observed that, depending on the context, males and females of B. jararaca
showed quite different probabilities of attack and tolerance. The interaction between body size,
stimulus type, and time of day for females has the same standard effect, with smaller females
being more aggressive and less tolerant. On the other hand, males show a more flexible pattern
of behavior, exhibiting strong context dependence. In general, males have a positive correlation
between size and aggression, with larger snakes being more intolerant. However, only in the

morning, with physical contact, does the relationship between size and aggression change.

Our hypothesis for this change is that the aversive stimulus was performed in the context
of increased vulnerability. The stimulus with physical contact is one of the most dangerous
stimuli for the snake, as possibly its primary defensive strategies would have been unsuccessful.

Furthermore, the morning period is the time when the snake would normally be at rest or in
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reclusion (SAZIMA, 1988; CAMPBELL & LAMAR, 2004). Under all this context, both
females and smaller males tend to be more aggressive. We know that small snakes have lower
locomotor performance than larger ones (SCRIBNER AND WEATHERHEAD, 1995;
CARRIER,1996; FINKLER & CLAUSSEN, 1999; KELLEY et al., 1997), so instead of
performing escape, which is one of the main ways to avoid predation (LIMA & DILL,1990),
choosing aggressive behaviors such as biting may be more effective.

Our data showed that generally adult males tend to be more aggressive than females.
Due to sexual dimorphism in this species, with males being smaller than females, this factor
probably increases the aggressiveness of adult males. However, epidemiological data show that
there are more snakebites caused by females than by males (RIBEIRO et al., 1995;
SAZIMA,1988; RIBEIRO & JORGE,1997). Therefore, there would be another factor to
explain these data. Most of the accidents caused by B. jararaca are carried out by juvenile
animals, with a representation of up to 56% of the cases (RIBEIRO et al., 1995; SAZIMA,
1988). Furthermore, for every 137 cases of accidents caused by juveniles and adults of Bothrops
jararaca, 72 (52.55%) were caused by juvenile females while only 5 (3.64%) were caused by
juvenile males (RIBEIRO et al.,, 1995). We found that the life stage influences the
aggressiveness of B. jararaca. Young snakes were more aggressive than adults. Additionally,
the newborn females proved to be more aggressive than the male young and any other group.
Therefore, the high probability of biting by female young of B. jararaca leads to the high
representativeness of this group in the epidemiological profile. This relationship shows again
that the study of snake defensive behavior is strongly linked to snake accident data and can be

used to understand epidemiological profiles.
1.5.3. Influence of time of day and temperature

According to Sazima (1988, 1992), envenomations caused by B. jararaca are more
frequent during the morning hours. During the day, both females and males are more likely to
attack than during the night. Again, the data between environmental and behavioral factors are
interacting and explaining certain snake accident patterns. In addition, the morning period is
the period of highest human activity, when there are more encounters with snakes (SAZIMA,
1988, 1992; SILVA et al.,2003; LIMA et al.,2009). This congruence between the period of
higher human activity and the high probability of B. jararaca bite may result in a higher

incidence of accidents.
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Another factor of great relevance is the effect of temperature. We found that B. jararaca
has a higher propensity to attack in warmer temperatures. Keogh and DeSerto (1994) observed
something similar in the laboratory; there was an increase in the frequency of bites in three
colubrid snake species studied. Schieffelin and De Queiroz (1991) also found the same
relationship for Thamnophis sirtalis, although they tested the snakes in wooden boxes that
restricted locomotor behaviors such as escape. This positive relationship between temperature
and aggressivity can be explained by the fact that the speed, accuracy and distance of the strike
(bite) are reduced at low temperatures (suboptimal temperatures) (GREENWALD, 1974,
CITADINI & NAVAS, 2013), meaning that at higher temperatures, the bite becomes more
effective (WHITFORD et al., 2020).

This is the first study investigating some thermal effects on viper behavior on the South
American continent, a previous study investigated a dipsadid snake from southeast Brazil
(CITADINI & NAVAS, 2013). For ectothermic species such as snakes, body temperature is
one of the most important influences on predator avoidance behavior, as the temperature will
determine the animal's physiological ability to detect, repel or escape a predator (SHINE et al.,
2000). According to a review by Mori and Burghardt (2004), snakes in colder environments
tend to exhibit more aggressive behaviors (where the distance between the snake and the
predator decreases) than in warmer temperatures. This pattern occurs because in higher
temperatures the snake's metabolism is more accelerated, improving locomotor performance
for escape (MORI & BURGHARDT, 2004; CITADINI & NAVAS, 2013) and it is more
preferable to flee than to expose itself during a bite, because by biting, the snake exposes its
most vital body part (LLEWELYN et al.,2010). Although, in general, B. jararaca has a positive
association between increased temperature and aggression, males during the night change
strategy, and at higher temperatures, decreasing the propensity to attack. This may be due to
the fact that, as B. jararaca males are smaller and slender snakes, being at night the most active
period of the species and possible period of higher predation pressure (SAZIMA,1988,1992;
HARTMANN et al.,2003) and under high temperatures, they prefer escape behaviors since their

locomotor capacities are higher.

This thermal influence on the behavior of B. jararaca has a strong association with the
epidemiological data. The municipalities with the highest rates of bothropic accidents in S&o
Paulo are also the cities with the highest average annual temperatures. Furthermore, according
to Sazima (1988,1992), more accidents caused by B. jararaca occur in warmer seasons and
periods of the year. Therefore, we found another example of an association between the
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influence of abiotic factors, biting behavior, and epidemiology, but this association cannot be
confused with causality. During the warmer months, there is also an increase in B. jararaca
(PONTES et al., 2009; ROCHA et al., 2014; SIQUEIRA et al., 2021) activity and possibly due
to this an increase in accidents, i.e., snake bites during this period may be a sum effect of
increased aggressiveness and activity. The influence of temperature on the incidence of
snakebites has gained strength in the literature. In Costa Rica a correlation was found between
climate cycles involved with EI Nifio and snakebites by Bothrops asper, snakebites follow
meteorological changes, and these patterns likely reflect the impact of meteorological
fluctuations on snake biology (CHAVES et al.,2015).

Therefore, it can be observed that both biotic and abiotic variables can influence the
aggressiveness and the likelihood of the snake performing a bite. There is a strong association
between the epidemiological data of snakebites and the behavioral data studied. This study
demonstrates that the probability of B.jararaca attacking and biting a human being is highly
context-dependent, but certain patterns were found. During the daytime and in warmer
temperatures, which are the periods when most accidents occur, animals become more
aggressive. Snakes have a greater tendency to bite when stepped on, primarily on the anterior
part of the body. Young snakes are more likely to bite than adults, especially young females,
which would explain why this group is the most involved in accidents. Furthermore, the
predictions of bite probabilities using body size show a strong association with the accident
data investigated. So by studying the behavior that generates the envenomation, we can
understand and predict epidemiological trends. Thus, it is possible to use the defensive behavior
of snakes as a new tool to study snakebites. This tool can be used in studies such as Goldstein
et al (2021) who integrated human and snake ecological factors to predict snakebites. Just as in
malaria, where we cannot fail to study the biological aspects of the mosquito vector, we also
cannot fail to study the behavioral aspects of snakes that cause snake bites (Murray et al, 2020).
More research work with this integrative perspective is needed if we are to understand, predict,
and prevent snake bites.
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1.7. SUPPLEMENTARY

Table S1. Results from models evaluating bite probability of Bothrops jararaca. Bold p-
values indicate p-value <0.005. The ":" sign indicates interaction between the variables.
Intercept - Sex (Female); period (morning); stimulus (with contact).

Variables Estimate Std. Error  z value p
Intercept 2.461.206 0.755381 3.258 0.001121
Size -0.021211 0.007258 -2.922 0.003473
Period (Night) -0.721446 0.652966 -1.105 0.269214
Sex (Male) 0.328993 1.284531 0.256 0.797859
Stimulo (Without contact) -0.398589 0.664294 -0.600 0.548494
Size:Period (Night) 0.002298 0.006321 0.364 0.716218
Size:Sex (Male) -0.007681 0.014347 -0.535 0.592377
Period (Night):Sex (Male) -2.575.040 1.147.446 -2.244 0.024823
Size:Stimulo (Without contact) -0.001438 0.006654 -0.216 0.828915
Sex (Male):Stimulo (Without contact) -0.256090 0.982291 -0.261 0.794319
Sex (Male):Stimulo (Without contact) -5.451.948 1.408.503 -3.871 0.000109
Size:Period (Night):Sex (Male) 0.037541 0.013122 2.861 0.004223
Size:Period (Night):Stimulo (Without contact) 0.001642 0.009715 0.169 0.865827
Size:sexo[T.macho]:Stimulo (Without contact) 0.063930 0.016706 3.827 0.000130
periodo[T.noite]:Sex (Male):Stimulo (Without contact) 5.077.277 1.883.375 2.696 0.007021

Size:Period (Night):Sex (Male):Stimulo (Without contact) -0.065873 0.022119 -2.978 0.002901
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Table S2.Results from models evaluating Tolerance of Bothrops jararaca.Bold p-values
indicate p-value <0.005. The ":" sign indicates interaction between the variables. Intercept -
Sex (Female); period (morning); stimulus (with contact).

Variables Estimate Std. Error z value p
Intercept 1.311.860 1.252.070 1.048 0.29475
Size -0.012226 0.012344 -0.990 0.32193
Period (Night) -0.510108 1.253.034 -0.407 0.68394
Sex (Male) -0.581745 2.160.288 -0.269 0.78771
Stimulo (Without contact) -0.909060 1.181.489 -0.769 0.44164
Size:Period (Night) 0.009725 0.012474 0.780 0.43561
Size:Sex (Male) 0.012233 0.024544 0.498 0.61820
Period (Night):Sex (Male) 2.462.122 1.961.299 1.255 0.20935
Size:Stimulo (Without contact) 0.012244 0.012283 0.997 0.31884
Sex (Male):Stimulo (Without contact) 0.026997 1.603.552 0.017 0.98657
Sex (Male):Stimulo (Without contact) 6.334.954 1.967.602 3.220 0.00128
Size:Period (Night):Sex (Male) -0.030511 0.022309 -1.368 0.17141
Size:Period (Night):Stimulo (Without contact) -0.001412 0.016410 -0.086 0.93144
Size:sexo[T.macho]:Stimulo (Without contact) -0.070609 0.022982 -3.072 0.00212
periodo[T.noite]:Sex (Male):Stimulo (Without contact) -7.048.247 2.619.868 -2.690 0.00714
Size:Period (Night):Sex (Male):Stimulo (Without contact) 0.082478 0.030387 2.714 0.00664

Table S3.Model results evaluating the probability of Bothrops jararaca bite in the context
of human-snake physical contact.Bold p-values indicate p-value <0.005. The ™" sign
indicates the interaction between the variables. Interception - Sex (female); period (morning).

Variables Estimate Std. Error z value p
Intercept -42.173.629 43.577.336 -0.968 0.33315
Temperature 0.3497483 0.2425218 1.442 0.14927
Sex (Male) 32.383.640 43.966.747 0.737 0.46140
Period (Night) 93.135.196 29.069.854 3.204 0.00136
Size 0.0172241 0.0419770 0.410 0.68157
Temperature:Sex (Male) -0.5437417 0.2354026 -2.310 0.02090
Temperature:Period (Night) -0.6175680 0.1475027 -4.187 2.83e-05
Sex (Male):Period (Night) 22.075.287 38.059.657 0.580 0.56190
Temperature:Size -0.0022482 0.0023217 -0.968 0.33288
Sex (Male):Size -0.1007757 0.0478157 -2.108 0.03507
periodo[T.noite]:Size -0.1124419 0.0144287 -7.793 6.55e-15
Temperature:Sex (Male):Period (Night) 0.0993972 0.1928686 0.515 0.60630
Temperature:Sex (Male):Size 0.0096653 0.0024649 3.921 8.81e-05
Temperature:Period (Night):Size 0.0067916 0.0006121 11.095 <2e-16
Sex (Male):Period (Night):Size 0.0425056 0.0262369 1.620 0.10522

Temperature:Sex (Male):Period (Night):Size -0.0047416 0.0010560 -4.490 7.12e-06
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Table S4..Model results evaluating the probability of Bothrops jararaca bite in the context
of human-snake without physical contact.Bold p-values indicate p-value <0.005. The ™"
sign indicates the interaction between the variables. Interception - Sex (female); period
(morning).

Variables Estimate Std. Error z value p
Intercept -42.173.629 43.577.336 -0.968 0.33315
Temperature 0.3497483 0.2425218 1.442 0.14927
Sex (Male) 32.383.640 43.966.747 0.737 0.46140
Period (Night) 93.135.196 29.069.854 3.204 0.00136
Size 0.0172241 0.0419770 0.410 0.68157
Temperature:Sex (Male) -0.5437417 0.2354026 -2.310 0.02090
Temperature:Period (Night) -0.6175680 0.1475027 -4.187 2.83e-05
Sex (Male):Period (Night) 22.075.287 38.059.657 0.580 0.56190
Temperature:Size -0.0022482 0.0023217 -0.968 0.33288
Sex (Male):Size -0.1007757 0.0478157 -2.108 0.03507
periodo[T.noite]:Size -0.1124419 0.0144287 -7.793 6.55e-15
Temperature:Sex (Male):Period (Night) 0.0993972 0.1928686 0.515 0.60630
Temperature:Sex (Male):Size 0.0096653 0.0024649 3.921 8.81e-05
Temperature:Period (Night):Size 0.0067916 0.0006121 11.095 <2e-16
Sex (Male):Period (Night):Size 0.0425056 0.0262369 1.620 0.10522
Temperature:Sex (Male):Period (Night):Size -0.0047416 0.0010560 -4.490 7.12e-06

Table S5. Bothrops jararaca bite probability predictions for each average population size
in Sdo Paulo according to Moraes (2008). A- Predictions made for males; B- for females

A
Regions
Human
. Coast (SVL=1120,7 +114,4 mm) |Plateau (SVL=1236,7 + 62,8 mm)
Stimulus
Bite Probability (%) Bite Probability (%)
Without
contact 32% - 45% 29% - 36%
With contact 46% - 58% 43%- 49%
B
Regions
Human Coast (SVL-850.7+55,7mm) | Plateau (SVL=8755 * 45,6 mm)
Stimulus
Bite Probability (%) Bite Probability (%)
Without 40% -50% 43% -51%
contact
With contact 54% - 62% 53% - 60%
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Table S6.Result of model estimating the amount of snakebites caused by Bothrops in the
regions of Sdo Paulo State, Brazil between 2009 and 2017 .Bold p values indicate p<0.005.

Variables Estimate Std. Error z value p

Coast 36.874 0.2168 17.005 <2e-16
Plateau -13.223 0.2732 -4.839 0.0000013




39

Minimal Temperatures
7] state limits
e Occurrence of 8. jararaca
Bio 6.csv
Temperatures(°C)
| K]
N 7.14
10.96
13.42
B 1656
. 197

Maximal Temperatures
{1 state limits
-T Occurrence of 8. jararaca
Temperatures(*C)
. 20
i 25
27.78
B 30
. 326

Figure S1.Bothrops jararaca distribution map plotted on a map with the temperatures of
occurrence. A- map with minimum temperatures. B- Map with maximum temperatures.
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Table S7. Result of the model relating the amount of annual snakebites and the average
temperature of the municipalities of Sdo Paulo.

Variable Estimate Std. Error z value p
(Intercept) -24.667 21.198 -1.164 0.2446
Temperature 0.2480 0.1031 2.415 0.0157
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Figure S2. Map of the average incidence of Snakebites caused by Bothrops in the State of
Séo Paulo, Brazil, between 2009 and 2017.
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2.CHAPTER 2: The influence of predatory stimulus on the antipredator behavior of
island pitvipers

2.1.INTRODUCTION

One of the most relevant interactions between organisms in a community is the prey-
predator relationship. Predation is considered responsible for the development of several
adaptations in organisms (VERMEIJ,1982). Among several adaptations, the behavioral ones
deserve attention, especially the actions that avoid the predation of the organism, i.e. the anti-
predator behaviors. (EDMUNDS, 1974). Snakes have a wide variety of predators, both
invertebrates and vertebrates, with different sizes, degrees of specialization, capture tactics,
metabolic rates, and life habits (GREENE,1988; MARTINS, 1996; POUGH et al.,2003).
Therefore, no single antipredator behavior fits all cases (GREENE,2000), resulting in an
extensive defensive repertoire and one of the most elaborate described in reptiles
(GREENE,1988).

Antipredator behavior is influenced by intrinsic (e.g., age, reproductive condition, and
experience or learning) and extrinsic (e.g., habitat characteristics, temperature, and social
context) factors (reviewed by Endler, 1986) (STANKOWICH & BLUMSTEIN, 2005). Among
these factors, the type of predator and the predation pressure has great influence. Snakes
respond in different ways depending on the type of predatory stimulus, its color, presence of
eyes, specie, size, and temperature (BURGHARDT & GREENE, 1988; LANGKILDE et al.,
2004; SHINE & MASON, 2000; WITAKER & SHINE, 1999; SCUDDER & CHIZAR, 1977).

When isolated from predators, expensive and no longer functional antipredator behavior
by selection can be eliminated (KAVALIERS, 1990; MAGURRAN et al ., 1995;
MAGURRAN, 1999 ). Generally, islands lose many predators because these environments
have many limitations and are therefore unable to support predators to the same extent as the
mainland environment (BLUMSTEIN, 2002). Therefore, for prey to maintain anti-predator
behavior in the absence of predators is considered costly (MAGURRAN, 1999 ), consequently
it is expected to be eliminated by selection if there is no benefit.

The pitviper Bothrops alcatraz and the golden lancehead Bothrops insularis are snake
species endemic to Alcatrazes Island and Queimada Grande Island, respectively located about
30 to 35 km off the coast of the state of Sdo Paulo, Brazil (MARQUES et al., 2002; MARQUES,
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2021). Both species have similar origins (MARQUES et al., 2002; MARQUES, 2021). During
the Pleistocene (11000 years ago), the sea level oscillated many times, which caused the
separation of the islands from the continent separating the pitviper populations (MARQUES et
al., 2002; MARQUES, 2021). Genetic studies show that both B. alcatraz and B. insularis, have
great similarity with common mainland pitviper Bothrops jararaca, and it is suggested that the
two island species shared the same ancestor with B.jararaca (MARQUES et al., 2002;
MARQUES, 2021; ZAHER et al.,2019).

All three species suffer different predation pressures. B. jararaca, being the most
widespread species and occurring on the continent faces a wider range of predators, both aerial
and terrestrial (CORDERO & NICOLAS, 1986; WAGLER, 1824). As for the island species,
there is little known about the predation they suffer. On both islands, we observed bird species
that prey on snakes, but there is only evidence of predation by birds on B. insularis, since on
Queimada Grande Island there are no terrestrial predators (MARQUES, 2021). On Alcatrazes
Island there is the presence of both terrestrial and aerial predators, but so far no observation of
predation (Fig 1) (MARQUES et al., 2002; MARQUES, 2021).

These species with their respective evolutionary and ecological histories provide an
appropriate setting to study how different predatory stimuli can interfere with antipredator
behavior. Therefore, our goal is to understand the influence that predatory stimulus type has on
the antipredator behavior of island pitvipers. Specifically to assess the influence of terrestrial

and avian predatory stimuli on the frequency of each behavior in the antipredator repertoire.

Ocurrence Predators
Mailand
. . . . Legend
Bothrops insularis Queimada Grande Island

occurrence of land
predator
- occurrence of
avian predator
-

Absense

Figure 1. Type of predators existing in the natural habitat of each species
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2.2.METHODS
2.2.1. Study Animal

We used a total of 47 snakes, including 20 individuals of B. jararaca (10 males and 10
females). 19 individuals of B. insularis (10 males and 9 females) and 8 individuals of B. alcatraz
(3 males and 5 females). All animals were born in captivity and housed in the Laboratory of
Ecology and Evolution of the Instituto Butantan. Every animal is considered an adult by their
sexual maturity (Shine et al., 1977 a,b; Matias et al., 2011). The animals were maintained at a
temperature around 25 °C, under a light and dark photoperiod of 12: 12. This fact removes the
effect of previous experience that each animal may have had in the different environments that

species occupy.

2.2.2. Behavioral Tests

To perform the behavioral tests, we conducted confrontations with the snakes using
avian and land predator models as stimuli. For the confrontations, a 2.025 m2 (1.5m (length) X
1.35m (width) X 1m (height)) arena was set up, with an aluminum plate as a base, and
Styrofoam walls. For the confrontations, a 2.025 m2 (1.5m (length) X 1.35m (width) X 1m
(height)) arena was set up, with an aluminum plate as a base, and Styrofoam walls. All
experiments were conducted between 5 pm and 8 pm at a temperature around 23 C. For each
behavioral test, the snakes were left in the arena for up to 15 minutes in order to cease
exploratory behaviors and habituate to the test arena.

To simulate a terrestrial predator, we used a cloth and cotton model with 42 cm and 24
cm and morphological characteristics of the opossum, Didelphis albiventris, since it is known
to exert predatory pressure on B. jararaca (Oliveira & Santori., 1999). In addition, a bottle with
water at 37°C was placed to simulate the typical internal temperature of mammals. Using a 1.5
m wooden stick attached to the predator model, 30 advances of the model toward the animal's

head were executed with a 2 s interval, touching the snake's body.

To simulate an avian predator, we used a taxidermized burrowing owl (Athene
cunicularia) with its wings spread. There are reports that this species of owl can also prey on
these species in addition to occurring on the islands (Macarrdo, 2010; Marques, 2021). At each
behavioral test, the model was warmed with the help of heaters so that the temperature was
around 37°C to 39 °C. With the help of a fishing rod, the owl model was attached and confronted
the snake 30 times with a 3 s interval, touching the snake's body. The confrontations were

performed from top to bottom simulating an aerial attack. The tester was about 3.5 meters away
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from the snake. An interval of seven days was given between stimulation in order to avoid stress
and learning influences (Glaudas et al., 2006). All experiments were recorded for later analysis

using a film camera (HDR-PJ200, Sony).

The observed behaviors were classified according to Greene (1988), Sazima (1988),
Duvall et al (1985), and Araujo and Martins (2006) (Supplementaryl). In addition, following
Mori and Burghardt (2004) apparent function behavioral classification, the behaviors were
divided into three behavioral classes for simplification in demonstrating the results. Threatening
behaviors (gaping; body flatten and strike) are responses that involve any behavioral element
to prevent predation by showing danger to the predator. Cryptic behaviors (immobility and head
hiding) are an attempt to remain imperceptible to the predator. Escape behaviors (lee; blunt

escape and cocking) are based on increasing the distance between the snake and the predator.
2.2.3. Statistical Analysis

Statistical analyses were based on the experimental design. The fixed categorical
predictor variables were species (three levels: B. jararaca, B. insularis, and B. alcatraz) and
predatory stimulus (two levels: terrestrial and avianpredator). The response variables were the

frequency of each antipredator behavior during the 30 confrontations with each predator.

Due to the nature of these variables and based on the experimental design, a generalized
linear mixed model (GLMM) with poisson distribution and log link function was used for each
behavior. Only for body flattening a GImmTMB model with a negative binomial distribution
(nbinom1) was used. Since the experiments were performed with the same animals and the sex
that was not of our interest to investigate, we placed these two variables as random variables in
the models, thus eliminating problems of pseudoreplication and experimental design. Using
ANOVA tables and AIC values, the minimum adequate model was selected. In addition, we
performed Tukey's Test for Post-Hoc Analysis to find significant relationships between
variables. All models were subjected to data dispersion analysis, homoscedasticity, and
delineate tests using model diagnostic values and plots, with the help of the package
"DHARMa: residual diagnostics for hierarchical (multilevel/mixed) regression models” in R.
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2.3.RESULTS
2.3.1. Escape behaviors

The behaviors of species belonging to the escape category were strongly influenced by
the predatory stimulus. All species flee more frequently when confronted with a terrestrial
predator (opossum) than with an avian predator (owl) (z=5.233; p <0.0001) (Fig. 2, top
graphic). Bothrops insularis, independent of the predatory stimulus, showed a higher flee rate
than the other species (z=4.218; p<0.0001), with a chance of fleeing about 85% higher than B.
jararaca. Similar pattern was observed for the blunt escape data. All studied species fledged
more when confronted with the terrestrial predatory stimulus (z= 6.626; p <.0001) (Fig.2 ,
middle graphic). Bothrops. jararaca, regardless of the predatory stimulus, had no clear
difference in frequency when compared to B. alcatraz (z= -0.999; p= 0.3177 ). However, B.
insularis, again, showed higher escape frequencies than the other species, with odds about 97%
higher than B. jararaca (z= 2.298; p= 0.0215).

The cocking behavior showed results with different patterns. This behavior was
influenced by the species type in different ways depending on the predatory stimulus. The
dependence between variables was significant. Bothrops insularis, as well as B. alcatraz,
showed no difference depending on the type of predatory stimulus (B. insularis- z= 0.391, p=
0.9988; B. alcatraz- z=-1.169, p=0.8516). However, the different predatory stimuli influenced
the frequency of cocking of B. jararaca ( z= -3,936 ; p<0.0001).



Average number of Flee

10

7.5

5.0

25

Average number of Blunt escape

0.0

Average number of Cocking

B. jararaca B. insularis

"

=

= ==

-

N

Land Avian Land Avian

Predator Stimulus

Land Avian

46

Figure 2. Influence of predatory stimulus types (Land and Aerial) on escape category

behaviors of B. jararaca, B. insularis and B. alcatraz. Upper graph - Flee behavior. Middle

graph- Blunt escape behavior. Lower graph - Cocking behavior. *** significant difference in

the frequency of behaviors in relation to the type of predatory stimulus ( p<0.001).

2.3.2. Cryptic behaviors

There was a difference in the frequency of cryptic behaviors such as immobility and

hiding the head. Among the species, B. alcatraz, was one of the species that showed the least

tendency to show any cryptic behavior (Fig. 3). The type of predatory stimulus influenced

immobility behavior only for B. jararaca, which showed a higher tendency to immobility for
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avian predator (B. jararaca: z= 3.234, p= 0.00122; B. insularis: z= -0.263, p= 0.9998; B. alcatraz: z=
1.656, p= 0.5612). In addition, B. jararaca showed the highest rate of immobility among the
species studied. All species showed no clear difference in the frequency of head-hiding behavior
when subjected to different stimuli (B. jararaca: z= -0.144, p= 0.88577; B. insularis: z= 1.667, p=
0.5535; B. alcatraz: z= -0.135 , p= 1.000). However, B. insularis subjected to the terrestrial
predatory stimulus has the highest rate of head-hiding behavior among species ( z= 2.792, p=
0.00524).

B. jararaca B. insularis

*okk
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Figure 3. Influence of predatory stimulus types on cryptic category behaviors of B.
jararaca, B. insularis and B. alcatraz. Upper graph - Immobility behavior. Lower graph - Head
hiding behavior. *** clear difference in the frequency of behaviors in relation to the type of
predatory stimulus ( p<0.001).

2.3.3. Threatening behaviors
All behaviors involving a threat signal, such as strike, gaping and body flatten, were

influenced by the type of predatory stimulus in different ways among the species. Gapping

behavior was strongly influenced by the type of predator. For B. jararaca and B. insularis it
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was more frequent to perform gaping for terrestrial predator (z= -3.803; p=0.000143), although
the difference was not significant for the latter (z=-1.905; p=0.056742). On the other hand, B.
alcatraz, had a change in pattern, as it more frequently gaped to an aerial predatory stimulus
(z= 2.265; p= 0.02352) (Fig 4. upper graph).

For strike behavior, the interaction between predator type and species was significant.
All species showed a change in attack frequency to the different predators. Bothrops jararaca
and B. insularis showed the same pattern, with more strikes to terrestrial than avian predators
stimuli (B. jararaca: z= 2.684, p= 0.007273; B. insularis: z= 4.860, p<0.0001). In contrast, B.
alcatraz showed the opposite pattern. When faced with the avian predator, it performed more
strikes than with the land stimulus (z=-2.217, p= 0.026609). Among the species, B. alcatraz
proves to be the most aggressive, with the highest strike behavior rates. The odds of B. alacatraz
to strike a terrestrial predator are about 75% and 49% higher than B. insularis and B. jararaca,
respectively. While for an aerial predator, B. alcatraz has about 44% more odds than B.
insularis to perform strike behavior. When compared to B. jararaca the difference of 27%
chance is not significant (z= -1.604; p=0.108618) (Fig 4 , middle graph).

Another behavior strongly influenced by predator type was body flattening behavior.
One more time, B. alcatraz had a different behavioral pattern than the other species and did not
show anybody flattening. Both B. jararaca and B. insularis, had a large difference in body
flattening rate during encounters with predator types. Both species performed more body
flattening when faced with the avian predatory stimulus (z= 6.638, p<0.0001 ). Furthermore,
among the species, the golden lancehead was the one that flattens the body most independently
of the predator ( avianpredator: z=-3.31, p= 0.000929; land predator: z= 3.169, p= 0.00153 ) (Fig4
bottom graph)
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Figure 4. Influence of predatory stimulus types on escape threatening behaviors of
Bothrops jararaca, B. insularis and B. alcatraz. Upper graph - Gaping behavior. Middle
graph- Strike behavior. Lower graph - Body flatten behavior. *** clear difference in the

frequency of behaviors in relation to the type of predatory stimulus ( p<0.001).
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2.4.DISCUSSION

A previous study evaluating the defensive behavior of five species of the genus
Bothrops found gquantitative differences in behavioral categories which appear to be an adaptive
response to more or less predation pressure of avian predators since each species studied
occupies distinct habitats (ARAUJO et al., 2006). Our study simulating avian and terrestrial
predators showed in fact that these different predatory stimuli influenced the frequency of each
category of antipredatory behavior. Furthermore, the species studied Bothrops jararaca and
their closest species that inhabit islands also responded differently to the same predatory
stimulus. Snakes can change their antipredator behavior during a snake's life depending on the
rate of predation pressure experienced (AUBRET et al,. 2011). These authors verified that adult
snakes exposed to a higher risk of predation showed higher bite rates. On the other hand, there
is no association between behavior and predator richness among neonates (AUBRET et al.,
2011). Thus, behavioral change can be attributed to learning processes with predators. All
snakes used in the present study were born in captivity, so they had no contact with natural
predators and did not need to change behaviors by ontogeny. Therefore, we can state that the
antipredator behaviors for these species were not influenced by previous experiences with
predators.

In the context of escape behaviors, cocking behavior is the most differentiated.
According to Morri and Burghardt (2004), escape behaviors are strategies that increase the
distance between a snake and a predator. Among the categories of behaviors, it is common for
the snake to turn its head to the opposite side of the predatory stimulus. However, cocking is
the only behavior that while increasing the distance between the snake and the stimulus object,
the snake's head continues to direct attention with its head toward the predator. Bothrops
jararaca was the only species that suffered influence in the frequency of cocking depending on
the predatory stimulus. Possibly, this is explained because B. jararaca, hypothetically, is the
species that presents the greatest diversity of predators, and cocking behavior is highly relevant
to avoid predation by some type of predator that the other species do not confront (SCHALK
& COVE, 2018).

For the other escape behaviors, such as flee and blunt escape, all species exhibited a
similar pattern of behavior. Snakes exhibited these behaviors more often in the face of
terrestrial predators. Possibly because this type of predator is on the same physical plane as the
snake, and can make more attacks than an avian predator in a short period of time. Therefore,

snakes would tend to seek shelter as quickly as possible through escape, since behaviors that
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involve moving away from the predatory stimulus are the main ones used by snakes
(STANKOWICH & BLUMSTEIN, 2005; LLEWELYN et al.,2010).

Bothrops insularis used fleeing and sudden blunt behaviors most frequently among the
species studied. This behavioral characteristic may be due to an attribute that most distinguishes
it from other species. Its yellowish coloration, which is out of tune with the environment.
Jackson (1976) observed that striped or differently colored snakes tend to escape more than
those with spotted coloration. Snakes with spotted patterns tend to be more cryptic and
stationery because their coloration pattern favors camouflage.

Based on this, B. alcatraz and B. jararaca which have spotted coloration should use
cryptic behaviors more frequently. Although, B. alcatraz did not show any cryptic behaviors.
B. jararaca corroborated this hypothesis, as it was one of the species that invested in this
behavioral class the most. Therefore, the coloration of the animal, should not be the only
explanation, other variables of the ecology and natural history of the species not yet known
influence the decision-making.

It was found that the species tended to use more cryptic behaviors in contexts involving
avian predator attacks. Wilgers and Horne (2007) demonstrated using artificial snakes that
detection by avian predators is impaired when there is no movement by the snake, as these
predators visually identify their prey by the movement it makes. Furthermore, B. jararaca
demonstrated to hide its head more often from avian predators than terrestrial predators. Birds
of prey such as the Laughing falcon (Herpetotheres cachinnans) attack their prey by going
toward the animal's head (MEDRANO-VIZCAINO, 2019). This difference may be due to the
fact that the snake tends to hide its most vital part (i.e., the head) precisely in avian attacks with
higher head attack rates (LLEWELYN et al.,2010).

Threat behavior tends to be aimed at persuading the predator that the animal is
dangerous (GRENNE, 1988; MORI & BURGHARDT, 2004). Within this class of behaviors,
the strike is one of those that are most influenced by abiotic and biotic factors (WHITAKER et
al., 2000; SHINE et al., 2002; MORI & BURGHARDT, 2004). Both B. jararaca and B.
insularis showed higher strike frequency to avian stimuli. On the other hand, B. alcatraz, was
more aggressive to terrestrial predators, possibly due to this species suffering greater predation
pressure by terrestrial predators such as tegu lizards (Salvator merianae) that are abundant on
the island (MUSCAT et al., 2016). Among the three species, B. alcatraz was the most
aggressive, presenting the highest strike rate. This species is very small, and has similarities
with the young of B. jararaca, having pedomorphic characteristics (MARQUES et al., 2002).

Snake size is one of the main variables that interfere with strike behavior. Generally, by
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suffering more predation pressure, small snakes tend to be more aggressive and have higher
strike rates (BLOMBERG & SHINE, 2000; JANZEN et al., 2000; SHINE et al., 2001; Tucker
et al., 1999; Vitt, 2000). This may explain this typical behavior of B. alcatraz. Another
important factor is that we do not know the predation rate and there are no reports of predation
of this species on the island, only the occurrence of potential terrestrial and avian predators on
the island of Alcatrazes (MARQUES, 2021). Therefore, the striking and frequent strike
behavior of this species may be influenced by several unknown factors that still need to be
studied.

Another threatening behavior is gaping. This behavior was most often used by B.
insularis. Gapping behavior is used by arboreal and diurnal snake species (MARTINS et al.,
2008). Although the Golden Lancehead uses low vegetation, it is the most arboreal species
among the three (AMARAL, 1921; MARQUES. 2021). In addition, it is also the species that
has more diurnal habits than the other species that are more nocturnal (SAZIMA,1992;
MARQUES et al., 2002b; SIQUEIRA et al. 2021). These data corroborate these previous
studies. Both B. insularis and B. jararaca exhibited more gaping to land stimuli. This data can
be explained because gaping is a behavior that increases the size of the animal on an x-axis, and
is possibly more effective for predatory confrontations that occur on the same spatial plane.

It was observed, that both B. jararaca and B. insularis, flattened more when confronted
with avian predatory stimulus. Body flattening behavior expands the snake's body laterally
(GREENE, 1988). In a view from above, the snake appears larger when flattened. Bird attacks
occur overhead and often in daylight (MEDRANO-VIZCAINO, 2019). Terrestrial and diurnal
snakes tend to flatten out more than other species (MARTINS et al., 2008).

Antipredator behavior can be lost after the loss of a key predator, i.e., loss of a trait after
relaxed selection (LATHI et al., 2009), or it can persist for many generations (BYERS, 1997).
If unnecessary antipredator behavior has substantial costs when expressed, then the loss of
predators should lead to rapid trait loss (BLUMSTEIN et al., 2004). Thus, island species that
have usually lower predation rates than mainland pitvipers would tend to lose or decrease the
frequency of some antipredator behaviors. We found that defensive behavioral repertoire
persists in island pitvipers, but the frequencies of these behaviors differ amongst species and
predatory stimuli and they still exhibit some similarities in response patterns to predators.

This persistence of antipredator behaviors is consistent with the multipredator
hypothesis. This hypothesis attempts to explain the persistence of antipredator behavior under
relaxed selection (BLUMSTEIN, 2006). This hypothesis assumes that antipredator behavior

has pleiotropic effects and that the behaviors may be genetically linked. Once such a set of traits
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is created, the loss of a specific predator but the persistence of others would prevent the
antipredator behavior from disappearing.

The multipredator hypothesis has been found in some kangaroos and wallabies, in which
the loss of all predators apparently led to a rapid loss of antipredator behavior, while the loss of
only one or two predators had a limited effect on the expression of antipredator. behavior for
the missing species (BLUMSTEIN & DANIEL, 2002, BLUMSTEIN et al., 2004). In addition,
the evolutionary persistence of rattlesnake (Crotalus spp.) recognition in California ground
squirrels (Spermophilus beecheyi ) (reviewed in COSS & GOLDTHWAITE 1995; COSS 1999)
suggested that rattlesnake recognition abilities can be maintained for over 70000 years after
rattlesnake isolation. B. insularis and B. alcatraz are separated from the mainland about 11000
years (MARQUES et al. 2002; WUSTER et al. 2005). Therefore, the integrity of the
antipredator behaviors of the isolated species, based on the multi-predator hypothesis, must be
because some type of predator still exerts pressure on these populations, or if not, they are still
relatively young populations and would not yet have lost the defensive repertoire.

Another explanation that may elucidate the permanence of antipredator behavior is the
"phantom predator past hypothesis” (PECKARSKY & PENTON 1988; BYERS 1997). This
hypothesis states that a species subjected to past selection for antipredator behavior by a
predator that exerted strong predatory pressure will maintain antipredator behavior if it is not
too costly to do so (e.g., NEILL 1990). The ancestral marsupials of opossums have been in
South America for at least 10 million years and the ancestral lineage of the genus Didelphis for
3 million years (DIAS & PERINI, 2018). These animals are major predators of snakes,
including jararacas, because they are resistant to the toxins in their venoms (PERALES et al.,
1986; MELO & SUAREZ-KURTZ, 1988). Therefore, these american marsupials probably
exerted a strong predation pressure and selection of defensive behaviors on the ancestral
lineages of the south american pitvipers since the early Pleistocene, which still persists in the
current lineages.

This was the first study to investigate the antipredator behavior of insular species in
South America. However, more comparative behavioral studies of these species are needed, as
well as extending these studies to other Bothrops spp. island species that are being described
(BARBO et al., 2012; BARBO et al., 2016). Experimental studies conducted with animals in
the wild need to be conducted for a complete understanding of antipredator behavior providing

a general understanding used for the conservation of these species.
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2.6.SUPPLEMENTARY MATERIAL

Table of behaviors

Escape behavior
Behavior Description

Figure

The snake, with its anterior body
oriented toward the ground,
moves in the opposite direction
of the stimulus, increasing the \W @
Flee distance between them. The
movement can be serpentine
(lateral undulation) or
anterolateral delocalization
(sidewinding)

The snake through a quick thrust
withdraws the entire front part of

Blunt escape its body from the ground, in the
opposite direction of the pa———

stimulus,

The snake remains with the
anterior body region retracted in

5

a sigmoid curve, facing the =
stimulus source and recoiling ‘ e’ a
with undulations of the posterior

Cocking body portions. The head is

elevated, and the tail flaps
constantly. This behavior can be
included in what Greene (1988)
defined as "frontal display"

Cryptic behaviors

Immobility The snake stays stilland may be
behavior in a loose or coiled position

The snake positionsits head or

part of it in the space between
Head hiding the spirals of its coiling, covering
it with one of the turns of its
body

Threatening behaviors

The snake partially opens its
Gaping mouth, then closes it, without \%
throwing any strikes. The body
may be coiled or not

The snake projects its head

rapidly toward the stimulus, with
Strike wide abduction of the mouth, as
the curves of the anterior body
region stretch.
The snake performs dorso-ventral
Body flatten compression along its body,
mainly on its posterior part

Table 1. table of antipredator behaviors and their explanation




