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Abstract

Differences in gender and age and the balance between aggressive behavior and the ability to escape are fundamental in
predator—prey interactions, as well as for survival, foraging, and mating success. We investigated the defensive behavior of
the scorpion Tityus pusillus and assessed possible differences in their behavior responses associated with sex, age, and diel
period, by simulating a predation threat. Predator attacks were simulated by pressing the telsons with forceps, dropping the
animals from a height of 25 cm on a plastic tray, restraining the pincers using large rubber-tipped tweezers, or restricting
the prosoma. Tityus pusillus (Buthidae) showed five defensive behaviors: thanatosis, fleeing, stinging, standing still, and
tail wagging. The scorpions responded with thanatosis or fleeing when their telsons were restricted. The frequency of these
responses varied with sex and diel period. Stinging was the primary behavior response to prosoma restriction in both adults
and juveniles while standing still was the most frequently observed behavior response to restraining pincers. These results
indicate that the plasticity of defensive behavior in 7. pusillus in response to predation is influenced by sex, age, diel period,
and the body part targeted by the predator.
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Introduction

Predation is one of the most important selective forces in
evolution, shaping several morphological characteristics
and animal behavior (Lima and Dill 1990; Sansom et al.
2009; Preisser and Orrock 2012). Failing to avoid predation
may result in death for the animal; thus, the ability to per-
ceive and respond to a threat is under high selective pressure
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throughout evolutionary history (Lima and Dill 1990; Kats
and Dill 1998).

Arthropods possess several defense mechanisms to avoid
predation including crypsis, mimicry, thanatosis, autotomi-
zation of appendices, and fleeing, and aggressive behaviors
like stinging (Tullberg et al. 2005; Fleming et al. 2007,
Gnaspini and Hara 2007; Pomini et al. 2010; Coelho et al.
2017). Sexual dimorphism and the developmental stage are
multi-integrated components affecting the defensive actions
(Williams et al. 2001; Uma and Weiss 2012; Miller et al.
2016). For example, Centruroides vittatus (Say, 1821) males
and females differ in morphology and behavior. Males sprint
faster than females, while females with their larger, heavier
bodies move slower and are more likely to sting and deliver
repetitive stings more rapidly when threatened (Carlson and
Rowe 2009; Carlson et al. 2014).

Many arthropods also exhibit ontogeny-related defen-
sive behavior (Breed et al. 1990; Jeanne et al. 1992; Judd
2000; Haight 2008; Ramirez et al. 2010). For example, in
the wasp Polybia occidentalis Olivier, 1791, the probability
of a young worker engaging in defensive behavior is low but
increases with age (Jeanne et al. 1992). Dangles et al. (2007)
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found that juveniles of the cricket Nemobius sylvestris (Bosc,
1792) exhibit a higher incidence of escape performances
than older instars, suggesting that these variations may be
related to the lower predatory risk perceived by large adults
than by juveniles.

Modulation of antipredatory behavior according to diel
rhythms has also been described in many arthropod species
(MclIntosh and Townsend 1994; Jones et al. 2011; Effertz
and von Elert 2014; Watts et al. 2014). Watts et al. (2014)
found that the orb-weaving spider Cyclosa turbinate (Wal-
ckenaer, 1841) exhibits thanatosis more frequently and for
more extended periods during daytime when confronted
with a predator stimulus in an experimental setup. Similarly,
the orb-weaving spider Larinioides cornutus (Clerck, 1757)
holds a huddled posture longer in the light than in the dark
(Jones et al. 2011).

Being both a predator and prey, scorpions offer a robust
opportunity to examine trade-offs associated with defensive
behavior. To avoid predation, scorpions have evolved dif-
ferent defense mechanisms such as retreating to a burrow
or other hiding place (Polis 1990), using pincers (chelae),
venomous telsons (stingers), or both (Warburg 1998; van
der Meijden et al. 2013). Morphology is also a key feature
influencing scorpion defensive behavior. Many species (e.g.,
Tityus sp., Centruroides sp., and Isometrus sp.) from the
family of Buthidae C. L. Koch, 1837 that possesses less
robust pedipalp pincers react more often with stinging com-
pared to species with more robust pedipalp pincers such as
Scorpionidae Latreille, 1802, Diplocentridae Karsch, 1880,
Liochelidae Fet and Bechly, 2001, or Iuridae Thorell, 1876
(Polis 1990; Warburg 1998; van der Meijden et al. 2013).
Additionally, van der Meijden et al. (2013) found that spe-
cies with strong pincers used these more often as a defense
mechanism compared to species with weak pincers that
rather used stinging.

In this study, we analyzed the defensive behavior of
Tityus pusillus Pocock, 1893 by simulating a risk preda-
tion situation and demonstrated possible differences in the
behavior response associated with sex, age, and diel period.
Tityus pusillus, the litter-dwelling scorpion, is a sexually
dimorphic species with males having more robust pincers
and enlarged metasomas compared to females (Lira et al.
2018a). We addressed the following questions: (1) Do differ-
ences in the age of T. pusillus influence defensive behavior?
(2) Do morphological differences, such as more robust pin-
cers in males, caused by sexual dimorphism, influence the
defensive performance in this species? (3) Does T. pusillus
exhibit alternative defensive behavior according to the diel
period, such as being more responsive during the nighttime?
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Materials and methods
Studied species

Tityus pusillus is a sedentary, small-sized scorpion (30-
35 mm) that occurs in the Atlantic Forest and Caatinga in
Northeastern Brazil (Porto et al. 2010; Lira et al. 2018a).
The species is found primarily in leaf litter layers (Lira
et al. 2013, 2018b; Santos et al. 2018) and is sensitive to
microhabitat structure changes (Lira et al. 2015; Dionisio-
da-Silva et al. 2018). Tityus pusillus is a protandric species
that reach adulthood after 4-5 molts, with females being
able to give birth to 8 to 12 live offspring in 85 + 12 days
(Albuquerque and Lira 2016; Lira et al. 2018a).

In this study, 248 T. pusillus individuals (68 males, 90
females, and 90 juveniles in the second instar phase), col-
lected in a remnant Atlantic forest in the Moreno munici-
pality, Pernambuco state, northeast Brazil, were used. All
animals were collected during the dry season in February
2014; during this season, T. pusillus exhibit an increase
in foraging activity (Dionisio-da-Silva et al. 2018). In the
laboratory, the animals were placed in individual plas-
tic terraria (14 cm X 10 cm X 8 cm) and supplied with
cardboard as a shelter and wetted cotton wool as a water
source. They were left in observation for 30 days before
the start of the experiments. Laboratory conditions were
maintained at 24 °C +2 °C and 80% + 5% relative humid-
ity, and a 12:12 h light:dark photoperiod. The scorpions
were fed weekly with cockroach nymphs of the species
Nauphoeta cinerea (Oliver, 1789). The test animals were
subjected to a fast 15 days before the experiments, and no
gravid females (with embryos visible through the ventral
mesosoma) were used.

Simulated predator experiments

Two sets of experiments using a simulated predator stim-
ulus were performed to verify T. pusillus anti-predator
response and to assess differences in behavior caused by
age (adult/juvenile), sex (male/female), and diel period
(night/day). All the procedures were performed by two
researchers (AFAL and FMFA).

In the first trial based on Pomini et al. (2010), 123 scor-
pions (33 males, 45 females, and 45 juveniles) were used
and predator attacks were simulated by holding the telson
with forceps for 10 s and by dropping the animals from a
height of 25 cm on a plastic tray (47 X 32 X9 cm) contain-
ing 3 mm of litter layer. Between the trials, the litter layer
was changed and the plastic tray was washed with 70%
ethanol. In situations where thanatosis (freezing posture)
was observed, the time individuals took to start moving
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again was recorded for up to 15 min. Behavioral assess-
ments were performed at night (19:00-21:00) under red
light (Machan 1968) and repeated after 15 days during the
day between 13:00 and 14:00 to verify if diel period influ-
enced the intensity of response to predation. All scorpions
were fed before the second round of experiments.

In the second trial, a different group of scorpions (35
males, 45 females, and 45 juveniles in the second instar
phase) was transferred to individual 1000 ml plastic ter-
rariums (9 cm high and 14 cm in diameter) and allowed
to acclimate for 15 min. Each scorpion had a separate ter-
rarium in which the trials were carried out. In the second
trial, each of the pincers was first restrained laterally in
a random order for 5 s (per pincer) using large rubber-
tipped tweezers, followed by a similar restriction (dorso-
ventrally) of the prosoma (van der Meijden et al. 2013).
Behavioral assessments were performed at night and dur-
ing the day as described for the first trial. Scorpions were
arbitrarily assigned to the day or the night group to ensure
the randomness of the dataset. After 15 days, the groups
were inverted. Voucher specimens were deposited in the
Arachnological Collection of Universidade Federal de
Pernambuco.

Statistical analyses

Age and sex differences in frequencies on defensive behav-
ior (thanatosis or fleeing) were assessed using a Chi square
test for the first trial. For the second trial, the frequencies
of responses from the pincer and prosoma restrictions were
assessed through a Chi square for independence. Differ-
ences in thanatosis time of adults vs. juveniles, males vs.
females, and daytime vs. nighttime were assessed by the
Mann—Whitney pairwise test with p values being adjusted
using the Bonferroni’s correction. Before these analyses,
the normality and variance of the data were assessed by the
Shapiro—Wilk and the Levene tests, respectively. All statisti-
cal analyses were performed with the PAST 3.22 software
(Hammer et al. 2001).

Results

In response to a simulated predator attack, 7. pusillus exhib-
ited five defensive behaviors (Table 1). Scorpions responded
with thanatosis or fleeing when their telsons were pressed
and released (Fig. 1) and with stinging, standing still, flee-
ing, or tail wagging when their pincers or prosomas were

Table 1 Defensive behaviors

. ) Behavior pattern
performed by Tityus pusillus

Description

Pocock, 1893 during trials Standing still

Remains motionless, not reacting to the stimulus

The individual refrains from all movements in a tonic immobility
with their appendages bent

Individual run after stimulus
Swing the metasoma sideways or back and forth in wave motions
The individual uses its stinger to puncture

Thanatosis
Fled
Tail wagging
Sting
a 100
90
80
70
3
Q 60
0]
F 50
o
w40
30
20
10
0
Adult Adult Juvenile Juvenile
daytime nighttime daytime nighttime

b so

JIH

Male Male Female Female
daytime nighttime daytime nighttime

Frequency
8 8 8 8 8 3

-
o

Fig. 1 Defensive behavior (%) of Tityus pusillus Pocock, 1893 in response to a predation attack in simulated experiments by restricting the telson
in daytime and nighttime periods. a Adults vs. juveniles; b males vs. females. Gray =thanatosis and black =fleeing
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Table 2 Defensive behavior

. . Behavior Adult Juveniles

(%) of Tityus pusillus Pocock,

1893 juveniles (N2) and adults Daytime Nighttime Daytime Nighttime

in response to restriction of - - - -

different body parts and diel Pincer = Prosoma  Pincer = Prosoma  Pincer  Prosoma  Pincer  Prosoma

period in simulated experiments ¢ - pino il 3571 7.15 704 725 4285 715 5120 6.67

of predation attack
Fled 25 0 4 0 16.67 0 15.47 0
Tail wagging 12.15 4.28 4 1.45 0 0 0 0
Sting 27.14 88.57 21.6 91.30 40.48 92.85 33.33 93.33

Table 3 Defensive behavi.or Behavior Male Female

(%) of male and female Tityus

pusillus Pocock, 1893 in Daytime Nighttime Daytime Nighttime

response to restrictions of - - - -

different body parts and diel Pincer = Prosoma  Pincer = Prosoma  Pincer = Prosoma  Pincer = Prosoma

period Noreaction ~ 13.65  12.12 7548  6.06 5540 270 66.67  8.88
Fled 39.39 0 5.66 0 12.16 0 2.78 0
Tail wagging 1.51 0 0 0 21.62 8.10 6.94 2.73
Sting 45.45 87.88 18.86 93.94 10.82 89.20 23.61 86.49

immobilized (Tables 2, 3). However, the frequency of these

behaviors was influenced by sex, age (adult/juvenile stage), 1050 —

and diel period (Tables 2, 3).

After pressing the telsons with forceps and dropping the 200 T

animals from a height in the first set of experiments, both

juvenile and adult 7. pusillus exhibited defensive behavior 7507

characterized by fleeing or thanatosis. However, a clear €

differential response related to age, sex, and diel period :,-’ 6001 —_

was observed. Juveniles and females exhibited a prefer- g oo -

ence for fleeing. The flight response significantly increased -

among juveniles (y>=4.52, df=1, p=0.03) if the simulated 3004

attack occurred during the nocturnal trials, while thana-

tosis was the main response of males independent of the 150-

diel period (Fig. 1a). Juveniles displayed significantly more 4 I

fleeing behavior than adults in both daytime (y*=3.59, o-

df=1, p=0.05) and nighttime (4*=13.9, df=1, p<0.01). 4

Thanatosis was performed by 30% of the juveniles, while -150-

a fleeing response was performed by 60% of the juveniles Adult Adult  Juvenile Juvenile

during the diurnal trial. In nocturnal trials, thanatosis was daytime nighttime daytime  nighttime

performed seven times less by the juveniles compared to
fleeing (Fig. 1a). Adult individuals showed no differences
(#*=0.01, df=1, p=0.73) in the frequency of thanatosis and
fleeing, independent of the period (Fig. 1a).

The time spent in thanatosis (Table S1) (mean + standard
deviation) by adults during the day (758 £263 s) was not
significantly different (U =349, adjusted p=0.14) from the
time spent in thanatosis during the night (484.71 +£412 s)
(Fig. 2). Similarly, juveniles did not show a diel period effect
in terms of the time spent in thanatosis (U=13.5, adjusted
p=1) (Fig. 2). Compared to adults, juveniles spent signifi-
cantly less time in thanatosis in daytime (U =56.0, adjusted

@ Springer

Fig.2 Thanatosis time (in seconds) performed (mean =+ standard devi-
ation) by Tityus pusillus Pocock, 1893 adults and juveniles in daytime
and nighttime periods after simulated predator attacks by holding the
telson followed by dropping the animals

p<0.01), but not in nighttime (U =34.0, adjusted p=1)
(Fig. 2).

During diurnal trials, males showed a higher prefer-
ence for thanatosis (y>=7.65, df=1, p=0.05) compared
to females (Fig. 1b). However, the duration of the thana-
tosis response of males and females was similar (males:
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723.63+291.91 s; females: 822.25+194.97 s; U=105,
adjusted p =1). Likewise, no significant difference between
males and females was recorded for time spent in thanatosis
during the nocturnal trials, although the time spent in that
state decreased for both sexes (males: 379.78 +412.44 s;
females: 638.07+374.75 s; U=87.5, adjusted p=1).

In the second trial, four types of defense strategies were
registered: standing still, fleeing, tail wagging, and stinging.
The type of strategy used was mostly influenced by which
body part was restricted in both adults and juveniles. When
the prosomas were pinched, the primary defense mecha-
nism was to sting while when the pincers were immobi-
lized, the individuals chose to either show no reactions or
to flee (Table 2). Stinging behavior was not influenced by
diel period (daytime ;((23,2) =1.85, df=2, p=0.39; nighttime
)(%3,2):0.67, df=2, p=0.71) in both adults and juveniles.
However, in response to pincer restriction, standing still was
more frequently observed than stinging. This behavior was
predominantly performed by adults during both diel periods
(daytime )((24’2) =154, df=3, p<0.01; nighttime )((24’2) =16.6,
df=3,p<0.01).

Tail wagging was only performed by adults and was inde-
pendent of body part restriction (prosoma or pincers) and
diel period (Table 2). Differences in the response of pincer
restriction were observed between sexes, but only in diur-
nal trials (;((24’2) =544, df=3, p<0.01) and not in nocturnal
trials (;((24,2)=4.96, df=3, p=0.17). In diurnal trials, males
performed primarily two reactions: fleeing or stinging, while
females exhibited no reaction or tail wagging (Table 3).
Contrarily, males and females performed mainly sting-
ing in response to prosoma restriction, with no differences
between daytime ()((23,2) =4.84, df=2, p=0.08) or nighttime
()((23’2) =1.08, df=2, p=0.58) (Table 3).

Discussion

This study described the defensive mechanisms used by the
litter-dwelling scorpion Tityus pusillus to simulate preda-
tion situations. Our results indicate that this species exhibits
behavioral plasticity in defensive strategies, with stinging,
thanatosis, and fleeing as the main defensive behavioral
reactions. Nevertheless, these responses can be modulated
according to factors such as the body structure immobilized
by a predator, sex, diel period, and developmental stage.

In response to threats, juveniles of T. pusillus would
rather flee than to engage in combat, while adults are
more actively defensive. Similar results were described in
other arachnids such as the cobweb spider Parasteatoda
tepidariorum C. L. Koch, 1841 (Uma and Weiss 2012),
in which juvenile spiders fled in response to attacks by
the predator, the mud-dauber wasp Chalybion califor-
nicum (Saussure, 1867), while adult spiders fought in

response to the wasp attacks (Uma and Weiss 2012). In
the black widow spider Latrodectus mactans (Fabricius,
1775), an ontogenetic shift in female aggressiveness has
also been positively associated with developmental stage,
with adults being more aggressive than juveniles (Troupe
2009). A possible explanation for the differential response
to predation between juveniles and adults is the relative
body size that often determines how an animal interacts
with its surroundings (Werner and Gilliam 1984; Polis and
McCormick 1987; Polis et al. 1989). Young animals and
small-sized individuals are more easily preyed upon by
other larger animals. Therefore, it is plausible that these
animals flee rather than face the predators. Although scor-
pions possess a venomous stinger as a defensive weapon
at all stages of the life cycle, they do not deviate from
this trend (Polis 1990). Known as generalist predators
capturing a wide diversity of preys (Polis 1990), juvenile
and smaller sized scorpions are also subject to predation,
resulting in a high mortality rate (e.g., Polis and McCor-
mick 1987; Moreno-Gonzalez and Hazzi 2012; Lira et al.
2016, 2017a, b).

Tityus pusillus also shows sex-related differences in
defensive behavior with males performing thanatosis and
stinging more often and females performing fleeing, tail
wagging, and stinging more often. Morphological differ-
ences between T. pusillus sexes such as males possessing
larger metasomal segments and more robust pedipalp pin-
cers and females possessing larger prosomas and mesosomas
(Lira et al. 2018a) may explain the differences in defensive
behavior. Similarly, differences in defensive behavior of
the scorpion species Centruroides vittatus may be associ-
ated with sexual dimorphism (Carlson et al. 2014). In this
species, females are more aggressive than males, possibly
because the females have larger bodies compared to males.
This observation suggests that in this species the females are
the combative sex to compensate for their locomotive restric-
tion for reproduction while males possess longer legs for
sprinting to evade predators and to find mates (Carlson et al.
2014). Another explanation for the differences between male
and female T. pusillus could be related to the life strategies
of each sex, as researched by Coelho et al. (2017). Addition-
ally, only T. pusillus adults exhibit unusual ‘tail wagging’
behavior, which is commonly considered as a reproductive
dance (e.g., Melville et al. 2003; Gaffin and Brownell 2010;
Taylor et al. 2012) and not as a defensive behavior. Tail wag-
ging consists of metasomal movements that occur before
stinging and are more common in Tityus pusillus females
than males. In a non-reproductive context, this behavior has
been described for juveniles of Tityus uruguayensis Borelli,
1901 when sharing the same prey (Toscano-Gadea and
Costa 2006). Moving the metasomal before stinging may
be considered as a warning of the aggressiveness level of the
scorpion against potential predators or competitors.
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Differences in behavioral strategies in response to the
observed diel period in T. pusillus adults suggest that this
scorpion species shows behavioral plasticity according to
environmental pressure. Diurnal predators (e.g., lizards and
snakes) typically hunt for prey through visual stimulus (Vitt
and Cooper Jr. 1986; Husak et al. 2006); thus, the variegated
coloration related to thanatosis behavior exhibited by T.
pusillus makes these scorpions difficult to find in leaf litter.
In addition, nocturnal predators (e.g., spider and scorpions)
can use other mechanisms for prey detection such as chemi-
cal cues and substrate vibration (Brownell and Farley 1979;
Persons and Rypstra 2000; Mineo and Del Claro 2006). For
these types of predators, prolonged thanatosis is not advanta-
geous, while fleeing to lower leaf litter layers or stinging, as
exhibited by 7. pusillus, is an effective mechanism to avoid
predation. Contrarily, there were no differences in the fleeing
response for 7. pusillus juveniles in the different diel periods.
The lack of differential fleeing behavior could be explained
by their smaller size, allowing them to hide in places difficult
to access by predators.

Our findings show that the litter-dwelling scorpion, Tityus
pusillus, exhibit defensive behavioral plasticity influenced
by developmental stage, sex, and diel period. However, dif-
ferences found in our study between adults and juveniles
should be interpreted with caution because of the effect of
the perceived size of the stimulus compared to the scor-
pion body size. Finally, this is the first study revealing the
ontogenic differences in defensive mechanisms of scorpions.
Also, we observed that males and females perform different
behavioral reactions, possibly because of sexual dimorphism
or different life strategies.
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