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ABSTRACT ARTICLE HISTORY

A striking feature of most scorpion species is fluorescence under ultraviolet light, but few Received 22 December 2019
studies have investigated the adaptive benefit of this trait. A hypothesis is that fluorescence Accepted 23 October 2020
may lure prey towards the scorpion improving foraging success. In this study, we investigated KEYWORDS

whether the ﬂuorescgnce Qf the scorpion Centruroides granosus Thorell, 1876 lures the hogse Buthidae; foraging; predator;
cricket Acheta domesticus Linnaeus, 1758. We performed two experiments: 1) an arena in which scorpions; UV light
crickets were exposed to both fluorescing and black-painted non-fluorescing scorpions and 2)

a tunnel in which crickets could walk out through one of the two exits, each with a scorpion

treatment. None of the experiments provided evidence that the scorpion fluorescence is

attractive to house crickets since they did not show preference for any of the two scorpion

types. Variables such as cricket sex or scorpion sex did not influence their response towards the

fluorescence; however, crickets were on average closer to male scorpions in the outdoor arena

and closer to female scorpions in the laboratory arenas. Moreover, male crickets were more

active than females in the tunnel experiment, in line with the results of the arena experiment

showing that male crickets were on average closer to the scorpions in the laboratory. We

discuss potential implications and suggest that more experimental work is required to inves-

tigate potential adaptive benefits of the scorpion fluorescence under various biotic and abiotic

factors.

Introduction attracted to fluorescent scorpions, but contrarily to
the hypothesis, it found that aerial insects avoided
fluorescing scorpions during the full moon as com-
pared to non-fluorescing scorpions (coated with UV-
blocking varnish). Moreover, the study found no pre-
ference of aerial insects for any of the two types of
scorpions when the experiments were carried out dur-
ing the new moon phase, indicating that moonlight
intensity influenced the response of the prey.

Here, we investigated the “prey-attraction hypoth-
esis” for fluorescence in the scorpion Centruroides
granosus Thorell, 1876, a tropical species from
Panama. Different from Kloock [5] who used
a scorpion species that feeds largely on aerial insects,
we tested this hypothesis using crickets and a species
of scorpion that preys mostly on terrestrial prey [6]. Our
study species cohabits environments with macrofungi
(Figure 1) that fluoresce similar to scorpions, at least to
the human eye. If fungi with autofluorescence
(induced by UV light) attract arthropods to disperse
their spores, similar to fungi with bioluminescence [7],
then we hypothesize that scorpions may use deceiving
signals to lure prey. In analogy with diurnal predators,
orb-weaving spiders use deceiving signals resembling
food sources (e.g. UV patterns in flowers) to attract
insects to the web [8,9]. Some nocturnal spiders also
use their body coloration to lure prey [10-12].

A particular trait common to most scorpion species is
fluorescence under UV light. However, it is unclear
whether this trait has an adaptive function and the
topic has received little attention from experimental
studies. Some hypotheses have been proposed and
the only ones that received experimental scrutiny
include the use of the fluorescence to detect UV light
[1] and helping the individuals to avoid UV light [2,3],
although the adaptive significance of the latter
remained unclear. Some authors have proposed that
fluorescence may reduce detection by prey and pre-
dators through camouflage [2] but this hypothesis
requires experimental evidence. The latter study by
Blass and Gaffin [2] exposed scorpions to different
wavelengths of light (red, green, UV, or no light) and
found avoidance of UV (and green) only when half of
the arenas were illuminated. However, when the entire
arena was illuminated, scorpions did not show avoid-
ance for any of the type of light used. The biological
relevance of exposing scorpions to isolated wave-
length it is debatable; since nocturnal light is com-
posed of all of them in different proportions [4].
Another hypothesis proposes that fluorescence may
help scorpions to lure prey but only one study has
tested this idea under natural light conditions [5].
That study investigated whether aerial insects were

CONTACT Dumas Galvez @ galvezd@gmail.com
Supplemental data for this article can be accessed here.

© 2020 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Published online 05 Nov 2020


http://orcid.org/0000-0001-8699-8497
https://doi.org/10.1080/23766808.2020.1844991
http://www.tandfonline.com
https://crossmark.crossref.org/dialog/?doi=10.1080/23766808.2020.1844991&domain=pdf&date_stamp=2021-01-12

NEOTROPICAL BIODIVERSITY 173

Figure 1. Fluorescence of fungi and scorpion cohabiting the study site. a) Unknown macrofungi (scale bar: 2 cm), b) fungus
Trametes sp. (scale bar: 1 cm) and c) Centruroides granosus. (scale bar: 2.5 cm). The light intensity of the UV lamp varied across

pictures.

Given the apparent avoidance responses of insects
towards fluorescing scorpions during full moon [5],
here, we focused on conducting the experiments dur-
ing non-full moon phases, particularly during the third
quarter phase. In addition, to test whether the light
source (artificial vs natural) influences the response of
the crickets towards the scorpions, we performed
experiments in arenas both in the laboratory and out-
doors. Moreover, we carried out a selection tunnel
experiment in the laboratory in which crickets could
walk out of the tunnel through one of the two exits:
one with a caged fluorescing scorpion and the other
one with a caged non-fluorescing scorpion. Our work is
just the second study in the literature to experimen-
tally investigate the capability of the scorpion fluores-
cence to lure prey and the first study carried out on
a tropical species.

Methods

We collected individual of Centruroides granosus scor-
pions from a dirt road in the town of Polanco in the
district of Capira, Panama (08°45'44.3196", —-079°
4822.8618"). We fed all individuals with the house
cricket Acheta domesticus once a week before the
experiments. This type of prey is promptly accepted
by C. granosus [6] and it was also used in the experi-
ments. Information on the visual capacity of
A. domesticus is scarce but they are likely to show
remarkable night vision similar to other nocturnal

crickets [13] and insects [14]. Moreover, A. domesticus
seems to respond to fluorescent lights [15] and light
intensity plays a role in phonotaxis of females [16]. For
all experiments, we compared pairs of fluorescing and
non-fluorescing scorpions of similar body size. Non-
fluorescing scorpions were painted with a black marker
(xylene and toluene free, Pentel N450), which blocked
the fluorescence to the human eye, while fluorescing
scorpions remained untreated.

Arena experiment

In the laboratory, each arena consisted of a pair of
fluorescing and non-fluorescing live scorpions of the
same sex (n = 24, 12 replicates per sex) that were
placed next to each other in cages (8 cm in diameter,
3 cm in height, C in Figure 2(a)). The openings of the
cage had an area of 1.2 cm? which did not impede the
detection of the scorpions and avoided contact
between the crickets and scorpions. Centruroides gran-
osus remains completely immobile while in the hunt-
ing position. Scorpions were placed on one side of the
arena and three crickets of the same sex were released
on the opposite side (triangle in Figure 2(a)). The floor
of the arenas was covered with manila paper for each
trial. Arenas were illuminated with 100 W Moonlite
bulbs (Zoo Med) placed at 2 m above them, mimicking
moonlight. The light of these bulbs covers the UV
spectrum (Figure S1). Pictures of the arenas were
taken with night vision cameras every 10 seconds for
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10 minutes. Experiments performed outdoors con-
sisted of the same setup and used natural moonlight
(third quarter) as illumination instead of the bulbs.
From each picture, we obtained the average distance
of the three crickets to each of the two scorpions. We
had equal proportion of scorpion treatments assigned
to each cage side (left or right from the crickets’
perspective).

Tunnel experiment

We used 10 crickets of the same sex for each pair of
scorpions (fluorescing vs non-fluorescing) and the sex
of the crickets was alternated after each trial (n =24, 12
pairs of each scorpion sex, 10 crickets per replicate).
Crickets were released into the tunnel through a hole
in one end of the tunnel (R in Figure 2(b)) and could
walk out through one of the exits at the end (E in
Figure 2(b)). The exits were illuminated with the same
moonlite bulb and scorpions were placed in the same
cages used for the arena experiments. We quantified
a multinomial categorical response by the crickets,
where 0: no response, the cricket did not select any
of the exits after 3 minutes; 1: cricket walked through
the exit facing the non-fluorescing scorpion; 2: cricket
walked through the exit facing the fluorescing scor-
pion. In addition, we measured the time crickets took
to select one of the two exits. The position of the
scorpions was switched after every two crickets (5
times for 10 crickets per replicate).

Statistical analysis

We performed all analysis in R [17]. We used repeated-
measures ANOVA in order to analyze whether the
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average distances of the crickets to the two scorpions
varied along time, as implemented in the libraries
“nlme” and “companion” (Scripts S1). We included
scorpion treatment, cricket sex, scorpion sex, experi-
mental setup (laboratory vs outdoor) as explanatory
variables and evaluated full interactions. For the tunnel
experiment, we carried out a binomial test to examine
whether the proportion of crickets walking to each
scorpion treatment varied (excluding non-responsive
crickets). Moreover, we performed a multinomial logis-
tic regression with a categorical response variable (0:
no response, 1: non-fluorescing scorpion, 2: fluorescing
scorpion) as implemented in a generalized linear
model to test whether the probability of walking
towards the fluorescing scorpion was influenced by
cricket sex, scorpion sex and scorpion pair per trial.
Given the non-normality of time data in the tunnel
experiment, we used a Wilcoxon test to compare the
time spent by the responsive crickets (1 or 2 from the
multinomial response) to walk to each scorpion.

Results
Arena experiment

Overall, there was no difference between the mean dis-
tances of the crickets from the fluorescing and non-
fluorescing scorpions (Table 1a). There were no effects
of cricket sex and experimental setup on the mean dis-
tance of the crickets (Table 1b and ¢, respectively). There
was an interaction between cricket sex and experimental
setup, indicating that in the laboratory, male crickets
were on average closer to the scorpions as compared to
female crickets (Table 1j, cricket sex: Fiag64 = 34.8,
p < 0.0001). For outdoor arenas, male crickets tended to

“— WO T —

Figure 2. Experimental design to test the prey-attraction hypothesis for the scorpion fluorescence. a) View from above of the arena
in which crickets were exposed to fluorescing and non-fluorescing scorpions. b) Trial tunnel in which crickets were exposed to the
scorpion treatments. For both experiments, scorpions were contained in cages (C, 8 cm in diameter, 3 cm in height). The mesh of
the cages is not shown for simplicity. Crickets were released at one side of the tunnel (R, 1.8 cm in diameter) and could walk out of
the tunnel through one of the exits (E, 11 cm in diameter) in the opposite site. See text for more details.
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Table 1. Summary of repeated-measures ANOVA of the average distances of the crickets related to treatment, cricket sex (Cricket),
experimental setup (Setup), time and scorpion sex (Scorpion). For clarity, non-significant two-way interactions are not shown with
the exception of the interaction Treatment: cricket sex, Treatment: Experimental setup, Treatment: Time and Treatment: Scorpion
sex. Descriptive statistics indicate mean + standard deviation. For simplicity, we have not added the mean and standard deviations
for the variable Time (60 values) or the interaction Treatment: Time (120 values). Top right of each row shows the statistical

analysis (F and p values) for the variable or interaction.

a) Treatment

Fluorescent Non-fluorescent
65.6 + 24.9 65.2 £ 253

b) Cricket

Male Female
64.8 + 26.0 66.0 + 24.2

¢) Setup

Laboratory Outdoors
65.8 £ 253 65.0 £ 249

d) Time

e) Scorpion

Male scorpion Female scorpion
64.5 + 234 66.3 + 26.6

f) Treatment: Cricket

Fluorescent

Male cricket Female cricket
65.1 £ 25.7 66.1 £ 24.0

g) Treatment: Setup

Laboratory

Fluorescent Non-fluorescent
66.1 + 25.0 655+ 257

h) Treatment: Time
i) Treatment: Scorpion

Fluorescent

Male scorpion Female scorpion
64.6 + 23.1 66.6 + 26.5

j) Setup: Cricket

Laboratory

Male cricket Female cricket
63.1+£258 68.5 + 24.6

k) Cricket: Scorpion
Male cricket
Male scorpion

Female scorpion

623 +23.1 67.4 + 283
1) Setup: Scorpion
Laboratory
Male scorpion Female scorpion
67.3 +225 643 +27.7

F1 5728 = 041 P =052
Fis728 = 3.2 P =0.8
Frs728 = 1.51 P=022
Fso 5728 = 26.0 P < 0.0001
F15728 = 7.3 P = 0.007
F15728 = 0.03 P=0386
Non-fluorescent
Male cricket Female cricket
64.5 £ 26.3 65.8 + 24.4
F15728 = 0.06 P =080
Outdoors
Fluorescent Non-fluorescent
65.1 £ 24.8 64.9 + 25.0
Fso 5728 = 0.41 P =031
F15728 = 0.24 P =0.63
Non-fluorescent
Male scorpion Female scorpion
64.5 £ 234 65.9 + 26.8
F1 5728 = 43.7 P < 0.0001
Outdoors
Male cricket Female cricket
66.6 £ 26.0 63.4 £+ 23.6
F15728 = 26.5 P < 0.0001
Female cricket
Male scorpion Female scorpion
66.8 £ 23.6 65.2 + 24.8
F155728 = 54.5 P < 0.0001
Outdoors
Male scorpion Female scorpion
61.7 £ 24.0 68.2 £ 253

be further from scorpions than females (Table 1; cricket
sex: F12864 = 11.9, p < 0.001). There was no evidence
indicating that the effect of the fluorescence depended
on the experimental setup (Table 1g).

There was an effect of time (Table 1d), indicating
variation of the average distances along time; however,
the response of the crickets towards the two types of
scorpions did not vary along time (Table 1h).

Crickets were on average closer to male scorpions
than female scorpions (Table 1e). Moreover, there was
an interaction between scorpion sex and experimental
setup indicating that crickets tended to be on average
closer to female scorpions in the laboratory arenas
(Table 11, scorpion sex: F;.g64 = 10.8, p = 0.001). For
outdoor arenas, the trend was the opposite, so that
crickets tended to be closer to male scorpions (Table 11,
scorpion sex: Fq 2864 = 51.4, p < 0.0001).

There was no interaction between treatment and
cricket sex indicating that the fluorescence did not influ-
ence the sexes of crickets differently (Table 1f). Neither
there was an interaction between treatment and scor-
pion sex, indicating that the fluorescence was not more
effective for one of the scorpion sexes (Table Ti).

Finally, there was an interaction between cricket sex
and scorpion sex showing that male crickets were on
average closer to male scorpions than female scor-
pions (Table 1, scorpion sex: Fi.g75 = 28.1,
p < 0.0001). There were no differences in the mean
distance of female crickets to the male or female scor-
pions (Table 1k, scorpion sex: F; 5575 = 27.1, p = 0.08).

Tunnel experiment

Crickets did not walk out of the tunnel preferentially
through the exit with the fluorescing scorpion as
compared to the non-fluorescing scorpion (binomial
test, 26 successes in 240 trials, p > 0.05: 26 chose
fluorescing scorpions, 16 chose non-fluorescing scor-
pion and 198 non-responsive crickets). This result
was not influenced by the sex of the scorpion
(GLM, t = - 0.25, p = 0.76), the sex of cricket (GLM,
t = 0.93, p = 0.35) or the pair of scorpions (GLM,
t = 0.53, p = 0.6). The probability of a cricket walking
towards the fluorescing scorpions did not depend
on its sex and the sex of the scorpion (GLM, inter-
action cricket sex: scorpion sex, t = 0.62, p = 0.54).
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Male crickets tended to be more responsive in the
tunnel than females towards both types of scorpions
(GLM, t = 1.973 p = 0.05). There was no difference in
time spent by crickets to walk to either the fluores-
cing or the non-fluorescing scorpion (81.2 £ 59.4 vs
87.2 £ 68.6 s; Wilcoxon test = 216, p = 0.8).

Discussion

We did not find evidence that the scorpion fluores-
cence was attractive to crickets in the two experiments,
either in laboratory or outdoor conditions. This is in
line with previous studies [5] that performed experi-
ments during the new moon. As nocturnal insects,
crickets are possibly able to see the scorpions in dim
light [18,19]; however, this does not predict what the
response towards the fluorescence would be (eg.
avoidance or attraction). It is likely that the visual signal
produced by scorpions is not enough to generate
a response in the crickets. Perhaps detection is only
possible when the scorpions move [20], and in that
case, it should not lure the crickets but warn them.

Evidence suggests multimodal communication in
crickets since they also use non-visual signals in their
communication like pheromones [21], tactile [22], che-
mical [23,24] and acoustic stimuli [25]; therefore, an
isolated visual cue might not be enough to deceive
crickets [11]. Our results also indicate that the response
of the crickets towards the fluorescence was neither
influenced by their sex nor the sex of the scorpion.
Future experiments should evaluate variables that
affect light intensity in natural environments (e.g. habi-
tat, canopy openness, season, lunar altitude or phase
[4]) and that may consequently influence the behavior
of scorpions, their prey and their predators. For
instance, moonlight detection through fluorescence
[1] induces shelter seeking [2]; then, scorpions under
a dense forest canopy and lower moonlight detection
may be under higher predation risk.

We also found that cricket males in the tunnel
tended to be more responsive towards both types of
scorpions, which could be simply an innate behavior of
males (e.g. males may show more exploratory beha-
viors) or perhaps female crickets are more capable of
detecting predator signals and consequently reducing
their activity. For instance, A. domesticus females delay
their foraging in the presence of a mammal predator
odor [26]. Another potential chemical cue that may
have influenced our results is that scorpions were fed
with A. domesticus before the experiments and there is
evidence that A. domesticus avoid chemical cues pro-
duced by predators fed on A. domesticus, as compared
to the same predators fed on other insects [27].
Perhaps this weakened any potential luring by the
fluorescence. Overall, it seems that predator avoidance
in house crickets depends on chemical cues [26-28].
Whether scorpions emit a chemical signal detectable

(e.g. faeces) by crickets remains to be investigated and
perhaps it may shed some light on why male crickets
were on average closer to male scorpions, or why they
were closer and reacted more to the scorpions in the
laboratory settings (arena and tunnel, respectively),
while female crickets were on average closer in the
outdoors setting (arena). Further experiments are
required to test whether some of these trends persist
in the absence of scorpions for both experiments.

Our results do not support the idea that scorpions are
able to produce a deceiving signal for prey as the result
of a coevolving prey-predator interaction. However, our
study system involved species that did not co-evolve
since their origins occurred on different continents,
A. domesticus is native to Asia [29] while C. granosus is
from America [30], which implies that Centruroides may
not have developed strategies to “lure” A. domesticus.
Therefore, future studies should use co-evolving species
of prey and predator (e.g. tenebrionid beetles - vaejovid
scorpion [31]) to test whether this is a limiting condition
to detect an effect of the scorpion fluorescence or any
other potential mean of signaling.

It continues to be intriguing why fluorescence
occurs in nocturnal predatory arachnids such as scor-
pions [32,33], harvestmen [34] and spiders [35].
Comparisons across these taxa may help establish simi-
larities and differences in order to understand the
evolution of this trait. Alternately, it is certainly possi-
ble that fluorescence has no function and be merely
a byproduct of physiological processes conserved
across these taxa. Overall, more experimental work is
needed to investigate other potential functions of the
fluorescence (aposematic signal, intra- or interspecies
recognition). For instance, if predators use cues asso-
ciated with bright moonlight nights to find scorpions
[36], the idea that scorpions use their own fluorescence
as a signal to seek shelter [2] and avoid predation
seems conceivable.
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