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Many prey species employ multiple defenses during interactions with predators. Multiple defenses can provide a selective advantage
against a single predator at different stages of the interaction or attack, as well as against multiple predator types. However, the effi-
cacy of multiple defenses both during different sequences of an attack and against multiple predator types, remains poorly understood.
We measured and classified defensive traits used by five mimics (Miillerian and Batesian) of the myrmecomorphic golden mimicry
complex and one non-mimetic species. We then performed predatory trials using two different predators that differed markedly in
their body size, trophic specialization, and how they handle prey—one being an ant specialist (spider) and the other a generalist which
avoided ants (skink). We identified 12 defensive traits and classified them into four groups (primary, chemical, mechanical, and behav-
ioral), which were strongly correlated. Skinks were much less likely to attack and capture mimics than the ant-eating spider predators.
Our results show that multiple defenses (five or six) were used against each predator. The defensive behaviors and features that were
most effective against skinks included appendage waving and large body size, whereas the golden “shine” warning signal, large body
size, cuticle thickness, and defensive gland size were most effective against spiders. Most defenses appeared to be predator-specific.
We conclude that potential prey in the golden mimicry complex have been selected for multiple defenses because of their vulnerability
to different predator types and consequently, the efficacy of some of these defenses likely represents a trade-off.

Key words: Araneae, Batesian mimicry, Formicidae, Heteroptera, multimodal signaling, Miillerian mimicry.

INTRODUCTION to the type of the predator: early-stage defenses (e.g., crypsis) are
favored against generalist predators while late-stage defenses (e.g.,
chemicals) are used against specialist predators (Broom et al. 2010).

Alternatively, multiple defenses should afford protection against an
array of predators. Yet, evidence to support this hypothesis is limited.
Predators vary in foraging behavior and how they attack and subju-
gate prey (Greeney et al. 2012). Potential prey thus experience selec-
tive pressures from multiple predators (Ratcliffe and Nydam 2008)
and have evolved a suite of defenses (e.g., Van Buskirk 2001) com-
posed of general and specific defenses (e.g., Kishida and Nishimura
2005). A key prediction is a positive association between the number
of defenses and the number of different predators (Wang et al. 2019).

Interestingly, multiple defenses have been mainly studied in ap-
osematic species in which conspicuous coloration is accompanied
by pungent odors or disturbance sounds (Rowe and Guilford 1999).
Aposematic species often form Miillerian mimetic complexes (or
rings) composed of a variable number of species. Such complexes
are often phylogenetically conserved, with mimics deploying similar
defenses (Symula et al. 2001; Williams 2007; Alexandrou et al. 2011;
Wilson et al. 2015). An exception to this is the myrmecomorphic
golden mimetic complex consisting of over 100 species of

Most prey are vulnerable to more than one type of predator and
have evolved multiple lines of defense as a consequence (Caro 2005;
Ruxton et al. 2018; Winters et al. 2021). Defenses are typically clas-
sified as either primary, which prevents physical contact between
predator and prey or secondary, which enhances the chances of
survival following contact with a predator. Secondary defenses can
be chemical, mechanical, or behavioral (Ruxton et al. 2018), and
are detected by different sensory systems including vision, hearing,
touch, olfaction, and gustation. During a predatory attack, different
defenses can act simultaneously or sequentially at different stages
of the predatory sequence (Caro 2005). Multiple defenses can in-
crease the efficiency of information transfer by acting on several
sensory modalities (Rowe and Guilford 1999) or by playing a dif-
ferent role: one defense can educate predators while others can
elicit innate avoidance (Hauglund et al. 2006). Theoretically, suites
of defenses should be concentrated at the early stages of the inter-
action because late-stage defense might be more costly (Wang et
al. 2019). Investment in defensive structures and behavior is related
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phylogenetically unrelated arthropods, all characterized by a golden
dorsal shine, including ants, heteropterans, hemipterans, wasps, and
spiders (Pekar, Petrakova, et al. 2017). Members of this complex
possess a wide variety of defenses such as spines, defensive glands,
stings, aggression, or escape. Pekar, Petrakova, et al. (2017) quanti-
fied the defenses and estimated an index of noxiousness for the ma-
jority of species within the complex. Species noxiousness within the
complex was highly variable, suggesting that the complex contains
Miillerian, quasi-Batesian, and Batesian mimics.

Multiple defenses often act simultaneously and possibly synergisti-
cally not only in Miillerian, but also Batesian, mimics. For example,
ant-mimicking species imitate not only coloration but also body
shape, body size, and the behavior of their model (Ceccarelli 2008;
Pekar and Jarab 2011; Nelson and Card 2016; Shamble et al. 2017;
Pekar et al. 2020). Although these traits are mainly visual, they may
provide information of different quality, or reinforce other signals, as
in the case of aposematic species (Rowe and Halpin 2013). Beside
primary defense traits, myrmecomorphic species may use secondary
defenses, such as defensive behaviors (e.g., Pekar et al. 2011).

Here, we measured multiple defensive traits expressed by
selected members (ants, bugs, and spiders) of the golden mimicry
complex representing Miillerian, Batesian, and quasi-Batesian
mimics. We then examined the efficacy of these defenses and when
they were employed by staging encounters between mimics and
two predators—one specialist (ant-eating spider), and one gener-
alist (lizard). The two predators were visually oriented but differed
markedly in their trophic specialization and how they handle prey.
While skinks catch arthropod prey using their mouth, subdue them
by crushing them in their jaws and then swallowing them, Servaea
spiders capture prey by biting and perform extra-oral digestion,
thus potentially avoiding the effect of some secondary (chemical
and mechanical) defenses. Therefore, we expected that the different
defensive traits would be effective against different predators and
at different stages of the predatory sequence. The main aims of
this study were to uncover the role of multiple defenses during en-
counters with single predators and to evaluate the extent to which
multiple defenses protect the mimic against multiple predator types.

METHODS
Study animals

We used five species from the golden mimicry complex (Pekar,
Petrakova, et al. 2017) and one non-mimetic species (house
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cricket, Acheta domesticus; shortened to A. domesticus hereafter). The
mimetic species included the following three ant species (Figure
1): Polyrhachis ammon (Fabricius) (shortened to P ammon hereafter),
Polyrhachis vermiculosa Mayr (shortened to P wvermiculosa hereafter),
and Camponotus aeneopilosus Mayr) (shortened to C. aeneopilosus here-
after); one true bug species: Daerlac nigricans Distant (shortened to D.
nigricans hereafter); and one spider species: Myrmarachne luctuosa (L.
Koch) (shortened to M. luctuosa hereafter). Based on the assessment
of a number of defensive traits, such as presence of spines, thick
cuticle, and defensive chemicals (Pekar, Petrakova, et al. 2017), the
ants are Miillerian mimics, the bug is a quasi-Batesian, and the
spider is a Batesian, mimic. These species were selected in order to
represent a wide spectrum of mimics, because they co-occur with
the predators used, and because of their availability. Crickets were
used as a non-mimetic control because they represent a familiar
prey to skinks and their refusal would indicate an absence of moti-
vation to forage.

Defensive traits

We quantified the defensive traits (Table 1) for 10 individuals per
species. First, we measured the occurrence of biting (in ants) fol-
lowing a simulated attack with a pair of pincers. The thorax of
an ant was grabbed once by a pincer for a second and then the
ant was released. Then, one of us (S.P) gently restrained the an-
imal between fingers and smelled them to detect whether they
actively emitted noxious chemicals (i.e., formic acid). Noxious
chemicals in arthropods are typically volatile and therefore readily
detectable by the human olfactory system. Escape speed was then
measured in the laboratory using a Canon Legria HF G10 video
camera. Mimics were released into an arena (50 X 30 cm) with a
very thin film of butter on the sides to prevent escape. We filmed
each individual for a period of 30 s and prodded the animal with
forceps every 10 s. Escape speed was estimated from the footage
using Kinovea software (www.kinovea.org) as an average speed per
5 s following disturbance. From the footage (30 s), we also meas-
ured frequency of antennae (insects) or foreleg (spider) waving as
the number of waves per s.

Following the behavioral trials, all specimens were killed through
exposure to ethyl acetate in a sealed container and then mounted
on transparent tape to imitate the natural body position. In order
to quantify size and shape, we photographed each animal using a
Canon Legria HF G10 camera. We illuminated specimens from
the side (approximately at 45°) using two fluorescent bulbs (13-W

Habitus of study species. A. cricket Acheta domesticus, B. ant Camponotus aeneopilosus, C.. true bug Daerlac migricans, D. spider Myrmarachne luctuosa, E. ant Polyrhachis

ammon, ¥. ant Polyrhachis vermiculosa. Scale = 1 cm.
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List of defensive traits and behaviors of five mimics and one non-mimetic species classified into four groups

Defenses Polyrhachis ammon — Polyrhachis vermiculosa — Camponotus aeneopilosus — Daerlac nigricans — Myrmarachne luctuosa — Acheta domesticus
Primary

Golden area proportion 0.65 (0.04) 0.38 (0.01) 0.46 (0.01) 0.36 (0.03) 0.37 (0.02) 0

Body shape 0.27 (0.01) 0.27 (0.01) 0.25 (0.01) 0.26 (0.01) 0.23 (0.01) 0.33 (0.01)
Total body size (mm) 9.04 (0.08) 5.98 (0.05) 8.04 (0.17) 7.40 (0.14) 7.04(0.28) 5.93 (0.10)
Frequency of appendage 6.3 (0.97) 9.6 (0.98) 9.6 (1.08) 6.4 (0.6) 7.0 (1.12) 2.6 (0.9)
waving (per s)

Chemical

Spray chemicals 1 1 0 0 0
Gland size (mm?) 2.84 (0.16) 1.62 (0.06) 2.43 (0.09) 0.57 (0.03) 0 0
Mechanical

Number of spines 4 6 0 0 0

Total spines length (mm)  3.54 (0.08) 2.96 (0.08) 0 0 0
Jaw size (mm) 1.00 (0.02) 0.71 (0.03) 0.84 (0.02) 0 0 0
Cuticle thickness (mm) 0.04 (0.002) 0.03 (0.002) 0.02 (0.001) 0.02 (0.001) 0.02 (0.001) 0.15 (0.001)
Behavioral

Frequency of biting 0.1 0 0 0 0
Escape speed (cm/s) 0.18 (0.03) 0.15 (0.01) 0.26 (0.01) 0.19 (0.02) 0.25 (0.02) 1.03 (0.35)

Values are means (£ SE) estimated from 10 measurements in the case of traits showing variation.

daylight ReptiGlo 2.0 UVB) with a similar light spectrum to nat-
ural light. We then analyzed the images using custom-made image
analysis software (Jezek 2015) to quantify body size and shape. The
software extracts a binary mask of the whole body from the image.
From the mask, the circularity index (Herrera-Navarro et al. 2013)
was calculated as a measure of body shape (the lower the value, the
more ant-like [articulated] shape). In addition, the total body size,
the area with a golden shine on the head, thorax, abdomen or pro-
soma, and opisthosoma, were measured from photographs using
Image] software (Schneider et al. 2012).

Last, the size and number of spines, and size of mandibles were
measured using a stercomicroscope with an ocular micrometer
for each specimen. The cuticle thickness was measured by slicing
the thorax (mesosoma) or prosoma perpendicularly using a blade
and then measuring it under the stereomicroscope with a precision
nearest to 0.01 mm. To measure the size of any glands, the gland
was dissected from the gaster (ants) or thorax (bugs) using fine for-
ceps, placed on a glass slide in a drop of water, and enclosed by a
cover slide. The gland was approximately oval; thus, two perpen-
dicular diameters of the gland were measured using an ocular mi-
crometer from which an area assuming a regular ellipsoid shape
was calculated.

We grouped the measured traits into four groups based on the
traditional classification (primary, chemical, mechanical, and be-
havioral) of defenses. As three of these groups (Table 1) included
more than two highly correlated traits, we reduced the dimension
of these groups using PCA to a single vector (scores along PCAT)
following scaling (Supplementary Figure S1). To study relationship
between the four groups of defenses, we used Spearman correl-
ations as the scores did not approach a normal distribution and the
relationships were not linear.

Response of predators

We used two visually oriented predators to test the efficacy of their
defenses, one representing a generalist vertebrate predator, which is
much larger than the mimics, the other was a specialized arthropod
predator similar in size to the prey. Both predators have good color
discrimination ability and both readily respond to visual movement
(Peaslee and Wilson 1989; Barbour et al. 2002; Zurek et al. 2010,

2015; Fleishman et al. 2011; New et al. 2012). Importantly, they
would have no difficulty detecting moving prey, or, discriminating
golden coloration.

The generalist predator (V= 26) was the eastern water skink
(Eulamprus quoytz (Quoy & Gaimard)). Only adult skinks, which
came from a captive colony, were used. They were first genera-
tion captive-bred. The parental animals were collected locally,
on campus at Macquarie University and in metropolitan Sydney.
Skinks were housed individually in an opaque (white) plastic tub
(70 X 50 X 40 cm) in which trials were performed. One individual
of each prey species (4. domesticus, C. aeneopilosus, D. migricans, M.
luctuosa, P ammon, and P vermiculosa) was released into the tub in a
constrained randomization. Ants were offered first (at random),
because they are Miillerian mimics and the predators could ex-
perience a range of primary and secondary defenses. The other
prey species were then offered at random. From recorded video
footage we recorded the latency to spot (time from prey release to
when skink turned to see the prey), latency to approach (time from
spotting to when the skink started to move toward prey), latency
to attack (time from approaching to actual capture), frequency of
tongue-flicking (chemoreception) from predator approach to cap-
ture, attack and capture frequencies, and whether the captured
prey was subsequently consumed or discarded (the whole prey body
was either swallowed or spat out).

For the specialist predator (N'=28), we used adult females
of the jumping spider Servaca incana (Keyserling). This species is
myrmecophagous (McGinley et al. 2015). Spiders were collected by
hand under the bark of gum trees on the Macquarie University
campus, then placed individually in Eppendorf tubes, and kept at
23 °C for about 2 weeks before the experiment. During this time,
they were fed small crickets. All trials were conducted in a Petri
dish (8 cm diameter). All prey were individually released into the
dish randomly and removed after the trial. In contrast to experi-
ments with skinks, the randomization was not constrained as the
spiders are myrmecophagous. We measured the size of spiders
and mimics using calipers and the predator/prey total body size
ratio was recorded prior to each trial. Because the predation beha-
vior of spiders differs from that of skinks, not all behavioral events
that occurred in skinks were measured in spiders. In each trial, we
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Relationship (Spearman correlation) between 12 measured traits of defense (arranged in four groups) in the five mimics and one non-mimetic species.

Significant values (P < 0.05) are in bold.

recorded latency to attack (i.e., time from orienting to prey to when
they first pounced on prey), latency to capture (i.e., time from the
first attack to capture), number of attacks, and attack and capture
frequencies. All captured prey were consumed.

We used Generalized Estimating Equations (GEE) from the
geepack package (Yan and Iine 2004) because we had a blocked
design (repeated use of the same individuals with different prey).
GEE is an extension of the GLM for correlated data (Pekar and
Brabec 2018). Data on latencies were subjected to GEE with
Gamma errors (GEE-g); data on relative frequencies were subjected
to GEE with binomial errors (GEE-b); and data on counts were
subjected to GEE with Poisson errors (GEE-p). Exchangeable as-
sociation structure was used in all cases. Treatment contrasts were
used for post hoc comparisons. The linear predictors in models of
skink response included only a prey species as an explanatory var-
iable, while in models of spider response the predator/prey body
ratio was also included. All analyses were performed in R (R Core
Team 2021).

Effect of defenses on predator behavior

Primary defenses are used ahead of subjugation whereas sec-
ondary defenses are employed during subjugation and consump-
tion (Ruxton et al. 2018). Some defense traits could be used both
before and during subjugation. Thus, we used Spearman correl-
ations to examine the relationships between primary defensive traits
(Table 1) and observed behaviors of predators prior to subjugation
(Supplementary Table S1), and secondary defense traits (Table 1)
during subjugation and consumption (Supplementary Table SI).
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Relationship (Spearman correlation) between PCA scores of four groups of
defenses in the five mimics and one non-mimetic species. Significant values
(P < 0.05) are underlined.

Although some trait values are not independent among species
due to common ancestry (e.g,, among three ant species), we did not
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the lower axis are below, while those on the upper axis are above, the estimated mean.

control for phylogenetic relationship because of small sample size
and the fact that we were interested in their effect against tested
predators not in inferences on a general evolutionary scale.

RESULTS
Defensive traits

Four defense traits (golden area, total body size, body shape, and
frequency of appendage waving) were classified as primary de-
fenses in all species. Two traits (expulsion of chemicals and gland
size) were classified as chemical defenses. Four traits (number of
spines, total spine length, cuticle thickness, jaw size) were classi-
fied as mechanical defenses. Finally, two traits (escape speed and
frequency of biting) were classified as behavioral defenses. The
pairwise (Spearman) correlation between 12 measured defenses

was mostly positive (Iigure 2) but negative correlations were found
between escape speed and other defenses. When we combined the
individual traits into one of four groups, the first axis of each PCA
explained more than 70% of the variance. Three groups of de-
fenses were highly positively correlated (Figure 3), including behav-
ioral defenses.

All mimics possessed the primary defense traits: golden area,
total body size, body shape, and appendage waving. In terms of
secondary defenses, biting and chemicals were performed by ants
and the true bugs. Two ant species possessed spines. Collectively,
ants were the most heavily defended with six to eight traits, fol-
lowed by D. migricans with three and M. luctuosa with two.

Response of predators

All prey were approached by skinks at a similar latency of ~2 min
(GEE-g, %% = 3.7, P=0.60). Skinks sighted prey at significantly
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Comparison of the probability of attack and capture for six prey species
by skinks (A) and spiders (B). Acheta domesticus is non-mimetic, M. luctuosa
is Batesian mimic, D. migricans is quasi-Batesian, and others are Miillerian
mimics.

different latencies (GEE-b, %% = 138, P < 0.0001): ants (Miillerian
mimics) were detected earlier than mimetic spiders (Batesian
mimic) and D. nigricans bugs (quasi-Batesian mimic) (Figure 4A).
The attack on prey occurred at significantly different latencies
(GEE-g, %% = 26.9, P<0.0001, Figure 4B): attack on P vermiculosa
was significantly earlier than on A. domesticus (contrasts, P = 0.004).
Skinks tongue-flicked the different prey prior to attack at signifi-
cantly different frequencies (GEE-p, %5 = 24.7, P=0.0002, Figure
4C): skinks tongue-flicked at a higher frequency in response to P
ammon ants than all other prey (contrasts, P < 0.05). The proba-
bility of attack was significantly different among prey species (GEE-
b, %% = 26.9, P < 0.0001): while A. domesticus was always attacked,
all mimics were infrequently attacked (Iigure 5A). The probability
of capture was significantly different among prey species (GEE-b,
%25 = 125.9, P<0.0001): P ammon was never captured (Figure 5A).
The probability of releasing captured prey was significantly dif-
ferent among species (GEE-b, %*; = 28.1, P < 0.0001, Figure 4D):
A. domesticus and M. luctuosa were never released, unlike other prey
species.

Spiders stalked prey following detection. The latency to attack
differed significantly among prey (GEE-g, ¥2, = 19.4, P=0.0007,
Figure 6A): M. luctuosa was attacked significantly later than P
ammon. The probability of attack was significantly different among
prey species (GEE-b, %5 = 58.2, P < 0.0001): while A. domesticus was

Behavioral Ecology

always attacked, all mimics were infrequently attacked (Figure 5B).
The attack probability changed significantly with prey/predator
body size ratio (GEE-b, x% =26.5, P<0.0001): spiders attacked
mainly prey smaller than themselves (Figure 6B). The latency to
capture did not differ significantly among prey (GEE-g, ¥2, = 1.7,
P=0.79, Figure 6C). Similarly, the number of attacks did not
differ significantly among all mimics (GEE-p, 2, = 3.6, P = 0.47).
The probability of capture was significantly different among prey
species (GEE-b, %% = 107, P< 0.0001): £ ammon and P vermiculosa
were rarely captured (Iigure 5B). The probability of capture
changed significantly with prey/predator body size ratio (GEE-b,
¥% =725, P<0.0001): spiders captured prey that were mostly
half their size (Figure 6D). Successful capture was in all cases per-
formed head-on: Servaea bit prey behind the head on the dorsal side
of the pronotum/prosoma and held on firmly with their chelicerae
so that the mandibles/chelicera of prey were facing away from the
attacker.

Efficacy of defenses on predator behavior

In trials with skinks, five defense traits had a significant relationship
with the attack sequence (Supplementary Table STA). Two primary
defenses were important before attack. Specifically, more intensive
waving of an appendage by prey was associated with fewer tongue-
flicks in lizards and a more ant-like shape was related to lower
probability of attack (Figure 7A). One primary and two secondary
defenses were important following initial attack: larger body size
was related to lower probability of capture (Figure 7A) and species
with thicker cuticles and larger glands had a higher probability of
being released (Figure 7A).

In trials with spiders, six defense traits had a significant relation-
ship with the attack sequence (Supplementary Table S1B). Three
primary and one secondary defense were important before attack.
Specifically, the larger the golden area, the larger the body size, and
the larger the gland, the shorter the latency to attack (Figure 7B)
or the lower the probability to attack (Figure 7B). Two secondary
defenses were important after initial attack. Namely, the larger the
body size, the higher the escape speed, the higher the capture prob-
ability (Figure 7B); and the thicker the cuticle, the lower the proba-
bility of capture (Iigure 7B).

DISCUSSION

We found that members of the golden mimicry complex possess a
range of primary and secondary defenses. This is typical for spe-
cies using warning coloration (aposematic Miillerian mimics) as
they advertise their unpalatability (achieved by chemical and/or
mechanical traits). We found that Batesian mimics of this complex
(spiders and bugs) possess few defensive traits and are thus better
classified as quasi-Batesian mimics.

We found all four groups of defenses (primary, chemical, me-
chanical, and behavioral) to be positively correlated with each
other. This 1s expected for aposematic species (e.g., Ruxton et al.
2018). Interestingly, behavioral defenses were also positively cor-
related with other defensive groups with the exception of escape
speed, which was negatively correlated with behavioral defenses.
A positive correlation is expected when behavioral and other de-
fense types are used synergistically. For example, defensive behavior
was significantly positively correlated with morphology in scorpions
(Van der Meijden et al. 2013), in which the use of stinger is coupled
with behavior. Escape, however, should act independently of other
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Batesian, and others are Miillerian mimics.

defenses. Thus, the negative correlation between escape speed and
the primary defenses could be a traded-off: more armature or me-
chanical defenses at the expense of sprint speed. For example, this
relationship has previously been demonstrated in cordylid lizards,
in which more heavily armored species could venture farther from
their refuges but they had reduced sprint speed (Losos et al. 2002).
We predicted that different defensive traits would be effective
against different predators and at different stages of a predatory
sequence. Overall, out of 12 traits, seven (coloration, appendage
waving, body shape, body size, gland size, escape speed, and cuticle
thickness) were important at any stage of attack by skinks, spiders,
or both, either encouraging or discouraging attack. Among primary
defenses, coloration discouraged attack by spiders while appendage
waving discouraged attacks by skinks. One primary defense trait,
large body size, discouraged both predators from attack. Among
secondary defenses, higher escape speed was more likely to prompt

spiders to attempt prey capture. And two defenses, gland size and
cuticle thickness, were important for both, however, in opposite dir-
ections. As expected, for ant-cating spiders, chemical defenses were
ineffective because of how they handle prey. By using extra-oral di-
gestion (sucking their prey without crushing it), spiders might be
able to avoid contact with chemical defenses. Spiders also tended to
attack behind the head which allowed them to avoid spines on the
thorax and petiole.

Surprisingly, jaws and spines, which are expected to play a role
during subjugation, were not important. Ants possess powerful
mandibles which are used against enemies in combination with
their aggressive behavior. Powerful mandibles allowed ants to es-
cape from arthropod (Hénaut et al. 2014; Larabee and Suarez
2015), as well as from vertebrate, predators (e.g, Vogel 1983).
Similarly, spines can serve as an effective defense not only against
vertebrate (Dornhaus and Powell 2010; Ito et al. 2016), but even
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Relationship between selected traits (ellipses) and observed response
(rectangles) of skinks and spiders. The effect of traits is displayed by arrows
with a value of the Spearman correlation. Full lines are used for traits that
discouraged and dashed lines are used for traits that encouraged attack.
Asterisk marks significant values (P < 0.05). Displayed defensive traits are
either primary (empty ellipses) or secondary (gray ellipses) defenses.

some invertebrate, predators (Mikolajewski et al. 2006). In the case
of spiders, which grab prey by their legs or head during attack,
spines are not very effective. For example, Blanchard et al. (2020)
found only slightly higher survival of ant species with spines during
encounters with another salticid spider. In our study, the salticid
failed to catch most Polyrhachis ants. It appeared as if the spines of
ants were physically used against the spider which made the spider
quickly retreat. In Polyrhachis ants, spines are not conspicuous as
they are a similar color to the body and thus easily overlooked by
predators. Predators probably did not recognize their presence until
only after capture. Polyrhachis ammon possess fewer but longer spines
than P vermiculosa. Yet, while P ammon was not eaten by skinks, P
vermiculosa was eaten. However, we do not know whether it was the
spines that caused skinks to drop Polyrhachis ants.

The importance of large body size to survival was particularly
surprising for skinks—lower capture probability for larger ants. But
prey size, particularly in the range of sizes of the ants and mimics
in this experiment, should not have been a constraint for skinks,
whose gape size easily accommodates arthropod prey. In spiders,
the size of prey, which can be larger than the spider, is an impor-
tant predictor of prey capture success (e.g, Nentwig and Wissel
1986). Here, we found that Servaea spiders captured relatively large
prey, which is in agreement with abilities of other prey-specialized
spiders (Pekar and Toft 2015; Pekar, Garcia, et al. 2017).

We observed that chemical defenses were deployed against both
predators. Both Polyrhachis and C. aeneopilosus ants possess formic
acid which can be used both as an odor to signal ant identity, as
well as a noxious substance during consumption. In our study it ob-
viously acted as an odor prior to attack in spiders and as a defense
after attack by skinks. Odors are important in prey identification

Behavioral Ecology

both in spiders (Vickers and Taylor 2018) and birds (Winters et al.
2021). Even though skinks were observed to direct tongue-flicks to-
ward prey during approach, they did not appear to use this infor-
mation prior to attack as they frequently attacked both Polyrhachis
and C. aencopilosus ants.

Behavioral defenses were either aggressive (biting) or defensive
(escape) and, therefore, not surprisingly, they were not correlated.
This was most apparent in the behavior of the mimics. Polyrhachis
ants and D. migricans bugs, which deployed aggressive behavioral
defenses, moved about in the arena seemingly unaware of the
predator present. Conversely, M. luctuosa, which did not bite, ei-
ther displayed intensively or tried to escape. The role of some be-
havioral traits, such as escape, was limited because the prey were
contained in an arena. Furthermore, in the field, the prey could
not only escape but also hide, for example, in leaf litter and debris,
which was also not possible in the laboratory setup. Thus, the esti-
mated attack and capture probabilities are likely to be the maximal
possible as is typical for such artificial conditions.

We expected the golden body coloration of the mimics to be im-
portant for the predators, as has been found for birds (Marples et
al. 1994; Hauglund et al. 2006; Winters et al. 2021). Surprisingly,
this appeared to only be the case for spider predators. But in con-
trast to expectation the coloration appeared to be attractive for ant-
eating spiders. This is likely because these spiders may recognize
their preferred prey by the golden coloration. Given that lizards
have good visual acuity and color discrimination (Barbour et al.
2002; Fleishman et al. 2011; New et al. 2012), this was unexpected.
It might in part be because only a single prey item was available to
the predator at a time, thus, it could not choose a more profitable
one without defensive body coloration.

The predation pressure by the two predators on six prey species
was similar only to a certain extent. Specifically; the most defended
species, P ammon, was not captured by either predator. There was
also a much lower overall attack rate in skinks on all mimics com-
pared to spiders. This is because skinks are generalist predators,
preferring prey other than ants (Daniels 1987), whereas the Servaea
spiders are ant specialists (McGinley et al. 2015). In addition, Servaea
were equally likely to attack and capture any of the mimics offered,
while skins were more selective. As Servaea are expected to target
ants as prey, this may suggest that the prey we offered in this exper-
iment all carried recognizable “ant” cues, even the non-ant mimics.
However, during the attack, when confronted with secondary de-
fences, some mimics had a higher survival probability than ants.

Simulations show that early-stage (primary) defenses are favored
against generalist predators while late-stage (secondary) defenses
are effective against specialist predators (Broom et al. 2010; see also
Pekar et al. 2011). Results from this study support this prediction:
generalist skinks attempted to attack all mimics at lower frequency
than the specialized spider predator, indicating that the primary
defenses were effective. However, spiders and skinks were similarly
affected by both primary and secondary defenses. Alternatively,
myrmecophagus specialized predators are more enticed than a gen-
eralist predator by prey with an ant-like appearance.

Several hypotheses have been proposed to explain the existence of
multiple and multimodal antipredator displays, including increased
detection, to startle predators, or enhancement of psychological ef-
fects (Rowe and Guilford 1999). It appears that the combination of
primary defenses could improve detection at least by spiders. For ex-
ample, movement improved detection of visual signals (Rowe 1999).
While moving mimics could more effectively display the aposematic
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coloration which affected the decision of spider predators. We ob-
served a startle response only in spiders following an attack on
Polyrhachis ants. Unfortunately, our design was not suited to assess how,
for example, odor could enhance learning of aposematic coloration.

We conclude that by using multiple defensive traits, mimics from
the golden mimicry complex gain protection from multiple predator
types. Defenses provided different levels of protection against gen-
eralist and specialist predators and multiple defenses provided pro-
tection across multiple stages of attack. Overall, prey were poorly
protected against the specialist predator, which was generally able
to circumvent both primary and secondary defenses, but better pro-
tected against the generalist predator across all attack stages. Any
one suite of traits cannot be optimal against any one predator type
and likely represents a classic trade-off whereby specialist predators
such as ant-eating spiders are less deterred by these defenses com-
pared to generalist predators such as lizards. Nonetheless, the level
of protection the defenses exhibit appears to be adaptive.

SUPPLEMENTARY MATERIAL

Supplementary material can be found at http://www.bcheco.
oxfordjournals.org/

We thank Patricio Lagos for his help with the skink experiment and two
anonymous reviewers for useful comments.

FUNDING

The study was supported by the Czech Science Foundation (grant no.
19-09323S awarded to S.P).

ETHICAL APPROVAL

The experiments with skinks were performed according to Animal ethic

guidelines AEC Reference No. 2013/033-3.

AUTHOR CONTRIBUTIONS

Stano Pekar (Conceptualization [Lead], Data curation [Lead], Formal
analysis [Lead], Funding acquisition [Lead], Investigation [Lead],
Methodology [Lead], Writing — original draft [Lead]), Martin J. Whiting
(Conceptualization-Equal, Methodology-Equal, Resources-Equal, Writing
—review & editing-Equal), Marie E. Herberstein (Conceptualization-Equal,
Methodology-Equal, Resources-Equal, Writing — review & editing-Equal).

DATA AVAILABILITY

Analyses reported in this article can be reproduced using the data provided
by Pekar et al. (2023).

Handling Editor: Ulrika Candolin

REFERENCES

Alexandrou MA, Oliveira C, Maillard M, McGill RA, Newton J, Creer
S, Taylor MI. 2011. Competition and phylogeny determine community
structure in Miillerian co-mimics. Nature. 469(7328):84-88.

Barbour HR, Archer MA, Hart NS, Thomas N, Dunlop SA, Beazley
LD, Shand J. 2002. Retinal characteristics of the ornate dragon lizard,
Clenophorus ornatus. J] Comp Neurol. 450(4):334—-344.

Blanchard BD, Nakamura A, Cao M, Chen ST, Moreau CS. 2020. Spine
and dine: a key defensive trait promotes ecological success in spiny ants.
Ecol Evol. 10(12):5852-5863.

Broom M, Higginson AD, Ruxton GD. 2010. Optimal investment across
different aspects of anti-predator defences. ] Theor Biol. 263(4):579-586.

Caro T. 2005. Antipredator defenses in birds and mammals. Chicago:
University of Chicago Press.

1063

Ceccarelli FS. 2008. Behavioral mimicry in Myrmarachne species (Araneae,
Salticidae) from North Queensland, Australia. ] Arachn. 36(2):344-351.
Daniels CB. 1987. Aspects of the aquatic feeding ecology of the riparian

skinks Sphenomorphus quoyii. Aust ] Zool. 35(3):253-258.

Dornhaus A, Powell S. 2010. Foraging and defense strategies. In: Lach L,
Parr C, Abbott L, editors. Ant ecology. Oxford (UK): Oxford University
Press. p. 210-232.

Fleishman L], Loew ER, Whiting MJ. 2011. High sensitivity to short wave-
lengths in a lizard and implications for understanding the evolution of
visual systems in lizards. Proc R Soc London B. 278(1720):2891-2899.

Greeney HE Dyer LA, Smilanich AM. 2012. Feeding by lepidopteran larvae
is dangerous: a review of caterpillars’ chemical, physiological, morphological,
and behavioral defenses against natural enemies. Invertebr Surviv J. 9(1):7-34.

Hauglund K, Hagen SB, Lampe HM. 2006. Responses of domestic chicks
(Gallus gallus domesticus) to multimodal aposematic signals. Behav Ecol.
17(3):392-398.

Hénaut Y, Machkour-M’Rabet S, Lachaud JP. 2014. The role of learning
in risk-avoidance strategies during spider—ant interactions. Anim Cogn.
17(2):185-195.

Herrera-Navarro AM, Jiménez Hernandez H, Peregrina-Barreto H,
Manriquez-Guerrero F, Terol-Villalobos IR. 2013. A new measure of
circularity based on distribution of the radius. Computacion y Sistemas
17(4):515-526

Ito F, Taniguchi K, Billen J. 2016. Defensive function of petiole spines
in queens and workers of the formicine ant Polyrhachis lamellidens
(Hymenoptera: Formicidae) against an ant predator, the Japanese treefrog
Hpyla japonica. Asian Myrmecol. 8(1):81-86.

Jezek J. 2015. Similarity measurement of spiders and ants [Master Thesis].
Brno: Masaryk University.

Kishida O, Nishimura K. 2005. Multiple inducible defences against multiple
predators in the anuran tadpole, Rana pirica. Evol Ecol Res. 7(4):619-631.

Larabee EJ, Suarez AV. 2015. Mandible-powered escape jumps in trap-jaw
ants increase survival rates during predator-prey encounters. PLoS One.
10(5):e0124871.

Losos JB, Mouton PLFN, Bickel R, Cornelius I, Ruddock L. 2002. The
effect of body armature on escape behaviour in cordylid lizards. Anim
Behav. 64(2):313-321.

Marples NM, van Veelen W, Brakefield PM. 1994. The relative impor-
tance of colour, taste and smell in the protection of an aposematic insect
Coccinella septempunctata. Anim Behav. 48(4):967-974.

McGinley RH, Mendez V, Taylor PW. 2015. Natural history and display be-
haviour of Servaea incana, a common and widespread Australian jumping
spider (Araneae: Salticidae). Aust J Zool. 63(5):300-319.

Mikolajewski DJ, Johansson F, Wohlfahrt B, Stoks R. 2006. Invertebrate
predation selects for the loss of a morphological antipredator trait.
Evolution 60(6):1306-1310.

Nelson XJ, Card A. 2016. Locomotory mimicry in ant-like spiders. Behav
Ecol. 27(3):700-707.

Nentwig W, Wissel C. 1986. A comparison of prey lengths among spiders.
Oecologia 68(4):595-600.

New ST, Hemmi JM, Kerr GD, Bull CM. 2012. Ocular anatomy and
retinal photoreceptors in a skink, the sleepy lizard (7iligua rugosa). The
Anatomical Record: Advances in Integrative Anatomy and Evolutionary
Biology 295(10):1727-1735.

Peaslee AG, Wilson G. 1989. Spectral sensitivity in jumping spiders
(Araneae, Salticidae). ] Comp Physiol A. 164(3):359-363.

Pekar S, Brabec M. 2018. Generalized estimating equations: a pragmatic
and flexible approach to the marginal GLM modelling of correlated data
in the behavioural sciences. Ethology 124(2):86-93.

Pekar S, Garcia LF, Viera C. 2017. Trophic niche and trophic adapta-
tions of prey-specialised spiders of the Neotropics: a guide. In: Viera
C, Gonzaga MO, editors. Behavioural ecology of neotropical spiders.
Cham: Springer. p. 247-274.

Pekar S, Jarab M. 2011. Assessment of color and behavioral resemblance
to models by inaccurate myrmecomorphic spiders (Arancae). Invertebr
Biol. 130(1):83-90.

Pekar S, Jarab M, Fromhage L, Herberstein ME. 2011. Is the evolution of
inaccurate mimicry a result of selection by a suite of predators? A case
study using myrmecomorphic spiders. Am Naturalist. 178(1):124-134.

Pekar S, Petrakova L, Bulbert MW, Whiting M]J, Herberstein ME. 2017.
The golden mimicry complex uses a wide spectrum of defence to deter a
community of predators. Elife 6:¢22089.

Pekar S, Toft S. 2015. Trophic specialisation in a predatory group: the case
of prey-specialised spiders (Araneae). Biol Rev. 90(3):744-761.

G20z AInr 6z uo sasn Aeisn Axyoibojoan) Axse) Aq 9951822/5501/9/v€/8101e/008ag/Wwod dno olwapede//:sdyy woly papeojumod


http://www.beheco.oxfordjournals.org
http://www.beheco.oxfordjournals.org

1064

Pekar S, Tsai YY, Michalko R. 2020. Transformational mimicry in a
myrmecomorphic spider. Am Nat. 196(2):216-226.

Pekar S, Whiting MJ, Herberstein ME. 2023.Golden mimics use mul-
tiple defences to counter generalist and specialist predators. Behav Ecol.
doi:10.5061/dryad.fbg79cplt.

R Core Team. 2021. R: a language and environment for statistical com-
puting. Vienna (Austria): R Foundation for Statistical Computing.
https://www.R-project.org/.

Ratcliffe JM, Nydam ML. 2008. Multimodal warning signals for a multiple
predator world. Nature. 455(7209):96-99.

Rowe C. 1999. Receiver psychology and the evolution of multicomponent
signals. Anim Behav. 58(5):921-931.

Rowe C, Guilford T. 1999. The evolution of multimodal warning displays.
Evol Ecol. 13(7):655-671.

Rowe C, Halpin C. 2013. Why are warning displays multimodal? Behav
Ecol Sociobiol. 67(9):1425-1439.

Ruxton GD, Allen WL, Sherratt TN, Speed MP. 2018. Avoiding attack:
the evolutionary ecology of crypsis, aposematism, and mimicry. Oxford:
Oxford University Press.

Schneider CA, Rasband WS, Eliceiri KW. 2012. NIH Image to Image]: 25
years of image analysis. Nat Methods. 9(7):671-675.

Shamble PS, Hoy RR, Cohen I, Beatus T. 2017. Walking like an ant: a
quantitative and experimental approach to understanding locomotor
mimicry in the jumping spider Myrmarachne formicaria. Proc R Soc B: Biol
Sci. 284(1858):20170308.

Symula R, Schulte R, Summers K. 2001. Molecular phylogenetic evidence
for a mimetic radiation in peruvian poison frogs supports a Miillerian

mimicry hypothesis. Proc R Soc B: Biol Sci. 268(1484):2415-2421.

Behavioral Ecology

Van Buskirk J. 2001. Specific induced responses to different predator species
in anuran larvae. J Evol Biol. 14(3):482-489.

Van Der Meijden A, Lobo Coelho P, Sousa P, Herrel A. 2013. Choose your
weapon: defensive behavior is associated with morphology and perfor-
mance in scorpions. PLoS One. 8(11):¢78955.

Vickers ME, Taylor LA. 2018. Odor alters color preference in a foraging
jumping spider. Behav Ecol. 29(4):833-839.

Vogel P. 1983. On an ant-lizard interaction. Oecologia 58(2):269-271.

Wang L, Ruxton GD, Cornell SJ, Speed MP, Broom M. 2019. A theory for
investment across defences triggered at different stages of a predator-prey
encounter. ] Theor Biol. 473:9-19.

Williams P. 2007. The distribution of bumblebee colour patterns world-
wide: possible significance for thermoregulation, crypsis, and warning
mimicry. Biol J Linn Soc. 92(1):97-118.

Wilson JS, Jahner JP, Forister ML, Sheechan ES, Williams KA, Pitts JP.
2015. North American velvet ants form one of the world’s largest known
Miillerian mimicry complexes. Curr Biol. 25(16):R704-R706.

Winters AE, Lommi J, Kirvesoja ], Nokelainen O, Mappes J. 2021.
Multimodal aposematic defenses through the predation sequence. Front
Ecol Evol. 9:657740.

Yan J, Fine JP. 2004. Estimating equations for association structures. Stat
Med. 23(6):859-74; discussion 875.

Zurek DB, Cronin TW, Taylor LA, Byrne K, Sullivan ML, Morehouse NI.
2015. Spectral filtering enables trichromatic vision in colorful jumping
spiders. Curr Biol. 25(10):R403-R404.

Zurek DB, Taylor AJ, Evans CS, Nelson X]J. 2010. The role of the anterior
lateral eyes in the vision-based behaviour of jumping spiders. ] Exp Biol.
213(14):2372-2378.

G20z AInr 6z uo sasn Aeisn Axyoibojoan) Axse) Aq 9951822/5501/9/v€/8101e/008ag/Wwod dno olwapede//:sdyy woly papeojumod


https://doi.org/10.5061/dryad.fbg79cp1t
https://www.R-project.org/

