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Abstract

Investigating the stimuli that elicit dynamic defensive displays can indicate when throughout the predation sequence prey are
likely to perform them. This is crucial to understanding whether these displays function as classic deimatic ‘startle’ displays,
facultative aposematism or aid in facilitation of predator learning. We investigated the triggers of defensive display in three
different praying mantis species found in eastern Australia; Archimantis latistyla, Hierodula majuscula and Pseudomantis
albofimbriata. Dynamic displays in praying mantises have been described as ‘deimatic’ and given the risks inherent in sustaining
an attack, especially as mantises are not chemically defended, we predicted that mantises would perform their displays to stimuli
that simulate early cues of predation. In a randomised order, we exposed each mantis to five different stimuli simulating a non-
specific predator, including tactile and non-tactile stimuli. All species performed their display in response to tactile stimuli
however A. latistyla and H. majuscula were more likely to respond than P. albofimbriata. The smallest species,
P albofimbriata, did not readily respond to simulated attacks and was the least likely to perform a display. Our results do not
meet the prediction that mantises should respond to stimuli that correspond with early stages of the predation sequence. This
raises questions surrounding the utilisation of defensive displays in non-chemically defended prey and contributes to our
understanding of predator-prey dynamics during the predation sequence.

Significance statement

Startle displays, or deimatic displays, present some of the most charismatic and well-known examples of animal behaviour and
colouration. Particularly in animals such as praying mantises, defensive displays are classically cited examples of anti-predator
adaptations. It is generally stated that defensive displays in animals function by startling the predator before they have attacked;
however, evidence is accumulating that dynamic displays may function in a number of ways including facilitating predator
learning, or facultative aposematism. We found that three species of praying mantises only performed dynamic displays in
response to simulated predator attacks. This contrasts with predictions that displays should happen before predator attacks, thus
fundamentally challenging our understanding of why these strategies have evolved and how they are utilised in nature. This adds
to growing evidence that apparent ‘deimatic displays’ may actually function in other ways such as facilitating predator learning,
even in non-chemically defended animals such as praying mantises.
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Introduction

Successful predation requires animals to encounter, detect,
identify, approach, subjugate and consume their prey (Endler
1991). This predatory sequence can be interrupted at any stage
by the anti-predator defences of the prey. Defensive adapta-
tions, such as camouflage via crypsis or masquerade, act early
in the predation sequence to avoid being detected or correctly
identified as prey (Bateman et al. 2014). Later in the prey
capture sequence, after being detected and identified, prey
can employ evasive escape (flight) or retaliation (fight)
behaviours before they can be subjugated or consumed
(Ruxton et al. 2004).

Deimatic displays, also known as ‘startle displays’, are de-
fensive adaptations that have been described as providing pro-
tection to prey by startling the predator, either resulting in the
predator ceasing pursuit of the prey all together, or pausing the
predatory attack for long enough that the prey can escape
(Cott 1940; Maldonado 1970; Edmunds 1974, 1976; Endler
1991). A critical feature of deimatic displays is that they have
a temporal component. As opposed to classic aposematic sig-
nals—those that are displayed conspicuously and constantly
to advertise a prey item’s unprofitability (Mappes et al.
2005)—deimatic displays involve signals that are usually
concealed and only suddenly revealed late in the predation
sequence (Umbers and Mappes 2015).

The timing of the display during the prey capture sequence,
or the decision to display at all, is assumed to be critical to the
effectiveness of the defence (Lima and Dill 1990; Bateman
et al. 2014). As these temporal displays are usually conspicu-
ous signals, they carry the risk of revealing the location of an
otherwise camouflaged animal (for discussion see Umbers
and Mappes 2015; Umbers et al. 2017). Thus, displaying too
early in the prey capture sequence might reveal a prey item’s
location before the predator has detected them. Where animals
are not defended by other means, such as distasteful
chemicals, displaying too late in the prey capture sequence
puts the prey animal at risk of being eaten, or at least injured,
by the predator (Crane 1952; Endler 1991). Therefore, in a
simple situation where no other complicating factors are in-
volved, the optimal deimatic strategy for prey should be to
avoid deploying their display until they can be certain that
they have been detected and correctly identified as a prey by
the predator (Edmunds 1974; Endler 1991), and displaying
immediately after the risk of injury or death prevails over the
costs of conspicuousness.

Some species do not follow these predictions of optimal
timing for deimatic dynamic displays. It has been shown that
dynamic displays can be utilised after the predator has initiat-
ed an attack. For example the Australian mountain katydid
Acripeza reticulata exhibits a striking dynamic defensive dis-
play where dark mottled wings are lifted to reveal conspicuous
patterns of alternating red stripes and blue dots (Umbers and
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Mappes 2015). This is accompanied by the production of
distasteful liquid from the abdomen. Umbers and Mappes
(2015) showed that mountain katydids primarily displayed
when subjected to tactile simulated predator attacks (being
pinched by fingers and dropped) but rarely displayed in re-
sponse to non-tactile pre-predation stimuli such as looming
objects. Similarly, the spotted lanternfly Lycorma deliculata
exhibits a ‘post-attack’ display where the mottled brown fore-
wings of adults are lifted to reveal the contrasting red, white
and black hindwings (Kang et al. 2016b).

One important similarity between these two examples is
that both animals are chemically defended. The spotted
lanternfly is known to be distasteful to birds (Kang et al.
2011), and the mountain katydid, during its display, regurgi-
tates its crop contents of Senecio plants and secretes a distaste-
ful liquid from its abdomen (Cable and Nocke 1975; Umbers
and Mappes 2015). Such findings give support to alternative
hypotheses regarding the function of dynamic defensive dis-
plays. In these cases, post-attack displays may function to
‘facilitate predator learning’” (Kang et al. 2016a). Umbers
and Mappes (2015) argued that the tough wings of mountain
katydids protect them from the initial phase of physical attack,
creating an opportunity for the predator to be exposed to the
katydid’s chemical defences without sustaining serious inju-
ries. It has been shown using artificial prey that post-attack
displays can even lead to predators learning to avoid the cryp-
tic form of aposematically defended prey (Kang et al. 2016a).
Additionally sudden defensive displays combined with
chemical defences may represent a form of ‘facultative
aposematism’, whereby animals may selectively signal
their unpalatability to approaching predators thus benefiting
from both crypsis and aposematism (Sivinski 1981). These
findings have contributed to recent discussions surrounding
the utilisation of dynamic components in concert with
aposematic signals, and how the best define the term
‘deimatic’ in order to facilitate progress in this area of
behavioural ecology (Skelhorn et al. 2016; Umbers and
Mappes 2016; Umbers et al. 2017).

Praying mantises exhibit sudden remarkable defensive dis-
plays (Edmunds 1972, 1976; Edmunds and Brunner 1999).
When touched, grabbed or persistently chased, some mantises
will respond by arching their body upright, and raising their
forelimbs and hindwings. Often these behaviours reveal bright
colour patches or eyespots on their wings and forelimbs. Early
observational research showed that such displays in mantises
can sometimes be sufficient to deter attacks from predators
such as monkeys and birds (Crane 1952; Maldonado 1970;
Edmunds 1972). These defensive displays are often cited as
classic examples of deimatism, however mantises have been
observed exhibiting post-attack defensive displays (e.g.
Edmunds 1976; Liske et al. 1999) and there has been little
research into their function and how they are utilised in re-
sponse to predators. By systematically investigating the
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stimuli that elicit defensive displays, we can understand when
in the predation sequence these behaviours are utilised.
This can help us understand whether these function as
classic deimatic displays, or ‘startle displays’, as is of-
ten assumed. Here we investigate the stimuli that elicit
defensive displays in three species of Australian praying
mantises Hierodula majuscula, Pseudomantis albofimbriata
and Archimantis latistyla. We subjected males and females
of each species to artificial stimuli simulating a non-specific
predator and representing different stages of the predation
sequence.

No praying mantises are known to contain chemical de-
fences and are believed to be generally palatable to predators
(Crane 1952; Maldonado 1970). As such, we hypothesise that
their displays function to startle the predator rather than
providing information about unpalatability and function-
ing as ‘facultative aposematism’ or ‘facilitation of pred-
ator learning’. Given this, we expect that praying man-
tises should more readily deploy their displays during
predator approaches as opposed to chemically defended
prey that may utilise post-attack displays. We predicted
that mantises would exhibit displays in response to non-
tactile stimuli that simulate the approach of a predator,
as opposed to waiting until the predator has commenced
attacking (i.e. tactile stimuli).

Methods
Study species

The three species chosen for this experiment were based on
their availability at the time of the study. Archimantis latistyla
are slender brown mantises; adult females can grow to over
10 cm in length and males are slightly smaller. Adult males are
fully winged and capable of flight whereas females have re-
duced wings and do not fly. They have a wide range that
extends along the eastern coast of Australia. Hierodula
majuscula are found in the wet tropics region of eastern
Australia. They are a charismatic species with bright green
colouration on their dorsal side and patches of red and purple
along their ventral pronotum and inner forelimbs. Adult fe-
males grow to around 10 cm in length and are fully
winged yet their large abdomens can limit their flight
capacities (pers. obs. K.L. Barry). Males are slightly
smaller than females and more mobile with wings that
extend beyond the tip of the abdomen. Pseudomantis
albofimbriata are found in temperate regions along the
eastern Australian coast and are either green or brown
in colour. Adult females can reach around 7 cm in length
whereas males reach around 5 cm in length. Adult males are
fully winged and capable of flight whereas females have re-
duced wings and do not fly (Barry et al. 2015).

Collection methods

Juvenile P. albofimbriata and A. latistyla were collected from
Yamble Reserve, Ryde (33°49' 0" S, 151° 6' 0" E), Australia
in January—February 2014 and 2015. All individuals were
found on the leaves and flowers of Lomandra longifolia
bushes. Juvenile H. majuscula were purchased from
Minibeast Wildlife, Queensland, Australia, in August 2014.

Husbandry methods

All mantises were housed individually within inverted trans-
parent plastic cups of which the bottom end was replaced by a
mesh to improve airflow. They were kept under laboratory
conditions with controlled temperatures (25-26 °C), light
phase (14 h light: 10 h dark) and humidity (55-60%).
Mantises were fed crickets, Acheta domesticus, three times
per week until maturity, and watered daily. Once mantises
had eclosed as adults, our total sample size was 76 mantis-
es—Archimantis latistyla: males 6, females 29; Heirodula
majuscula: males 11, females 9; Pseudomantis albofimbriata:
males 6, females 19.

Experimental methods

Adult males and females were subjected to five different stim-
uli and their behavioural response was observed. The stimuli
consisted of either (i) the observer gently blowing air towards
the mantis using their own breath, from a distance of approx-
imately 50 cm (herein referred to as ‘blow”), (ii) the observer
moving their hand quickly towards the mantis’ head and
retracting the hand immediately. The hand would not touch
the mantis stopping approx. 1 cm from the mantis’ head
(looming), (iii) the observer quickly touching the head of the
mantis with the tip of a soft paintbrush (poke), (iv) the observ-
er gently pinching the pronotum of the mantis with a set of
forceps and then releasing (pinch), or (v) no stimulus present-
ed to the mantis (control). We assume that the observer was
visible to the mantises during all treatments including the con-
trol treatment. Mantises were placed on an upright stick within
an experimental arena (20 cm x 20 cm box) and left to accli-
matise for 3 min. After this period, the mantis was subjected to
a single stimulus and then observed for 5 min before being
returned to their enclosure. The mantises were subjected to a
single treatment each day for five consecutive days with the
order of stimuli randomised between trials. The behaviour of
the mantis immediately following the stimuli was categorised
as to whether they performed a defensive display (display),
appeared to strike at the stimulus with their forelimbs (strike),
attempted to flee by running out of the arena (flee) or did not
appear to respond (no response). All experimental stimuli
were performed by a single observer (DNR) who took all
measures to ensure consistency between trials.
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Fig. 1 Frequency of behavioural S -
responses of Archimantis latistyla T a)
males (a; n=6) and females (b; 2o Flee
n=29) to different stimuli 2 «© Strike
simulating a predatory approach. G . Display
Numbers on bars indicate the tally E 3
of individual mantises exhibiting 8
this behaviour. The frequency of S Q -
mantises that exhibited ‘no S 2
response’ are not plotted here § S -

o

Blow

Looming .

Poke

Our results and sample sizes precluded multinomial
statistics and the calculation of interaction effects, due
to complete separation of data between treatments lead-
ing to inflated estimates of significance. We tested the
effect of experimental treatment on the likelihood that
mantises exhibited a defensive display expressed as a
binomial outcome (see supplementary data). Other re-
sponses (flee, strike) were not counted as a defensive
display, these are presented in Figs. 1, 2 and 3 and
discussed below. To account for quasi-separation of
results in analyses, we used Firth’s Bias-Reduced
Logistic Regressions, using the R package logistf
(Heinze and Ploner 2016). Separate models were con-
ducted for each species, including sex as a factor and
accounting for repeated measures by including individ-
ual mantises as a random factor. All analyses were
conducted using R version 3.3.0 (R Development
Core Team 2011).

Data availability statement All data generated or analysed
during this study are included in this published article and its
supplementary information files.
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approach. Numbers on bars E 3 1
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Results

Across all species and both sexes, mantises rarely responded
to non-tactile stimuli such as ‘looming’ and ‘blow’ and no
responses were noted during control treatments (no stimulus)
(Figs. 1, 2 and 3). Archimantis latistyla were most likely to
perform displays in response to the ‘pinch’ stimulus compared
to other stimuli (Likelihood ratio test; x26 =82.28, p<0.001;
Table 1). There was a significant effect of sex (x*>=4.577, p=
0.032) and males appeared less likely to exhibit any behav-
ioural response across all stimuli. The ‘poke’ stimulus elicited
displays in A. latistyla—again particularly in females—but
also elicited ‘strike’ behaviours (Fig. 1). Similarly,
Hierodula majuscula performed displays in response to tactile
stimuli (‘poke’ and ‘pinch’) more than non-tactile stimuli
(‘blow’, ‘looming’) (%= 55.72, p<0.001; Fig. 2; Table 1).
There was no significant effect of sex on the frequency to
display (x*=2.157, p=0.142).

Pseudomantis albofimbriata appeared to respond different-
ly to the stimuli in comparison to the other species. Only a
small number of females displayed in response to ‘pinch’
stimuli (Fig. 3; Table 1). Instead, P. albofimbriata were more
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Fig. 3 Frequency of behavioural 8 -
responses of Pseudomantis T a)
albofimbriata males (a; n = 6) and 2o Flee
females (b; n=19) to different 2 «© Strike
stimuli simulating a predatory & . Display
approach. Numbers on bars E 3
indicate the tally of individual 8
mantises exhibiting this g2
behaviour. The frequency of g
mantises that exhibited ‘no 5o
response’ are not plotted here o N7
3
o

Blow
Looming
Poke

likely to respond to the ‘poke’ stimulus (x?=30.17,
p<0.001). There was a significant effect of sex (x*=9.210,
p=0.002) and only a small number of males (2 out of 6)
responded in any way.

Each species’ display was distinct and consisted of several
components. Archimantis latistyla lifted their pronotum, raised
their forelimbs and wings and tilted their abdomen upwards
slightly. Hierodula majuscula also lifted their pronotum, wings
and forelimbs. When their forelimbs were lifted outwards, con-
trasting dark patches on the inner surfaces of their femur were
visible. When Pseudomantis albofimbriata did display, they
did not raise their wings but lifted their pronotum and stretched
their forelimbs outwards. None of the species studied here have
‘eye-spots’ on their hindwings.

Table 1 Regression coefficients and 95% confidence intervals for
Firth’s Bias-Reduced Logistic Regression examining the likelihood of
mantises exhibiting a defensive display following experimental
treatments

B Ccl Xz p
A. latistyla
Blow 1.672  —0.888 6.610 1.509 0.219
Looming 2.328 —-0.020 7.220 3916 0.048
Poke 4392 2.246 9.212 28.15 <0.001
Pinch 5.567 3.347 10.38 52.02 <0.001
H. majuscula
Blow <0.001 —5.236 5236  <0.001 0.999
Looming  <0.001 —5.236 5236  <0.001 0.999
Poke 3.986 1.671 8.777 16.42 <0.001
Pinch 4.863 2.460 9.636 26.55 <0.001
P, albofimbriata
Blow <0.001 —5.223 5.223 0.000 1.000
Looming  <0.001 -5223 5.223 0.000 1.000
Poke 5.192 2.759 9.936 31.52 <0.001
Pinch 2.086  —0.334 6.984 2.728 0.099
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Discussion

Defensive displays were performed most often after tactile
stimuli that simulated predator attacks. This was most appar-
ent in females, and in the two largest species A. latistylus and
H. majuscula. This contrasts with our prediction that mantises
should display early in the predation sequence. Recent re-
search has demonstrated how post-attack defensive displays
can be effective in species with distasteful chemical defences
that presumably render them unprofitable (Umbers and
Mappes 2015; Kang et al. 2016b). With repeated encounters,
predators can learn to associate the display with the cryptic
form (Kang et al. 2016a). However, our data suggest that post-
attack displays are not unique to chemically defended prey.

Our findings add to previous observations of post-attack
displays in mantises, suggesting that this may be a common
strategy within the order. The lack of response to non-
tactile stimuli by praying mantises may be interpreted as
resulting from the inherent risk in revealing conspicuous
cues. Camouflaged animals should avoid displaying, and
compromising their camouflage, until they have reliable cues
that a predator presents a threat (Lima and Dill 1990). An
attack from a predator is likely to be a reliable cue that the
predator is aware of the prey’s location and suitability as a
profitable dietary item. Once this occurs, potential costs asso-
ciated with performing the display drop drastically. It is per-
haps therefore not surprising that pre-attack displays should be
rare.

Post-attack displays in mantises could be deimatic, that is,
sufficient to startle the predator enough to stop attacking, or
drop the prey before it is significantly damaged, ceasing or
delaying further attack. We note that this is not necessarily
inconsistent with displays performed late in the sequence pro-
vided preys are robust enough to withstand the initial attack
(e.g. Umbers and Mappes 2015). Whether displaying mantis-
es are further pursued is likely to be context-dependent and
potentially influenced by factors such as predator experience
and satiation.

@ Springer
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Additionally praying mantis defensive displays may func-
tion to highlight their weaponry (Edmunds 1974; Speed and
Ruxton 2005). A full view of mantis’ formidable raptorial
forelimbs could provide an indication of unprofitability in
place of a chemical defence. There are many anecdotal obser-
vations of praying mantises using their forelimbs to capture
prey larger than themselves including small vertebrates such
as birds, lizards and frogs (Prete et al. 1999; Nyffeler et al.
2017). Further experiments are required to understand if
praying mantis weaponry functions this way. If so, this may
raise the possibility that mantis displays could function as
‘facultative aposematism’ or in ‘facilitation of predator
learning’.

Alternatively artificial stimuli may not sufficiently simulate
approaching predators, thus reducing the likelihood of pre-
attack displays. When presented with looming stimuli simu-
lating a predator the mantis Tenodera aridifolia rarely exhibits
a defensive display and is more likely to exhibit ‘crypsis-en-
hancing’ behaviours such as lowering its body close to the
substrate and remaining motionless (Yamawaki 2011; Sato
and Yamawaki 2014). Novel and artificial stimuli such as
those used in this study are commonly used for investigating
anti-predator responses (Sato and Yamawaki 2014; Umbers
and Mappes 2015; Kang et al. 2016a, b). There is little known
about the ability of praying mantises to recognise predators
and we may be underestimating their ability to accurately
identify threats. Conducting experiments using real predators
(e.g. Crane 1952; Maldonado 1970) or stimuli that more ac-
curately represent predators (i.e. body outline and behaviour)
may reveal whether mantises can identify cues associated with
approaching predators that could inform the decision to dis-
play pre-attack.

Watanabe and Yano (2010) found that praying man-
tises presented pre-attack displays to an approaching
predator (Japanese skink, Tachydromus tachydromoides).
Interestingly, this was only common in adult praying mantis-
es, whereas juveniles relied heavily on crypsis and rarely sig-
nalled their presence. Furthermore, smaller mantis species
(e.g. Statilia maculata) did not display at all (Watanabe and
Yano 2010). This suggests that the size of an animal is an
important factor in the utilisation and evolution of such dis-
plays. Remaining inconspicuous may be more difficult for
larger animals than smaller animals, and thus switching to
an alternative strategy may offer greater protective value
(Remmel and Tammaru 2009; Hossie et al. 2015; Kang
et al. 2017). Similarly, we noted that the smallest mantis spe-
cies in our study P. albofimbriata was least likely to exhibit a
display, and post-attack displays were particularly rare. We
also noted that females, which in praying mantises are
generally larger than males, were more likely to perform
defensive displays. In addition, many female mantises
are poor fliers compared with males, so it is possible that
with reduced capacity to flee, females stand and put up a fight.

@ Springer

Further work is needed to tease apart effects of size, sex,
escape capacity and tendency to display.

As is becoming commonly noted in research surrounding
animal defence mechanisms, the function of defensive behav-
iours and adaptations is often based on intuitive assumptions
whilst empirical research demonstrating their effectiveness is
relatively uncommon (Skelhorn et al. 2010; Stevens 2016).
This is certainly true of defensive displays where few species
have received empirical research testing their protective value
(for summary, see Umbers et al. 2017). Fundamental ques-
tions remain regarding the effect these displays have on
predator psychology and whether they function to sim-
ply delay attacks or are sufficient to deter attacks alto-
gether. Furthermore do factors such as camouflage, body
toughness and escape capacity influence the trade-off
between revealing their presence to predators too early
and risking injury by displaying too late.

Whilst praying mantises exhibit some of the most spectacular
defensive behaviours, we still do not fully understand the degree
to which they are utilised in the wild, or the specific advantages
the displays can confer. There is great diversity in defensive
displays across the order Mantodea (Crane 1952; Edmunds
1976; Edmunds and Brunner 1999). Whilst some species behav-
ioural responses are combined with conspicuous colour stimuli,
others are not, and there are many species in which displays are
not known to occur at all (e.g. O’Hanlon 2011). As such, this
group offers an ideal system in which to study the evolution of
defensive displays to understand the sources of variation in de-
fensive behaviours and address questions as to when it is bene-
ficial to use such a risky predator avoidance strategy.
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