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Abstract

How and when deimatic behaviours are performed can change during encounters between predators and prey. Some predators
attack repeatedly, investigating and manipulating prey, and in response, an individual’s deimatic behaviour may intensify or
may diminish in favour of escaping. The presence of a resource can further force a trade-off between displaying and escap-
ing. Here, we examined the intensity of the katydid’s deimatic behaviour, a visual display, the propensity of their escape
response under repeated simulated attacks, and how these responses change in the presence of foraging resources. We found
that display intensity increased with repeated simulated attacks and that females displayed at a greater intensity than males.
The presence of their preferred food plant had no significant effect on display intensity, but reduced escape probability in
both sexes. Some katydids were predictable in their display intensity and at the population level we found that strong display
intensity is moderately repeatable. Overall, our results suggest that 1) display intensity increases with repeated attacks and
might indicate a cost in performing at maximum intensity upon first attack, 2) deploying a deimatic display while feeding
can reduce the need to flee a rich foraging patch and 3) some individuals are consistent in their display intensities. Future
experiments that aim to determine causal mechanisms such as limitations to perception of predators, sensitisation to stimuli
and physiological constraints to display intensity will provide necessary insight into how deimatic displays function.

Significance statement

Though often regarded as success or failure, interactions between predators and prey during the attack phase of a predation
event are complex, especially when predators make repeated investigative attacks in quick succession. Our study shows that
in mountain katydids, intensity of deimatic behaviour increases with repeated attacks, perhaps indicating that prey sensitise
or that maximal displays during initial attacks carry high costs such as conspicuousness. The intensity of the display does not
change with the introduction of a valuable food resource, but the probability of fleeing decreased, suggesting that displaying
may reduce the opportunity costs of leaving a patch. We also show that individuals vary in the repeatability of their display,
suggesting that deimatic display may be highly adaptable, nuanced and targeted.
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Introduction

The strong selective pressure imposed on prey by their
predators has resulted in the evolution of a diverse array of
adaptations to interrupt the predation sequence (Edmunds
1974; Endler 1991; Ruxton et al. 2019). When discov-
ered, prey may attempt to flee by dropping or running
away to create distance from the predator (Humphreys
and Ruxton 2018; Konishi et al. 2020), freeze in place
(Eilam 2005; Bedore et al. 2015; York and Bartol 2016)
or deploy defences such as deimatic displays and chemical
sprays (Eisner and Aneshansley 1999; Endler and Mappes
2004; Mattila et al. 2020). The decision to either defend
or escape is made by weighing the costs associated with
each behaviour, such as the risk of a predator overcom-
ing defences and the energetics of escaping (Ydenberg
and Dill 1986). When the cost of abandoning a resource
outweighs the perceived risk of succumbing to predation,
individuals may choose to stay and defend. For example,
redshanks (Tringa totanus) must avoid predation from both
sparrowhawks (Accipiter nisus) and peregrines (Falco per-
egrinus), when foraging highly profitable, high-risk salt-
marsh areas. To increase their survival while not giving up
valuable resources, individuals employ antipredator behav-
iours such as vigilance, spacing and careful positioning
within the flock, rather than fleeing (Sansom et al. 2009;
Turney and Godin 2014).

Deimatic behaviours are performed when prey perceive
a threat and exploit the predator’s threat response caus-
ing it to slow or stop its attack (Bura et al. 2011; Kang
et al. 2016; Umbers et al. 2017, 2019) (Drinkwater et al.
2022). Deimatic behaviours are highly variable across ani-
mals, but this variation can be pronounced even among
closely related species (Schlenoff 1985; Sargent 1990;
Vidal-Garcia et al. 2020; Kim et al. 2020). For example,
in Catocala moths, hidden hindwing colouration varies
among sympatric species, and predators trained to expect
one colour can be deterred when they are presented with a
different colour (Schlenoff 1985). Moreover, displays can
vary substantially within a species, because individuals
make decisions not only about whether to display or not,
but also on how intensely to display: this can be achieved
by modulating how many components of their display are
deployed, for how long and how many times. For example,
different stimuli can elicit displays of different intensities
in mountain katydids and praying mantises, which dis-
play more intensely when they encounter a tactile stimulus
in comparison with visual or auditory ones (Umbers and
Mappes 2015; O’Hanlon et al. 2018).

Predation attempts in the wild are difficult to observe,
and it is often assumed that predators ambush and attack
prey very fast, killing before the prey realise the predator
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is present (Schmitz et al. 1997; Nordberg and Schwarz-
kopf 2019). However, close observation reveals that many
predators approach prey with caution, make probing inves-
tigations before delivering the fatal blow (Endler 1978;
Bateman et al. 2014). In this type of interaction, prey may
experience repeated attacks and perform their display
several times in a row. The Northern Bluetongue skink
(Tiliqua scincoides intermedia), for example, displays a
conspicuously blue-coloured tongue in response to preda-
tion. Their deimatic display increases in intensity, from
tongue flicks to full tongue displays, when repeatedly and
rapidly attacked by an avian predator (Badiane et al. 2018).

Individuals do not necessarily respond consistently to a
given scenario, and even the same stimulus can elicit dif-
ferent responses in the same individual (Rosas et al. 2013).
Repeatability in individuals has been shown across many
taxa (Kok et al. 2019, Montiglio et al. 2012; Herde and
Eccard 2013, Fuiman and Cowan 2003 including in other
insect species (Kent and Rankin 2001; Missoweit et al.
2007). Repeatability in behavioural responses can affect
our understanding of the dynamics and impacts of preda-
tor—prey models and can measure the variation of an indi-
vidual behaviour over time (McCabe 2017). For example,
in individual Bighorn sheep (Ovis canadensis) tempera-
ment was found to be repeatable, with the same individual
consistently showing bold or docile traits. Individuals that
were consistently bold were less susceptible to predation
over time in comparison with individuals that were not
consistent in their temperament (Réale and Festa-Bianchet
2003). Understanding repeatability can help explain indi-
vidual behavioural decisions to escalate or deescalate an
antipredator encounter (Briffa and Greenaway 2011). Cane
toads (Rhinella marina) escalate their antipredator display
(willingness to flee) fleeing more rapidly, following repeated
attacks from predators (Hudson et al. 2017). Studies to date
have typically assumed, when measuring deimatic displays,
that each response was independent of the previous (Umbers
and Mappes 2015; De Bona et al. 2020), but understanding
whether prey sensitise or desensitise, and escalate or deesca-
late, in response to attacks made in quick succession remains
an unexplored question.

In this study, we examined the effect of repeated simu-
lated predation attacks on the deimatic display and escape
response of the mountain katydid (Acripeza reticulata). We
hypothesised that the display intensity of individual katydids
would change with simulated quick-succession predation
attempts. We predicted that their response would escalate or
deescalate depending on whether katydids sensitise or desen-
sitise to repeated attacks. Our rationale for escalation was that
katydids may be reluctant to perform a full display upon first
perception of an attack if their display is costly in terms of
conspicuousness to eavesdroppers or if the chances of display-
ing in response to a stimulus that is in fact non-threatening are
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high. Our rationale for de-escalation was that katydids may
display maximally immediately on attack and, upon experi-
encing subsequent non-lethal attacks, disregard the stimulus
as a serious threat. We further hypothesised that the presence
of a foraging resource would change the display and escape
behaviour of katydids. We predicted that in the presence of
a resource, katydids would choose to escape less often than
in the absence of it and that display intensity would increase
to increase defences and compensate for the choice to stay.
Finally, to investigate behavioural consistency in display
responses, we asked whether individual katydid display inten-
sities are repeatable across independent trials to investigate
individual flexibility as a source of display intensity variation.

Methods
Study species

Mountain katydids (Acripeza reticulata Guérin-Méneville
1832) are a large diurnal orthopteran (Rentz 1996), especially

Fig. 1 Female mountain katy- A
dids performing their displays

at various intensities (A) score

of zero, no stripes showing,

(B) score of two (C), three red

stripes, a maximum intensity

score. Image credits: Michael R
Whitehead

common in montane and sub-alpine habitats in eastern Aus-
tralia. When at rest, mountain katydids are camouflaged due
to their mottled dark brown forewings. When attacked, katy-
dids raise their wings rapidly to reveal striking red, blue and
black bands on the dorsal surface of the abdomen (Fig. 1).

The abdominal colouration is sometimes displayed
together with an antenna waving display and reveal of an
orange intersegmental membrane between the head and the
pronotum (Umbers and Mappes 2015). When displaying, the
katydid discharges an alkaloid-rich secretion from its abdo-
men and regurgitates bitter crop fluids as a form of chemical
defence (Cable and Nocke 1975; Baker 2019; Umbers et al.
2019). The mountain katydid is sexually dimorphic, with
the males being small (ca. 1 g) and flight-winged, while the
females are larger (ca. 3 g) and flightless (De Bona et al.
2020).

Katydid husbandry

We collected 76 mountain katydids, 42 females and 34 males,
from Kosciuszko National Park in April of 2015 under New
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South Wales National Parks and Wildlife Service Scien-
tific Licence Number SL101474. Following De Bona et al.
(2020), the katydids were housed in a group mesh enclo-
sure of 1.5%0.4x0.4 m outdoors at our accommodation in
Thredbo Village, Kosciuszko National Park. All katydids
were held for a total of eight days: five days prior to testing,
which was then conducted over a period of two days. Katy-
dids were provided with water ad libitum in two ways—on
cotton wool in their enclosure and by emulating morning
dew by spraying water onto the food plants Senecio gunnii
and Senecio pinnatifolius in their enclosure (De Bona et al.
2020). Each katydid collected was individually identified by
attaching a unique bee tag to the tegmina (Pender’s Bee Sup-
plies, Cardiff, NSW, Australia) within the first 48 h of their
capture, kept for the period of the experiments and sacrificed
and preserved in 70% ethanol at the end of the experiment.

Behavioural assays

To explore whether katydid deimatic behaviour changes
when exposed to repeated attacks, we simulated repeated
predation attempts within an arena. The arena consisted of
a l-cm gridded cardboard sheet placed on a hard, flat sur-
face. We marked the centre of the arena using three con-
centric circles at a radii 25 mm, 150 mm and 300 mm to
provide landmarks for retuning the katydid to the middle
of the arena and thresholds over which katydids were con-
sidered to have escaped. Prior to each trial, katydids were
acclimated for a period of at least 30 min at 23-25 °C in
their mesh housing enclosure. Once they had acclimated,
they were selected haphazardly and placed in the middle of
the arena and, pinched nine further times, once every 10 s,
to stimulate repeated attacks using an interval timer. The ini-
tial removal from the enclosure and placement in the arena
was counted as the first attack, and the second attack was
made after 10 s and continued for further eight attacks for a
total of 10 repeated attacks. After each simulated attack, the
katydid was placed back in the centre of the arena and the
display intensity recorded as the number of red stripes dis-
played (Fig. 1). To stimulate an attack, pressure was applied
in a pinching motion to the pronotum using the index finger
and thumb. As observed in the field, this pinching method
was meant to stimulate an avian predator’s attacking behav-
iour, to elicit the natural defensive response of the katydid
(Umbers and Mappes 2015; Umbers et al. 2019). The same
researcher (K.U.) handled the katydids each trial to ensure
approximately the same force was used. In order to standard-
ise the force of the pinch used in these trials, we practiced
(Blumstein et al. 2018) on other insects and our preliminary
attempts to elicit responses from a different group of katy-
dids that were not used in this experiment.

In a second round of simulated attacks, we added a food
resource at the centre of the arena to determine whether
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katydid responses change when they have a higher motiva-
tion to remain in place. After the initial round of experi-
ments, the same katydids were starved for 24 h before the
second round of trials to increase motivation and the value
of the food resource. We applied the same procedure in the
first round of experiment, to this experiment; however, we
placed a sprig of the katydid’s food plant S. linariifolius in
the centre starting point of the arena.

Scoring display and escape behaviours

To measure display intensity, we first scored the intensity
of the display as an ordinal categorical score reflecting the
number of abdominal red bands visible when the katydid dis-
played (Fig. 1), which ranged from a minimum of zero visible
bands to a maximum of three (Umbers and Mappes 2015).

To estimate katydid’s propensity for escape, we recorded if
the katydid moved from the centre of the arena to cross the inner
(150 mm) ring. Katydids were considered to have crossed this ring
when the first foot passed over the line. Each trial was filmed using
a Sony Camcorder (HXR-NX30P NXCAM) fixed above the
arena with a top-down view and, as a back-up, using two GoPros
(HD Hero4 Action Video Camera, GPCHDHY-401; GoPro Inc.,
WWww.gopro.com) set on two opposing corners of the arena. In
order to analyse the escape response of the katydids, we measured
whether or not katydids exited the rings drawn at 150 mm on the
floor of the arena during the 10-s interval between attacks.

Statistical analysis and model fitting

Throughout the analyses, we maintained the same model sim-
plification approach. We started from a model containing all
main effects of interest and all their two-way interactions and
three-way interaction (when three effects were present). We
proceeded by removing interactions hierarchically (three-way
first, then two-way) if they were not significant, in order of
significance (higher to lower p-value). We never removed main
effects. When an interaction was dropped, we compared the
models through a likelihood ratio test (LRT) to ensure removing
the interaction did not reduce the model fitness. If the presence
of the interaction did not significantly increase model fit, we
retained the model without interaction, following parsimony
(Supplementary information: Tables S1-S7). All analyses were
conducted in RStudio (R Core Team 2020, v. 1.13). The data
were organised using packages reshape2 (Wickham 2020, v.
1.4.4), stringr (Wickham 2019, v. 1.4.0) and dplyr (Wickham
et al. 2020, v. 1.0.2) and analysed using packages Ime4 (Bates
etal. 2015, v. 1.1-21) and ordinal (Christensen 2018).

Display intensity

To analyse the intensity of the display response at each
repeated attack, we fit a cumulative link mixed model
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(CLMM) with a logistic link function. The display intensity
score, taking values of 0, 1, 2 or 3, and representing the num-
ber of abdominal stripes shown, was adopted as our ordinal
response variable. We included individual identity as a ran-
dom effect to account for our repeated measures design. We
included sex as an explanatory variable in the model to exam-
ine sex-specific differences and attack number (referring to
the order of the attack along the sequence of repeated attacks,
ranging from 1 to 10) as a continuous variable, to determine
the effect of repeated attacks. We included the presence of
food resource (plant: 1 =present, 0 =absent) as an additional
explanatory variable to study how the presence of a resource
affects display intensity. We first fit the model including all
two- and three-way interactions among the three explana-
tory variables and then simplified it as described above (Sup-
plementary information: Tables S1 to S4). In addition, to
account for the potential presence of a ceiling effect occur-
ring after a set number of subsequent attacks, we repeated the
analyses only including the first 7, 5, and 3 attacks.

Escape propensity

In order to determine whether the propensity to escape dur-
ing the predation simulation was influenced by repeated
attacks, display intensity, sex and the presence of a resource,
we modelled escape propensity using a GLMM with a bino-
mial error distribution and logit link function. We included
escape as a binary response variable (where 1 =escaped,
0 =stayed) and attack number (1 to 10) as a continuous
variable, sex and plant presence as explanatory variables.
We included individual identity as a random effect. We first
fit all two- and three-way interactions among these three
explanatory variables and proceeded to simplify the model
using the same approach described above (Supplementary
information: Tables S5 to S7).

Are individual katydid display intensities repeatable?

While conducting experiments on the responses of katydids
to multiple attacks, we observed that some individual katy-
dids gave consistent displays of similar intensity. In particu-
lar, we noticed individual katydids displaying at maximum
intensity tended to do so across trials. To determine whether
strong display intensity is repeatable at the population level,
we took display responses to the first stimulated attack for
five consecutive days. Three days originated from a previous
experiment the experiment presented in De Bona et al 2020,
to which we added the first response from simulated attacks
conducted on the two days of the experiments described here
(without and with plants). We transformed the ordinal behav-
ioural response to a binomial response, where 1 represents
a maximum intensity response (a value of 3 in the previous
categorisation) and O represents any other response. We did

so to overcome statistical hurdles deriving from the challenge
of calculating residual variance in an ordinal response model
(Schmidt et al. 2013). Following recommendations (Naka-
gawa and Schielzeth 2010) on how to calculate repeatability
in behaviour, we fit a GLMM with a logit link function, we
modelled a repeatability estimation to determine whether
katydid maximum display intensity was repeatable within
individuals, adding individual identity as a random effect
using the rptR package [v0.9.22; (Stoffel et al. 2017)].

Results

What is the effect of repeated simulated
attacks on display intensity and is this affected
by the presence of a resource?

Display intensity varied with sex and with consecutive
attacks (Fig. 2). Overall, females displayed at higher inten-
sity than males across all 10 attacks (Table 1), with half
or more females showing three stripes in almost every trial
(with the only exception of trial one when plant food was
present). We found that, for both sexes, display intensity
increased with consecutive attacks. This was reflected in
the significant effect of attack number, which had a moder-
ate relative effect size (Table 1). The presence of the food
resource did not significantly affect display intensity, but the
effect differed between the two sexes (Fig. 2, Table 1). The
analyses including only the first 7, 5, or 3 attacks yielded
consistent results, highlighting that the escalation of dis-
play intensity occurred rapidly along the sequence of attacks
(Supplementary Information: Tables S8 to S10).

What is the effect of repeated simulated attacks
on the propensity of escape and is it altered
by the presence of a resource?

In the absence of any resources in the arena, neither attack
nor sex influenced the propensity of katydids to escape
(Fig. 3, Table 2). Females started at a 77% estimated prob-
ability of escape in the first attack, which that increased to
88% by the tenth and final attack (Fig. 3). Males initially had
a 52% estimated probability of escaping which increased to
78% by the tenth attack. However, escape propensity var-
ied with the presence of a food resource (Fig. 3). Initially,
the probability of escape when a plant food resource was
present was significantly lower than without the plant and
remained lower through the repeated attacks (Table 2). For
females, the estimated probability of escape started at 11%
at the first attack and increased to 55% by the tenth attack
replicate (Fig. 3). In the trials with a plant present, males had
an even lower estimated probability of escape than females,
5%, which increased by the tenth attack to 36%.
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Table 1 CLMM model for display intensity of male and female katy-
did in the trials with and without plant presence

Estimate  Std. Error  z P
Fixed effect
Attack # 0.214 0.027 7.235 <0.001
Sex (males) -3.522 0.909 -3.877 <0.001
Plant 0.108 0.230 0.471 0.637
Sex (males) x plant ~ -0.843 0.383 -2.200 0.028
Threshold coeff
ol -8.317 0.758 -10.973
112 -3.272 0.614 -5.326
213 -0.548 0.603 -0.910

Are individual katydid displays repeatable?

Using a GLMM model, we determined the repeatability
estimate of maximum display intensity in 75 individual
katydids (Fig. 4). We found significant moderate repeat-
ability in the original-scale approximation (repeatability
(r [£95% CI])=0.493 [0.237 — 0.739], standard error

@ Springer

7 8 9 1 1 2 3 4 5 6 7 8 9 10
Attack replicate

(SE)=0.131, P= <0.01). The link-scale approximation
estimate likewise showed significant moderate repeat-
ability (r [+£95% CI]=0.433 [0.216 — 0.575], SE=0.092
P=<0.01).

Discussion

Our results show that mountain katydids increase the
intensity of their display in response to consecutive simu-
lated attacks. Display intensity was greater for females
than males but increased at a similar rate in both sexes
over the attacks. In terms of escape behaviour, females
were more likely to escape when attacked than males, but
for both sexes the probability of escape increased with sub-
sequent attacks. The presence of a food resource did not
change katydid display intensity but markedly decreased
the probability of both males and females escaping after
the first attack. However, even with the food resource pre-
sent, the probability of escape increased over the attacks.
This suggests that display intensity increases as perceived
risk from a threat increases, while escape behaviour is
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Fig.3 Escape probability of female (a) and male (b) katydids across the 10 attack replicates in an arena without plants (grey) and in an arena

with plants (green), repeated across three consecutive trials

Table2 GLMM model for the escape probability of female and male
katydids in the arena

Fixed Effect Estimate  Std. Error  z P

Intercept 2.124 0.538 3.946 <0.001
Attack # 0.180 0.049 3.665 <0.001
Plant -5.485 0.566 -9.694 <0.001
Sex (males) -2.074 0.767 -2.704 0.007
Attack # x plant 0.224 0.076 2.946 0.003
Sex (males) x plant 1.435 0.561 2.558 0.011

driven more by the richness of a patch. In terms of consist-
ency in katydid responses, we found greater repeatability
in display intensity than expected by chance and overall
low to moderate levels of repeatability, suggesting that
while some katydids are more likely to perform displays
at a consistent intensity, most are more variable in their
response.

Mountain katydid flight or fight response
to repeated attacks

In response to repeated stimulated predation, we found
katydids to increase their display intensity. The mechanism
for this increase might be sensitisation, a non-associative
learning process, in which repeated contact to a stimulus
as time progresses, causes an organism to increase their
reaction to a stimulus (Wells 1968; Watkins et al. 2010).

Attacks by predators can trigger the sensitisation or desen-
sitisation of defensive responses in prey species and result
in an increase or decrease, respectively, of these responses
(Walters 1994; Crook et al. 2014). For example, predator
attacks on sea hares (Aplysia californica) cause sensitisation,
resulting in an increase in the reflex withdrawal intensity of
the tail-mantle and head (Watkins et al. 2010). In terms of
ecological drivers, we hypothesise that the conspicuousness
costs may be too high for mountain katydids to display maxi-
mally when they are first attacked. Future studies could test
whether they pay a conspicuousness cost for displaying too
intensely too early in the predation sequence. Circumstantial
evidence to support this idea comes from observations of
the predatory behaviour of the mountain katydid’s known
predators, Australian magpies (Gymnorhina tibicen). Mag-
pies typically perform several investigative non-lethal pecks
initially, which the katydids might be able to withstand due
to the toughness of their tegmina (Umbers et al. 2019).
Display intensity was greater in females than in males
throughout the repeated predation trials, consistent with
previous work on mountain katydids and possibly reflective
of their different morphology (Umbers and Mappes 2015;
De Bona et al. 2020). As the wings of adult male katydids
are bigger than those of females, they need to be lifted at a
wider angle to reveal the defensive signals, perhaps increas-
ing the cost of performing the display. Males also have much
smaller abdomens and therefore a smaller defence signal and
could gain less from a deimatic strategy in comparison with
females (Umbers and Mappes 2015). There are many noted
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Fig.4 Repeatability estimates for display intensity in 75 individual katydids, across five trials (a) original-scale repeatability estimations and (b)

link-scale repeatability estimations

examples of differences in antipredator defences between
sexes in Arthropods that stem from sexual dimorphism
(Conroy and Gray 2015; Tanis et al. 2018; Segovia et al.
2019). In the harvestmen Mischonyx cuspidatus males, for
example, employ different antipredator strategies to those
of females, using a pair of sharp apophyses, while female,
who lack them, use thanatosis (Segovia et al. 2019). There
are also significant differences in antipredator behaviours
in stalk-eyed flies (Teleopsis dalmanni) where males’ exag-
gerated large eye spans allow for an aggressive physical
‘jabbing’ behaviour to deter predators (Worthington and
Swallow 2010). Similar sex differences in deimatic display
intensity are found in praying mantises in which females
have more elaborate and intense displays (O’Hanlon et al.
2018). Such differences in display behaviour between the
sexes could be an indirect effect of their morphology, which
defines escape capacity; female katydids and mantises have
limited flight abilities, while the males are smaller and can
fly surprisingly well (Umbers and Mappes 2015; De Bona
et al. 2020).

Mountain katydid flight or fight response
to repeated attacks in the presence of a food
resource

We asked whether the katydids display at different intensi-
ties in the presence of a food source. Overall, the presence
of the plants did not change the katydids’ display intensity
(Fig. 2, Table 1).

@ Springer

While display intensity did not change in the presence of
the food resource, escape propensity did, with katydids less
likely to escape when a food resource was available (Fig. 3,
Table 2). Reluctance to escape when foraging is also seen
in other animals such as mountain lizards (Liolaemus mon-
ticola), Iberian rock lizards (Iberolacerta monticola) and
Balearic lizards (Podarcis lilfordi) all of which allow the
closer approach of a predator before escaping in the pres-
ence of a food source compared with trials without food,
suggesting that there is a trade-off between foraging and
predation risk (Cooper 2003; Cooper and Peréz-Mellado
2004; Cooper et al. 2006). The lizards’ responses to repeated
attacks are also similar to our results in the mountain katy-
did, as repeated attacks caused lost opportunity for foraging
due to an increased flight initiation distance and longer time
spent hiding from predators in refuges (L6pez and Martin
2001; Martin et al. 2009). The mechanism by which repeated
attacks are thought to increase antipredator vigilance is by
reinforcing the lizard’s perception of risk (Cooper 1998;
Martin and Lopez 2004). Aspic vipers (Vipera aspis) also
escape and seek refuge in response to predator encounters,
but when given a choice between hiding and basking (ther-
mal resource), the likelihood of fleeing increases (Lorioux
et al. 2013). Katydids appear to try and solve the trade-off
between foraging and fleeing by performing their display at
high intensity. In our study, the attacks were simulated by us
and therefore the katydid’s display could not be successful;
however, field-based data on the success of displays deter-
ring predators and allowing katydids to continue foraging
would be of great interest.
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The repeatability of individual katydids in display
intensity

Our analysis shows that mountain katydids have moderate
repeatability of their maximum display intensity (Harper
1994; Cauchoix et al. 2018). Some katydids were more likely
to always perform a lower intensity display, while others are
more likely to perform a high intensity display, and there
was considerable variation within individuals (Figs. 2 and
4). While some individual katydid displays were extremely
consistent, other katydids varied in the intensity of their dis-
play over the repeated trials, suggesting that their response
to simulated attack is not fixed but flexible over the five-
day time frame (Umbers et al. 2019; De Bona et al. 2020).
These moderate repeatability results suggest the insects’
responses are flexible and may decay temporally or be based
on environmental variation and be highly context depend-
ant. Over what time frames, and exactly what environmental
conditions influence the expression of display behaviour is
unclear, but could include different kinds of predators, body
condition or abiotic factors like ambient temperature.

Finally, it is possible that repeatability of katydid dis-
play was influenced by the artificial conditions under
which our experiment took place. Studies that measure
repeatability in the field seem to show higher repeatabil-
ity in comparison with those done in a controlled setting
(Bell et al. 2009). For example, in field crickets (Gryllus
campestris) behavioural traits measuring exploration had
a lower repeatability in the wild than in a laboratory set-
ting (Fisher et al. 2015). There are also examples where
the setting of the experiment does not affect repeatability.
For example, in beadlet anemones (Actinia equine) repeat-
ability estimates in the laboratory and in the wild are very
similar (Osborn and Briffa 2017). The katydids used in
our study were captured from the wild and held captive
for five days before being tested, a process that may have
influenced display repeatability. We suggest future studies
attempt to assess repeatability in the wild to ground-truth
our results.

Our results provide evidence that the intensity of a dei-
matic display increases under repeated sequential preda-
tion events. While access to a food recourse does not affect
display intensity, it does decrease the katydid’s propensity
to flee after repeated predation, highlighting the context
dependence of anti-predatory responses. The moderate
within-individual repeatability of display intensity further
hints at the fact that display intensity may be dependent on
external environmental context rather than internal driv-
ers. The next steps to further understand the antipredator
behaviour of A. reticulata would be to explore the efficacy
of the two defence strategies (escape and deimatic dis-
plays) in deterring real predators. Since external factors
appear to play a role in determining the escape response,

predator identity could also affect the mode of defence.
Testing the defensive reaction to multiple predators could
shed light on this question.
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