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Predator-induced plasticity in life-history and antipredator traits during the larval period
has been extensively studied in organisms with complex life-histories. However, it is
unclear whether different levels of predation could induce warning signals in aposematic
organisms. Here, we investigated whether predator-simulated handling affects warning
coloration and life-history traits in the aposematic wood tiger moth larva, Arctia
plantaginis. As juveniles, a larger orange patch on an otherwise black body signifies
a more efficient warning signal against predators but this comes at the costs of
conspicuousness and thermoregulation. Given this, one would expect that an increase
in predation risk would induce flexible expression of the orange patch. Prior research
in this system points to plastic effects being important as a response to environmental
changes for life history traits, but we had yet to assess whether this was the case for
predation risk, a key driver of this species evolution. Using a full-sib rearing design, in
which individuals were reared in the presence and absence of a non-lethal simulated
bird attack, we evaluated flexible responses of warning signal size (number of orange
segments), growth, molting events, and development time in wood tiger moths. All
measured traits except development time showed a significant response to predation.
Larvae from the predation treatment developed a more melanized warning signal
(smaller orange patch), reached a smaller body size, and molted more often. Our results
suggest plasticity is indeed important in aposematic organisms, but in this case may be
complicated by the trade-off between costly pigmentation and other life-history traits.
Keywords: predation, Plastic response, Aposematism, Life-history, antipredator, Larva, Costs, maladaptation

INTRODUCTION
Organisms live in a constantly changing environment, and this variation may have important effects
on an individual’s fitness. Evolution (via genetic change) and plasticity (the flexibility of a genotype
to change its phenotype in response to environmental cues) are key mechanisms upon which species
adapt to environmental variation (Gotthard and Nylin, 1995; Ghalambor et al., 2007). Plasticity can
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Brachionus herbivores (Brachionus calyciflorus and Brachionus
angularis). However, their development is also associated with
decreased reproduction or reduced sex investment in herbivores
(Yin et al., 2017).
Coloration is a common morphological defense that is often
related to avoiding predator detection and attack (Endler,
1986, 1991a; Caro, 2005). Camouflage is the most common
color strategy to avoid predation; it has been studied across
a range of animal taxa including lepidopterans, crustaceans,
cephalopods, reptiles, amphibians, and fish (Stevens, 2016),
and has been shown to also be plastic in some cases. Some
examples of background matching plasticity in response to
different environmental cues are seen in pygmy grasshoppers,
Tetrix subulata and Tetrix ceperoi. Their basic color is altered
by the background substrate color, so when in a dark substrate,
both species tend to change to a black and dark olive color,
whereas in light substrates, the gray color morph dominates.
The plasticity in body coloration increases camouflage and is
likely to be an adaptation to reduce predation risk (Hochkirch
et al., 2008). For organisms that live in complex environments,
gaining optimal camouflage is tricky (Merilaita et al., 2017),
in particular for mobile animals. Plasticity responses can solve
this conundrum. A recent study by Corl et al. (2018) in sideblotched lizards (Uta stansburiana) established the crucial role
of plasticity in background matching during the colonization
of a new environment. Ancestral plasticity in coloration and
divergence in two genes that increase pigmentation (regulators of
melanin production), facilitate survival and persistence in novel
darker habitats and allows time for subsequent genetic adaptation
to fine-tune the plastic response to the new environment.
Aposematism is a complex defense strategy that is based
on organisms displaying warning signals (typically conspicuous
coloration) to advertise unpalatability or noxiousness (Poulton,
1890; Cott, 1940; Endler, 1991b; Inbar and Lev-Yadun, 2005;
Speed and Ruxton, 2005). Although avoidance of conspicuous
colors can be innate or inherited (Schuler and Roper, 1992;
Mastrota and Mench, 1995; Lindström et al., 1999a), learning
typically facilitates the negative association of a warning signal
and unprofitability (Mappes et al., 2005). Predators learn to
avoid unprofitable prey with conspicuous coloration more
quickly compared to cryptic prey (Gittleman and Harvey,
1980; Lindström et al., 1999b). According to classic theory,
predators acquire avoidance more quickly when warning
signals are invariable (Müller, 1879). Thus, selection by
predators should therefore favor the most common morph
in the population, leading to positive frequency-dependent
selection and monomorphism in aposematic species (Endler and
Greenwood, 1988; Joron and Mallet, 1998; Endler and Mappes,
2004; Rowland et al., 2007; Ihalainen et al., 2008; Gordon et al.,
2015). Why then, is variation in aposematic systems widespread
(Briolat et al., 2019)?
Phenotypic plasticity could potentially provide a mechanism
that allows for both monomorphism and variation in warning
signals, through physiological plastic changes in color (e.g.,
changes in melanin or flavonoids production/synthesis triggered
by temperature or other environmental stimuli) (Galarza et al.,
2019). The desert locust, Schistocerca emarginata, is one of the

be adaptive, when its response is in the same direction favored
by selection (Ghalambor et al., 2007) and can allow a particular
genotype to rapidly endure changes in the environment. On
the other hand, a non-adaptive phenotype can be far from the
adaptive peak and have a reduced fitness under environmental
change (Ghalambor et al., 2007).
The role of plasticity in evolution is not straightforward. It is
often argued that if plasticity is adaptive, it should deter evolution
since it can hide genetic variation on which selection would act,
and thus weaken selection (Ghalambor et al., 2007; Gordon et al.,
2017). Yet, plasticity is also crucial for population persistence
in a changing environment because it can buffer novel variants
against purifying selection and may thus, facilitate long-term
adaptation by maintaining higher genetic variation (Corl et al.,
2018; Perry et al., 2018). Furthermore, induced-responses often
involve costs, hindering the adaptive plastic responses by another
environmental cue or stress response, thus reducing fitness and
generating the pattern of maladaptive response (Morris and
Rogers, 2013). Trade-offs in stress responses may limit plastic
responses but may also constrain evolution and future adaptation
(Koch and Guillaume, 2020).
Predation is one of the most important selective pressures
in nature. Hence, predator-induced plasticity is perhaps one of
the most relevant plastic responses, and has been shown to
stimulate changes in prey morphology, behavior and life history
for a variety of taxa (Tollrian, 1995; Tollrian and Dodson,
1999; Roff, 2002; Benard, 2004; Hammill et al., 2008). For
example, studies using a variety of predator-simulated attack
mechanisms have led to inducible variation in prey responses
such as immunosuppression or variation in chemical defenses
concentration (toxins) (Watson et al., 2004; Adamo et al., 2017;
Bucciarelli et al., 2017; Cinel et al., 2020).
Predator-induced plasticity is common in organisms with
complex life cycles, because each developmental phase exposes
them to different predators, parasites, and environmental
conditions (Benard, 2004; Friman et al., 2009; Mutamiswa et al.,
2019). Prey life-history traits that are known to be plastic are
growth rate, body size, and development time such as timing to
metamorphosis or hatching (Stearns and Koella, 1986; Stearns,
1989; Nylin and Gotthard, 1998; Tollrian and Dodson, 1999).
However, the direction and magnitude of plasticity in life-history
traits vary widely (reviewed in Benard, 2004) and much is left
to still discover and understand. In particular, it is still unknown
how short-term selection pressures are linked to long-term fitness
(Koch and Guillaume, 2020).
Plastic responses in life history may improve prey success
under fluctuating predation risks, but may also involve tradeoffs because individual survival might come at a cost to certain
traits like reproduction (Tollrian, 1995; Tollrian and Dodson,
1999; Roff, 2002; Benard, 2004; Hammill et al., 2008). For
instance, inducible morphological defenses, like neck spines
and variation in body morphology in Daphnia pulex increase
survival against predation from Chaoborus spp., compared to
undefended morphs, but at the cost of a reduction in reproductive
success (Hammill et al., 2008). The predatory rotifer Asplanchna
brightwellii also induces plastic changes in the ultrastructure of
lorica (shell), lorica thickness, lateral spines, and body size of
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individuals are reared in the presence or absence of a nonlethal simulated bird attack. Typical bird attacks toward our hairy
caterpillar include multiple pecking, handling, and dropping,
which we stimulate. We then examine any changes in the length
of the orange patch, as well as larval growth and development in
the presence versus absence of this predation risk. If predatorinduced plasticity plays a role in the size of the warning signal,
we should expect differences in the length of the orange patch
between the two predation treatments; this could be represented
as a warning signal increase, as a more salient signal facilitates
learning avoidance of avian predators, or as a warning signal
decreases, as more melanic signals benefits from concealment
when at high risk of detection or attack by naïve predators.
We predict predation to have a negative effect on larval body
size and developmental time (shorter developmental time with
fewer instars) as risky environments seem to promote negative
life-history shifts in many insects (e.g., Duong and McCauley,
2016).

most famous, but rare, examples of plasticity in aposematic
species. Locusts display a shift in coloration as a response to
local population density: at low-densities, individuals are solitary
and cryptic (green), whereas at high-densities individuals shift
to a more gregarious morph with aposematic coloration in
the longer wings (yellow and black form) (Sword, 1999). This
plasticity is suggested to reduce the cost of conspicuousness when
locusts are rare and facilitate predator avoidance learning at high
densities. However, this study involves a discrete trait, and there
are currently very few studies investigating continuous plastic
variation in warning signals.
The larvae of the wood tiger moth Arctia plantaginis
[Arctiidae, formerly Parasemia plantaginis (Rönkä et al.,
2016)] provide an excellent system to study predator-induced
phenotypic plasticity in an aposematic species. Larvae are
unpalatable and have a hairy black body with a dorsal continuous
orange patch. The length of this patch varies significantly; from an
almost entirely black phenotype to almost entirely orange (Ojala
et al., 2007; Lindstedt et al., 2009, 2010, 2016; Galarza et al., 2019)
and across and within populations (Ojala et al., 2007; Lindstedt
et al., 2009, 2016). Previous studies in the species showed that the
length of the orange patch is strongly heritable (Lindstedt et al.,
2016) with temperature-induced (adaptive) plasticity (Lindstedt
et al., 2009; Galarza et al., 2019). However, no study to date
has evaluated predation-induced plasticity in the warning signal.
Phenotypic plasticity may explain some variation observed in
this system, because different signal sizes are beneficial under
different conditions. A small signal (smaller orange patch)
decreases the risk of predator detection (Lindstedt et al., 2008)
but is associated with thermoregulation benefits (Lindstedt et al.,
2009). A large orange patch is better at facilitating predator
avoidance learning but less efficient at thermoregulation and
immune response (Lindstedt, 2008; Lindstedt et al., 2008; Friman
et al., 2009; Nielsen and Mappes, 2020). Having a plastic
signal may therefore be the most efficient strategy for larvae in
variable environments.
In this study we investigate to what extent predator-induced
plasticity explains the continuous variation in larval warning
coloration, and how predation risk influences larval life-history
traits. To do so, we use a split full-sib rearing design, in which

MATERIALS AND METHODS
Study System
This experiment uses a laboratory population of wood tiger
moth that had been reared and maintained in a greenhouse
at the University of Jyväskylä in Central Finland since 2012
from wild Finnish stock. The caterpillars were fed with a mix
of lettuce (Lactuca sativa var. crispa) and dandelion leaves
(Taraxacum spp.) and kept under greenhouse temperatures that
followed the outdoor temperature, between 20 and 30◦ C during
the day (∼20 h) and 15–20◦ C during the night (∼4 h). In
Finland, this species usually has one generation per year and
A. plantaginis typically overwinter as a 3rd or 4th instar larva
(Lindstedt et al., 2019).
Both adults and larvae are aposematic. Larvae are hairy and
unprofitable (Lindstedt et al., 2008). Within the first two instars
they are cryptically colored, but around their third instar larvae
develop a warning signal that grows with age (Ojala et al., 2007)
that can cover from 3 to 4 segments (30% of the body length)
up to 7 segments (equivalent to 80% of the total body; Figure 1;

FIGURE 1 | Variation in larval warning signal. Large orange patch (left) and small orange patch (right).
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TABLE 1 | Full summary statistics for the influence of fixed effect, predation,
random effect [family (all traits) and its interaction with predation (family-bytreatment)] effects on the warning signal and larval-history traits of A. plantaginis.
Trait

We evaluated predator-induced plasticity in a full-sib rearing
design, in which we selected larvae from 20 families. From each
family, we randomly selected 24 individuals of the same age (same
hatching day), and these were evenly split and reared in two
environments: presence (treatment; N = 240) and absence of a
simulated bird predator attack (control; N = 240).
We started the experiment when the larvae were 10 days old
(around instar 2), and reared them individually in petri dishes.
At this point, all larvae still had cryptic coloration. We applied
a non-lethal simulated bird attack stimulus in the predator
treatment. We used a simulated predator handling to assume a
predator induce response, as it has been shown in other studies
that a physical non-lethal simulated predator attack induce prey
responses to the perceived risk (Watson et al., 2004; Adamo
et al., 2017; Bucciarelli et al., 2017; Cinel et al., 2020). Typical
bird attack toward a hairy caterpillar include multiple pecking,
dropping, and billing, which we tried to stimulate by taking
the larva and gently handling it (squeezing) with soft tweezers
(to avoid damaging the skin) 20 times. Most larvae returned
to regular behavior not long after receiving the stimulus and
no regurgitation and defecation were observed during simulated
attack (Authors Pers. Obs.) Although the stimulated predator
attack cannot exactly imitate a true bird attack with actual
mortality, based on observing both real and simulated attacks we
are rather convinced this manipulation was very close to a nonlethal predator attack. The treatment was applied every second
day and continued until the larvae reached pupation, excluding
the days when they were obviously molting. In the control
environment, we reared the larvae under normal conditions
without applying the bird attack stimulus. Furthermore, all
individuals, from both treatments, were checked and fed daily,
the petri dishes were clean (old food was removed and feces),
and kept under greenhouse conditions. To ensure that the
plastic responses were not a product of the handling stress, but
an actual predator-induced response, the simulated predation
handling was applied during the cleaning and feeding time so
that both treatment groups were disturbed around similar times.
We recorded the dates, when the stimulus was applied and the
molting events, as well as the signal size after every molt in each
petri dish. The experiment was conducted during the summer
season (May to July 2015) at the University of Jyväskylä.

Statistics
Random effects
Source of variation
Family

Orange signal size
n = 448
families = 20

Name

σ2

SD

Intercept

0.398

0.631

2.246

1.498

Residual
Fixed effects
Source of variation

Estimate

s.e.

t

P

Intercept

5.139

0.174

29.51

< 0.001

Treatment

−0.305

0.141

2.153

0.031

Random effects
Source of variation
Molts
n = 331
families = 20

Family

Name

σ2

SD

Intercept

0.184

0.43

0.853

0.923

Residual
Fixed effects
Source of variation

Estimate

s.e.

t

P

Intercept

3.214

0.120

26.59

< 0.001

Treatment

0.397

0.102

3.895

< 0.001

Random effects
Source of variation
Family
Growth rate
n = 449
families = 20

Name

σ2

SD

Intercept

0.011

0.108

0.039

0.199

Residual
Fixed effects
Source of variation

Estimate

s.e.

t

P

Intercept

0.4192

0.027

15.167

< 0.001

Treatment

−0.083

0.018

−4.444

< 0.001

Random effects
Source of variation
Family
Development time
n = 331
families = 20

Name

σ2

SD

Intercept

17.36

4.167

70.62

8.403

Residual
Fixed effects
Source of variation

Estimate

s.e.

t

P

Intercept

47.666

1.138

41.87

< 0.001

Treatment

1.418

0.93

1.525

0.128

Random effects
Source of variation
Family
Pupal weight
n = 332
families = 20

Name

σ2

SD

Intercept

116.6

10.8

1296.8

36.01

Residual
Fixed effects

Data Collection

Source of variation

Estimate

s.e.

t

P

Intercept

201.635

3.671

54.930

< 0.001

Treatment

−35.224

3.974

−8.864

< 0.001

Traits were measured as follows: (A) warning signal size
by counting the number of orange segments every time the
larva molted (Lindstedt et al., 2008). Since the segments are
distinguishable it was not necessary to disturb the larva to take
the measurement. (B) molts by recording the dates and times the
larva molted. This was done by checking daily the presence of
dried skin from a molted larva. (C) growth rate: the difference
between the final body size and the initial body size (mm) over
the total days until the last measurement (before pupation or
death). Body length in millimeters was measured using a digital
caliper (Mitutoyo 500-181-21). All larvae were measured at the
beginning of the experiment (when the treatment had not yet

Lindstedt et al., 2008). This species is known to be a capital
feeder, so emergence mass is set by resource allocation in the
immature stages (Ojala et al., 2007). Individuals remain at the
larval stage for most of their life cycle, on average 60 days. During
this stage, larvae undergo four to seven instars. Following the
larval stage, they pupate and emerge as adults 7–10 days later
(Ojala et al., 2007).
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been implemented), and then approximately every sixth day until
they reached pupation or died. Larvae were not manipulated
during the measurements. If they were curled, they were
left undisturbed until they had returned to seemingly normal
behavior and were thus possible to measure. (D) development
time by recording the days from hatching until pupation and
(E) pupal weight was recorded in milligrams using a Mettler
Xs204 digital scale.

Statistical Analysis
We used linear mixed-effects models to estimate the effects
of the non-lethal predator stimulus on each of the following
response variables separately: warning signal size, molting events,
growth rate, developmental time, and pupal weight. The predator
treatment was included as the only fixed factor for all the
models. In the case of the orange signal size and molting, for
which the data distribution were not clear, we selected the best
model fit by comparing the AIC values of models with different
distributions (Supplementary Table 1). To estimate the variation
of the response due to the family, and to estimate the presence of
family-by-treatment interaction, we compared models with the
following random effect structures: (a) family and (b) familyby-treatment. The family-by-treatment interaction was retained
in analyses if it improved the fit of the model, as judged by
Likelihood Ratio tests (model comparison estimates reported
in Supplementary Table 2 and full models with random effect
structures in Table 1). The analyses were done with all individuals
except in the molting events and developmental time analyses,
when only considered those that reached pupation.
We ran a survival analysis, to examine whether our light nonlethal predation stimulus induced high mortality between our
treatments. Results importantly showed no significant differences
between the control and the treatment [Cox proportional hazards
model (P = 0.15), Supplementary Table 3].
The level of significance in all analyses was set at p < 0.05. The
Satterthwaite approximation for degrees of freedom was applied
in the linear mixed-effects models. All the statistical analyses were
performed in R (v4.0.2; R Core Team 2020).

FIGURE 2 | Larval orange signal size based on raw data (i.e., each black and
gray line represents a family). Boxplots show the mean values on control and
predator treatment. * means significance.

until reach pupation. Finally, the average pupal weight in normal
conditions was 201.635 mg, while in individuals from the
predation treatment weighted 35.22 mg less (F 1 ,313 .39 = 78.573,
p ≤ 0.001; Figure 6 and Table 1).

DISCUSSION
Organisms with complex life cycles that express plasticity in their
defense and life-history traits may have a selective advantage

RESULTS
Larvae reared in the simulated predator handling environment
displayed an orange band significantly smaller than individuals
reared in the control environment (F 1 ,427 .87 = 4.634, p = 0.031;
Figure 2). The phenotypic variation due to the family effect was
about 15% (Table 1). In the predator treatment group, the orange
band was 0.3 segments smaller than in the control (average
signal 5 orange segments). Predation had a significant effect
on most of the larval history traits. The larvae molted in the
control group around three times after the experiment started,
and 0.4 significantly more times in the predator environment
(F 1 ,312 .34 = 14.776, p ≤ 0.001; Figure 3), they grew 0.08 mm
less per day (F 1 ,427 .3 = 19.753, p ≤ 0.001) compare to the
control ones (average 0.4 mm per day; Figure 4), the treatment
did not, however, significantly affect larval developmental time
(F 1 ,311 .57 = 2.33, p = 0.127; Figure 5) with 48 days in average
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FIGURE 4 | Larval growth rate based on raw data.

FIGURE 6 | Pupal weight based on raw data (i.e., each black and gray line
represents a family). Boxplots show the mean values on control and predator
treatment. *** means high significance; + means outlier.

strongly dependent on both environments (light, background)
and receivers’ vision and cognition. Thus, it is unlikely that there
is only one optimal strategy for warning signal conspicuousness
and potential for the plastic responses could greatly improve prey
survival. Interestingly, the only example of adaptive plasticity
of warning signal we are aware of is the famous desert locust,
Schistocerca emarginata (Sword, 1999) that change its coloration
in response to population density. Our study species, wood tiger
moth larvae show continuous variation in the size of their orange
warning signal, which suppresses predators willingness to attack
(Lindstedt et al., 2008; Nielsen and Mappes, 2020) but at the
same time, when large, increases the prey conspicuousness which
in turn increases the attack risk by naïve predators (Mappes
et al., 2014). We investigated whether larvae could perceive
predation risk and respond on it by rearing larvae in two different
environments: with and without non-lethal predator stimulus. As
we expected, we found that overall predation induced plasticity
in defense and life-history traits. The predator stimulus reduced
orange signal size, as predicted, increased molting events,
decreased growth rate, body size, and pupal mass. In contrast,
the treatment did not affect developmental time. We also found a
clear family effect showing that there is additive genetic variation
for all measured life history traits, but no interactions between the
predator treatment. This means that families overall responded
to the treatment similarly although they might have expressed
differences in the mean plastic responses.
We expected predation to induce a positive (increase of orange
patch length) or negative (decrease of orange patch length) plastic
response in larval warning signals, because larger orange patches
in A. plantaginis have been proven to enhance avoidance learning
of avian predators (Lindstedt et al., 2008). On the other hand, a
small signal decreases the risk of predator detection (Lindstedt
et al., 2008) and it is also associated with thermoregulation
benefits (Lindstedt et al., 2009).

FIGURE 5 | Larval development time based on raw data (i.e., each black and
gray line represents a family). Boxplots show the mean values on control and
predator treatment. + means outlier.

because flexibility in strategies may allow a relatively rapid
response to a range of threats and thus, increased survival.
However, environmental change is often multivariate, and
organisms are exposed simultaneously to multiple stressors that
may have opposing effects. Furthermore, organisms can rarely
can optimally respond to different stimulus since such responses
may be costly and trade-off with other important traits leading to
less optimal or even maladaptive responses.
We examined plastic responses to predation in the aposematic
wood tiger moth larvae in warning signal efficacy and life-history
traits. Aposematism is an interesting strategy to investigate
potential plasticity for warning signal, since its efficacy is
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involved in immune responses and cuticle plugging and healing
(De Gregorio et al., 2002; Beckage, 2011).
The plasticity responses observed in life-history traits under
the treatment can be also considered non-adaptive response,
according to life-history theory which should predict faster life
histories under predation risk (Stearns and Koella, 1986; Abrams
and Rowe, 1996; Arendt, 1997; Nylin and Gotthard, 1998; Roff,
2002; Benard, 2004). Instead, larvae in our predation treatment
showed a lower growth rate, a smaller final body size, and a lighter
pupal weight but similar developmental times compared to the
control. A slow growth rate could be compensated with longer
development times, but at the cost of increased risk of predation.
On the other hand, a fast growth could mean avoiding predation
risks but at the cost of reaching metamorphosis at an optimal size.
The lower growth rate and smaller final body size could
be potentially explained by an indirect effect of the increase
in melanization through the costly melanin hypothesis. Some
studies suggest darker-induced phenotypes might be costly (as
resources have to be allocated for melanin synthesis) in terms
of lower growth rates and smaller body sizes (Goulson, 1994;
Debecker et al., 2015; Galarza et al., 2019; Lindstedt et al., 2019).
The results could also be explained by environmental stress
during development. Here, constant manipulation or stress could
alter overall physiological functioning, challenging the organism
to keep metabolic functions normal (Chevin and Hoffmann,
2017; Taborsky et al., 2020). As a result of the cumulative stress,
larvae in the predator treatment could have been limited to
reach a minimal viable weight (MVW), defined by Davidowitz
et al. (2003) as the minimal amount of resources necessary for
a developing larva to successfully pupate. Lastly, our results
could reflect altered foraging activity. Larvae could reduce their
feeding activity as a behavioral defense to reduce predation
risk, which results in less energy allocated in growth (Lima
and Dill, 1990; Stamp and Bowers, 1993; Cressler et al., 2010).
Because A. plantaginis is a capital breeder (Ojala et al., 2007), a
lower growth rate, together with a limited developmental time,
could constrain the resources allocated for pupation, leading to
a lighter pupal weight. This could be considered as a stressresponse based on the finding by Galarza et al. (2019), in
which larvae of A. plantaginis reared in low temperatures,
showed a lower growth rate, but a longer developmental time
leading to similar pupal weights compared to larvae reared in
high temperatures.
Larvae in the predator treatment underwent a higher number
of molting events than the control ones. Individuals may increase
their molting under conditions that constrain body size to
compensate for this reduced growth rate, because body size
increases at each larval molt. This stress response to unfavorable
conditions is commonly observed in most insect species (Esperk
et al., 2007), and may work as a compensatory mechanism
for larvae to reach the threshold size and survive in adverse
conditions (Nijhout, 1998). It could also help larvae reach
pupation at the optimal size for hibernation under stressful
conditions (Esperk et al., 2007; Barraclough et al., 2014).
However, larvae did not differ in the age at pupation and the final
body size was smaller in the predation treatment, suggesting the

Our results show that larvae from the predator environment
expressed a smaller final orange signal, and thus a more
melanized body. First, this might be explained by varying
costs and benefits of warning signals under different predation
environments. For example, a large signal can enhance predator
avoidance learning (Lindstedt et al., 2008), but it may be costly
against naïve predators because it increases conspicuousness and
the risk of detection (Lindstedt et al., 2008). Smaller warning
signals might therefore be favored by selection when the risk of
detection by naïve predators is high (Endler and Mappes, 2004;
Lindstedt et al., 2008).
Second, the contrast between the two colors (orange and
black) might be more important in conspicuousness indicating
prey unprofitability (Aronsson and Gamberale-Stille, 2012) and
its detectability. Indeed, studies done by Tullberg et al. (2005);
Bohlin et al. (2008), Caro et al. (2013); Barnett and Cuthill
(2014), Barnett et al. (2016); Nielsen and Mappes (2020) suggest
that contrasting color patterns are more efficient warning signals
against predators than a homogeneous warningly colored signal.
Furthermore, they proposed that contrasting color patterns
might hold a double purpose: low detectability (camouflage)
at a distance, but more conspicuous when close. Suggesting
that intermedium levels of internal contrast seem to be a more
efficient warning signal, because it keeps the balance between
cryptic and aposematic function. In our case, reduction of the
orange warning signal itself may have been a response of better
highlighting this color contrast and an adaptive response to
decrease conspicuousness.
Third, the plasticity in the signal might also indicate a nonadaptive response to the stress suggesting that our high predation
risk simulation was perhaps too strong (squeezing the larvae 20
times every time stimulus was applied) or lasted too long (every
second day until pupation or death). Under novel conditions, it
is expected that many of the initial plastic responses are nonadaptive, because selection has not had the opportunity to shape
the plastic response (Ghalambor et al., 2007, 2015). However,
it should be noted that we did not find significant mortality
differences between the treatments and all larvae returned to
normal behavior soon after the stimulus was applied.
Fourth, increased larva cuticular melanin deposition is
a common stress-response in insects to conditions such as
exposure to UV radiation; probably due to the photoprotective
properties (Debecker et al., 2015). It can also be a stress response
to low temperatures (Goulson, 1994; Galarza et al., 2019),
potentially a thermoregulation benefit to adjust to new conditions
(Galarza et al., 2019), and predator risk. Under predation
risk increased melanin can be an anticipatory response to the
potential risk of cuticular wounding (Duong and McCauley,
2016), because of the important role of melanin in immune
response and wound healing (Barnes and Siva-Jothy, 2000; Elliot
et al., 2003; Friman et al., 2009; Beckage, 2011; Parle et al., 2016).
Our stimulus, however, non-lethal caused larvae to suffer some
hair loss during the attack simulation (Abondano Pers Obs).
This loss could have stimulated an anticipatory risk of cuticular
wounding in our larvae (Duong and McCauley, 2016) thus
activating the melanization cascade, a physiological mechanism
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increase in molts did not work as a compensatory mechanism
to increase body size or pupal mass. Perhaps the increment
in molts could be explained as a response to restore the hair
lost during the attack simulation in the predation treatment.
Although hairiness does not decrease predator attacks or enhance
avoidance learning of avian predators (Lindstedt et al., 2008), it
can play an important role in protecting prey against another
type of predators [e.g., insects; (Dyer, 1995)]. A higher number
of molting events (increase in hairiness), together with increased
melanization (decrease in orange patch size) may therefore be
an investment in antipredator defenses, and a trade-off with
investment in growth (larval growth rate and pupal weight).
Understanding how organisms and populations can adapt
to changing environmental conditions is a crucial topic in
evolutionary biology, considering the rapid environmental
changes caused by human activity. Here, we have demonstrated
that phenotypic plasticity is a potential mechanism for
aposematic species to respond to novel stressful environments.
We found that high predation risk, a novel condition for the
larvae, induced plasticity in the warning signal by increasing
melanin deposition. Furthermore, the predation treatment
induced stress responses in life-history traits, indicating a
potential trade-off in resource allocation for signal and lifehistory traits. However, to what extent phenotypic plasticity is
beneficial, creating novel opportunities for selection, or harmful,
constraining adaptive potential in a challenging environment,
is yet unclear (Sgrò et al., 2016; Oostra et al., 2018). Future
empirical studies are needed to investigate long-term fitness
consequences of phenotypic plasticity, and whether plastic
responses in warning signals are linked to changes in antipredator
behavior. For example, larvae with a more conspicuous signal
could be expected to spend more time in exposed locations
compared to larvae with a more cryptic signal (Nielsen and
Mappes, 2020). Finally, our study investigated phenotypic
plasticity in laboratory-reared individuals with a homogenous
population history. However, the evolutionary history of the
population might have important effects on its plasticity, and
future studies should therefore investigate phenotypic plasticity
in wild populations with different evolutionary histories to better

understand whether plastic responses are adaptive and how insect
populations will perform under different scenarios.
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