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Abstract

Understanding the effects of extreme climatic events on species and their interac-

tions is of paramount importance for predicting and mitigating the impacts of cli-

mate change on communities and ecosystems. However, the joint effects of

extreme climatic events and species interactions on the behaviour and phenotype

of organisms remain poorly understood, leaving a substantial gap in our knowledge

on the impacts of climatic change on ecological communities. Using an aphid–

ladybeetle system, we experimentally investigated the effects of predators and heat

shocks on prey body size, microhabitat use, and transgenerational phenotypic plas-

ticity (i.e., the asexual production of winged offspring by unwinged mothers). We

found that (i) aphids were smaller in the presence of predators but larger when

exposed to frequent heat shocks; (ii) frequent heat shocks shifted aphid distribution

towards the plant’s apex, but the presence of predators had the opposite effect and

dampened the heat-shock effects; and (iii) aphids responded to predators by pro-

ducing winged offspring, but heat shocks strongly inhibited this transgenerational

response to predation. Overall, our experimental results show that heat shocks inhi-

bit phenotypic and behavioural responses to predation (and vice versa) and that

such changes may alter trophic interactions, and have important consequences on

the dynamics and stability of ecological communities. We conclude that the effects

of extreme climatic events on the phenotype and behaviour of interacting species

should be considered to understand the effects of climate change on species

interactions and communities.
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1 | INTRODUCTION

Increases in climate variability and extreme climatic events are cur-

rently emerging as two of the most important facets of climate

change (Easterling et al., 2000; IPCC, 2013; Thompson, Beardall,

Beringer, Grace, & Sardina, 2013). Yet, previous ecological studies

have largely focused on how changes in mean temperature affect

populations and community structure while neglecting variability and

extreme events (reviewed in Easterling et al., 2000; Parmesan, Root,

& Willig, 2000; Thompson et al., 2013). Extreme hot temperatures

are fundamentally different from mild warming because they place

organisms outside their thermal threshold for growth and reproduc-

tion, thereby drastically reducing their development rate, fecundity,

and survival (Colinet, Sinclair, Vernon, & Renault, 2015; Dowd, King,
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& Denny, 2015; Gillespie, Nasreen, Moffat, Clarke, & Roitberg, 2012;

Huey et al., 2012; Magozzi & Calosi, 2015; Sentis, Hemptinne, &

Brodeur, 2013). As a consequence, the detrimental effects of

extreme temperatures on individual fitness and population dynamics

are, in many cases, more important than what would be expected

from shifts in average temperatures (Benedetti-Cecchi, Bertocci,

Vaselli, & Maggi, 2006; Dowd et al., 2015; Easterling et al., 2000;

Ma, Rudolf, & Ma, 2015; Thompson et al., 2013; Vasseur et al.,

2014). Thus, investigations on how changes in the frequency and

amplitude of extreme climate events influence organisms and their

interactions are much needed to improve our understanding of

climate change impacts on ecological communities.

Phenotypic plasticity constitutes a common response to environ-

mental stress and can modulate an individual’s physiology, morphol-

ogy, and behaviour to cope with the change (Chevin, Lande, &

Mace, 2010; Donelson, Munday, McCormick, & Pitcher, 2011; Huey

et al., 2012; Sentis, Morisson, & Boukal, 2015). These phenotypic

responses influence species interactions (Sentis et al., 2015) as well

as the speed and direction of evolutionary trajectories (Chevin et al.,

2010; Donelson et al., 2011; Ghalambor et al., 2015; Munday, War-

ner, Monro, Pandolfi, & Marshall, 2013); they are thus of paramount

importance for the dynamics and persistence of communities facing

rapid environmental changes. However, very few studies have inves-

tigated phenotypic responses to extreme temperatures (Colinet

et al., 2015). Recent studies have proposed that average warming

and extreme temperatures should induce divergent and sometimes

opposite phenotypic responses depending on the degree of warming

relative to the shape and position of the organism’s thermal perfor-

mance curve (Dowd et al., 2015; Gardner, Peters, Kearney, Joseph,

& Heinsohn, 2011). For instance, many ectotherm species are pre-

dicted to become smaller with mild warming (Daufresne, Lengfellner,

& Sommer, 2009; Sheridan & Bickford, 2011) but would become lar-

ger with heat waves as larger organisms are more tolerant to heat

and desiccation than smaller ones (Baudier, Mudd, Erickson, &

O’Donnell, 2015; Gardner et al., 2011; Kaspari, Clay, Lucas, Yano-

viak, & Kay, 2015). In addition to adaptive responses, extreme tem-

peratures can disrupt homoeostasis and cellular functioning, which

may cause plastic responses to be amplified or inhibited. We thus

predict that phenotypic and behavioural responses to extreme tem-

peratures will depend on the frequency and amplitude of heat waves

that determine both an organism’s physiological state (Dowd et al.,

2015; Sentis et al., 2013) and its ability to display adaptive

responses to environmental factors (Chevin et al., 2010).

Previous studies have highlighted the importance of including

biotic interactions in models and experiments to predict the effects

of increasing mean temperatures on a species’ abundance and distri-

bution (Petchey, McPhearson, Casey, & Morin, 1999; Sentis, Hemp-

tinne, & Brodeur, 2012; Stenseth et al., 2002; Suttle, Thomsen, &

Power, 2007; Tylianakis, Didham, Bascompte, & Wardle, 2008; Van

der Putten, Macel, & Visser, 2010). Indeed, biotic interactions influ-

ence the phenotype, behaviour, and spatio-temporal distribution of

interacting species to such an extent that it can modulate the effects

of temperature on organisms. These responses, generally referred to

as trait-mediated or non-consumptive effects (Abrams, 2007; Werner

& Peacor, 2003), can involve modifications of behaviour (e.g., habitat

shift, reduction in activity, altered feeding rate), life history traits

(e.g., achieving maturity at a different time and/or size), morphology

(e.g., defensive structure, colour, shape), or a combination of any of

these traits (Boersma, Spaak, & De Meester, 1998; Dixon & Agar-

wala, 1999; Hammill, Rogers, & Beckerman, 2008; Pigliucci, 2003;

Spitze, 1992; Tollrian, Duggen, Weiss, Laforsch, & Kopp, 2015; Toll-

rian & Harvell, 1999; Touchon & Warkentin, 2008). In some cases,

phenotypic responses to predation can be transgenerational,

whereby offspring have an altered trait or a distinct alternate pheno-

type that reduces predation risk (Spitze, 1992). Such transgenera-

tional responses have been well described for Daphnia and aphids

that, when exposed to predator or parasite cues, produce offspring

developing defensive crests and spines in the former or wings and

larger embryos in the latter (Dixon & Agarwala, 1999; Kaiser &

Heimpel, 2016; Spitze, 1992). These non-consumptive effects can

have strong impacts on the dynamics of interacting species and com-

munities only by influencing the behaviour and phenotype of the

prey (Agrawal, 2001; Suraci, Clinchy, Dill, Roberts, & Zanette, 2016).

However, very little information exists on how the frequency and

intensity of heat waves may affect prey phenotypic and behavioural

responses to natural enemies.

While there is a growing interest in studying the impacts of

extreme climatic events on organisms and their interactions, the

combined effects of extreme temperature and species interactions

on prey phenotypic and behaviour remain largely unexplored. In a

previous experimental study on trophic interactions and population

dynamics in a simple plant–aphid–ladybeetle food chain (Sentis et al.,

2013), we found that (i) heat shocks did not affect plant biomass

and (ii) ladybeetle and heat shocks significantly decreased aphid den-

sity, but (iii) food chains including predatory ladybeetles were more

resistant to heat shocks than a simple plant–aphid association, with

aphid abundance being less influenced by heat shocks in the pres-

ence of ladybeetle (Sentis et al., 2013). In this study, we used non-

published data from the same experiment to investigate the effects

of predatory ladybeetles and heat shock frequency and amplitude on

aphid body size, microhabitat shift (i.e., changes in its spatial location

on the host plant), and transgenerational phenotypic plasticity (i.e.,

the asexual production of winged offspring by unwinged mothers).

Our study reveals the complexity of animal responses to multiple

stressors and emphasizes the importance of considering these

responses to better understand the effects of rapid environmental

changes on the dynamics and evolution of ecological communities.

2 | MATERIALS AND METHODS

2.1 | Biological system

The experimental food chain consisted of the predatory ladybeetle

Coleomegilla maculata lengi Timberlake (Coleoptera: Coccinellidae),

the green peach aphid Myzus persicae Sulzer (Homoptera: Aphididae),

and the sweet pepper Capsicum annuum L. cv. Bell Boy.
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Approximately 4,000 adult C. maculata were collected in October

2009 in a field at Saint-Mathieu-de-Beloeil (45°350N, 74°450W,

Qu�ebec, Canada), brought to the laboratory, reared in mesh cages

(60 9 40 9 40 cm), and fed pollen and M. persicae. A colony of

M. persicae, established from an individual collected in greenhouses

from Agriculture and Agri-Food Canada (St-Jean-sur-Richelieu,

Qu�ebec, Canada) was maintained on sweet pepper grown from seed.

All insects and plants were maintained in growth chambers (Convi-

ron� E15) at 23 � 1°C, 50%–60% relative humidity, and under a

16L:8D photoperiod at a light intensity of 150 lmol m�2 s�1.

2.2 | Experimental design

A full factorial experiment was set up to measure the effects of heat

shocks (five temperature regimes described below) and predators

(presence or absence) on the distribution of aphids on their host

plant, aphid phenotype (winged/unwinged), and body mass. Aphids

were submitted to five temperature regimes for 10 days: (i) a con-

stant temperature of 23°C, (ii) one heat wave of 30°C twice a week

(with 2 days at constant 23°C between the heat shocks), (iii) one

heat wave of 30°C per day, (iv) one heat wave of 40°C twice a week

(with 2 days at constant 23°C between the heat shocks), and (v) one

heat wave of 40°C per day (see Table S1 for more details). Thirteen

replicates per temperature regime—predation treatment—were per-

formed. Temperature was kept constant at 23°C on days with no

heat wave, and each temperature regime was designed so that the

daily average temperature over the duration of the experiment was

23°C.

Four-week-old pepper plants with four unfurled leaves were

placed individually in plastic cylinders (ø: 20 cm; h: 45 cm). The top

of the cylinder and the two lateral openings were covered with mesh

muslin for ventilation. During the experiment, pepper plants were

fertilized every 3 days with Nitrophoska (12-4-14) at a nitrogen con-

centration of 100 ppm (Plant-Prod©, Montr�eal, Canada). At the

onset of the experiment, four parthenogenetic adult female M. persi-

cae obtained from synchronous cohorts were transferred to the

unfurling young leaves at the apex of each plant using a fine paint-

brush and allowed to acclimatize and reproduce for 24 hr. For the

predation treatment, one newly hatched first instar C. maculata larva

was introduced at the bottom of each plant stem with its head ori-

ented upwards. After 10 days, the number of aphids per plant, aphid

phenotype (winged/unwinged), and aphid distribution on the plant

(number of aphids per leaf) were recorded. We then randomly sam-

pled 15 unwinged adult aphids from each experimental cylinder and

weighed them together to the nearest microgram (Mettler Toledo

MT5 microbalance; Mettler-Toledo, Inc., Mississauga, Ontario,

Canada). In M. persicae, nymphs, winged and apterous phenotypes

can be distinguished by their colour: winged nymphs are pink,

whereas unwinged nymphs are green (Blackman & Eastop, 2000).

Moreover, we conducted a preliminary experiment to confirm that

nymph colour is an accurate predictor of winged/unwinged pheno-

types: we isolated ca. 20 nymphs (from all instars) of each colour

(green or pink) and reared them until they became adults and then

recorded their phenotype. Pink and green nymphs always produced

winged and unwinged adults, respectively. During the experiments,

the temperature and humidity were recorded continuously using

Hobo U12 (Hobo�) units.

Because of logistical constraints, only two controlled-temperature

cabinets were available to house the experiment. We therefore set

up an experimental design that minimized potential pseudoreplica-

tion. At the beginning of the experiment, two temperature regimes

were randomly selected and each was assigned to a growth cham-

ber. Six or seven replicates of the treatments were assigned to each

cabinet, where they were arranged in three blocks to control for

potential environmental heterogeneity within the chambers. At the

end of this first batch, two new temperature regimes were again

randomly selected and the whole process was repeated until the 13

replicates were repeated for each treatment. We avoided running

the two repetitions involving a particular temperature regime at the

same time or in the same growth chamber to ensure that differences

between temperature regimes would not confound an effect of

experimental date and/or growth chamber.

2.3 | Statistical analyses

First, we analysed the effects of predators, temperature regimes, and

their interactions on the fresh mass of aphids with an LMM (linear

mixed model), the proportion of winged aphids (adults + nymphs)

with a binomial GLMM (generalized linear mixed model), and the

proportion of aphids located on the plant’s apical region (the

apex + the first two leaves) with a binomial GLMM. We did not take

into account possible correlations among the three response vari-

ables as we are not aware of a statistical analysis that would allow

testing the effects of multiple explanatory variables (and their inter-

actions) on multiple response variables (with different distribution

families) and that would also take into account random effects. A

Brown–Forsythe test was used to compare the variances of aphid

mass between treatments. In a previous study focusing on the

effects of heat shocks on the abundance and biomass of the plant,

the aphid, and the ladybeetle (Sentis et al., 2013), we found that

heat shocks did not affect plant biomass, whereas aphid density was

influenced by both heat shocks and predation (Appendix S1 and

Fig. S1). Therefore, we did not include plant biomass in our analyses

but included aphid density as an explanatory variable in the models

of this study to account for the density-mediated effects of heat

shocks and predation on the three dependent variables. Blocks

nested within growth chambers were included in the models as ran-

dom factors nested within temperature regimes (Sentis et al., 2013).

Secondly, when the temperature regimes or the interactions with

the temperature regimes had a significant effect on the dependent

variable, the regime with constant temperature was not taken into

consideration and mixed models (LMM for aphid weight and bino-

mial GLMMs for proportions) were used to investigate the effects of

predators, heat-wave amplitude, heat-wave frequency, and their

interactions. Likelihood ratio tests were used to assess the signifi-

cance of the fixed model terms, and post-hoc Tukey tests were used

SENTIS ET AL. | 3



to determine significant differences among means. For the propor-

tion of aphids at the plant’s apex, we detected model overdispersion

that was corrected by including the experimental units (i.e., plastic

cylinders) nested within blocks as individual-level random effects

(Zuur, Ieno, Walker, Saveliev, & Smith, 2009). For the proportion of

winged aphids, the GLMM failed to converge, probably because of

the very low number of winged aphids at the 40°C daily tempera-

ture regime (see below). We thus performed a transformation (arc-

sine square root) on the proportion of winged aphids and analysed

the effects of predators, temperature regimes, and their interactions

using an LMM. LMM and GLMMs were fitted using the LME4 pack-

age (Bates, M€achler, Bolker, & Walker, 2015) in R 3.1.1 (R Develop-

ment Core Team, 2013).

3 | RESULTS

3.1 | Aphid body mass

Aphid body mass was significantly affected by the temperature

regime (v2 = 14.08; df = 4; p = .007; Figure 1). The presence of

predators led to a decrease in aphid body mass (v2 = 42.18; df = 1;

p < .0001), and this effect was independent of the temperature

regime (interaction temperature regime 9 predation: v2 = 2.48;

df = 4; p = .648). Aphid body mass was not significantly influenced

by aphid density (v2 = 0.53; df = 1; p = .466).

When investigating the effects of predators, heat-wave ampli-

tude, heat-wave frequency, and their interactions on aphid body

mass, we found that aphid body mass was not significantly influ-

enced by the three-way interaction or any of the three-two-way

interactions (p > .05). Moreover, we found no effect of heat-wave

amplitude (v2 = 0.09; df = 1; p = .765) but a significant effect of

heat-wave frequency (v2 = 8.28; df = 1; p = .001), with larger aphids

being produced in the two treatments with daily heat shocks com-

pared to the two treatments with weekly heat shocks. Finally, the

presence of predators significantly influenced aphid body mass

(v2 = 25.37; df = 1; p < .0001), with smaller aphids being observed

in the presence of predators. However, variance in aphid mass was

not affected by the presence of predators (Brown–Forsythe test:

F1,125 = 0.1732; p = .678).

3.2 | Proportion of winged aphids

The proportion of winged aphids was affected by the temperature

regimes (v2 = 11.97; df = 4; p = .0176; Figure 2), the presence of

predators (v2 = 19.78; df = 1; p < .0001), and the interaction

between temperature regimes and predators (v2 = 26.50; df = 4;

p < .0001). In the absence of predators, the proportion of winged

aphids was not affected by the temperature regimes. Predator pres-

ence significantly increased the proportion of winged aphids, but this

effect was weaker with heat shocks and became non-significant at

the most severe temperature regime (40°C daily; Figure 2). The pro-

portion of winged aphids was not significantly influenced by aphid

density (v2 = 3.65; df = 1; p = .0578).

The effects of heat-wave amplitude and heat-wave frequency on

the proportion of winged aphids depended on the presence/absence

of predators (significant interactions for predator 9 amplitude and

for predator 9 frequency; Table 1). In the absence of predators, the

proportion of winged aphids was not influenced by heat-wave fre-

quency, heat-wave amplitude, or their interaction. However, in the

presence of predators, the proportion of winged aphids significantly

decreased with heat-wave frequency and heat-wave amplitude, but

it was not affected by their interaction (Table 1, Figure 2).

a 
b 

a 
ab 

ab 

F IGURE 1 Mean aphid body mass (�SE) in the five temperature regimes with (red triangles) or without (blue dots) predators. Different
letters denote significant differences (p < .05) among temperature regimes. These differences are not affected by the presence of predators
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3.3 | Aphid distribution on plants

The proportion of aphids located at the plant’s apex greatly

decreased in the presence of predators (v2 = 65.98; df = 1;

p < .0001), and the temperature regimes did not affect this pattern

(v2 = 6.43; df = 4; p = .169). However, we found a significant tem-

perature regime 9 predation interaction (v2 = 15.90; df = 4;

p = .003), indicating that the effect of temperature depends on the

presence/absence of predators. The temperature regimes influenced

aphid distribution only in the absence of predators (Figure 3). In

addition, the proportion of aphids at the plant’s apex was influenced

by aphid density on the plant (v2 = 8.06; df = 1; p = .004). However,

this effect depended on the temperature regime and the presence of

predators (significant temperature regime 9 aphid density 9 preda-

tor interaction: v2 = 17.40; df = 4; p = .002). In the absence of

predators, the proportion of aphids on the apex decreased with

aphid density, whereas we observed the opposite relationship in the

presence of predators (Figure 4). In both cases, heat shocks

weakened this density-mediated effect, which was not significant in

the most severe temperature regimes (Figure 4).

We found a significant interaction between predation and heat-

wave amplitude/frequency (Table 2) and thus examined the data by

predator treatment. In the presence of predators, there were no

interaction between heat-wave frequency and heat-wave amplitude,

no effect of heat-wave amplitude, and no effect of heat-wave fre-

quency (Table 2). With no predator, significantly more aphids were

located at the apex of plants when heat shocks occurred daily com-

pared to treatments with weekly heat shocks (Figure 3). However,

aphid distribution was influenced neither by heat-wave amplitude

nor by the interaction between heat-wave frequency and amplitude.

4 | DISCUSSION

Heat waves already cause a number of severe social, economic, and

ecological disturbances (Easterling et al., 2000; Ma et al., 2015;

ab 

a 

bc 
c 

c 
A A A A A  

*

ns 

*

*
*

F IGURE 2 Mean proportion of winged aphids on pepper plants (�SE) in the five temperature regimes with (red triangles) or without (blue
dots) predators. Different small or capital letters denote significant differences (p < .05) among temperature regimes in the presence or
absence of predators, respectively. Within each temperature treatment, an asterisk or “ns” denotes, respectively, a significant (p < .05) or non-
significant (p > .05) effect of predators

TABLE 1 v2 and p values of the LMM for the effects of predator, heat-wave amplitude, heat-wave frequency, and their interactions on the
proportion of winged aphids (first column); v2 and p values of the LMM for the effects of heat-wave amplitude, heat-wave frequency, and
their interactions on the proportion of winged aphids without predators (second column) and with predators (third column)

Effect Full model (with and without predators) Without predators With predators

Frequency v2 = 5.49; df = 1; p = .019 v2 = 1.04; df = 1; p = .308 v2 = 9.45; df = 1; p = .002

Amplitude v2 = 6.15; df = 1; p = .013 v2 = 1.33; df = 1; p = .249 v2 = 10.06; df = 1; p = .002

Frequency 9 amplitude v2 = 0.90; df = 1; p = .342 v2 = 0.21; df = 1; p = .643 v2 = 1.01; df = 1; p = .315

Predator v2 = 12.57; df = 1; p = .001 — —

Frequency 9 predator v2 = 10.68; df = 1; p = .001 — —

Amplitude 9 predator v2 = 11.96; df = 1; p = .001 — —

Amplitude 9 frequency 9 predator v2 = 0.77; df = 1; p = .381 — —

Significant effects are shown in bold.
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Parmesan et al., 2000) and are expected to increase in intensity and

frequency along with climate warming (Easterling et al., 2000; IPCC,

2013). However, the interacting effects of extreme climatic events

and other stresses on the behaviour and phenotype of organisms

remain largely unexplored. In this study, we found that changes in

the frequency and amplitude of simulated heat waves altered body

size, transgenerational phenotypic plasticity, and microhabitat use in

aphids (Figure 5). Importantly, these thermal effects were both inde-

pendent (for body size) and dependent (for transgenerational wing

polyphenism and microhabitat use) on the presence of predators,

revealing the complexity of the links between biotic and abiotic fac-

tors in shaping the behavioural and phenotypic responses of species.

Together, these results emphasize the importance of accounting for

extreme temperature events, trophic interactions, and phenotypic

responses to natural enemies and temperature when predicting how

climate change will affect communities.

4.1 | Effects of heat shocks and predators on aphid
body size

To the best of our knowledge, this is the first experimental evidence

of aphids being significantly smaller in the presence of predators.

While aphid density was influenced by the presence of predators, we

did not find an effect of aphid density on aphid body mass, suggesting

that the observed reduction in aphid body size is not mediated by a

density-dependent effect. However, a control treatment for the mere

presence of the predator (e.g., ladybeetle with jaws glued) would have

been useful to exclude any potential density-mediated effects.

At least two non-mutually exclusive mechanisms could explain

the body size reduction of aphids in response to predation: pheno-

typic plasticity (i.e., ladybeetles modify the aphid reaction norm of

size and age at maturity) and size-selective predation (i.e., lady-

beetles more often consume large rather than small aphids, which

reduces the average aphid body size). However, directional selection

typically reduces trait variance, and aphid weight variance was not

affected by the presence of predators. Moreover, ladybeetles are

generally more efficient at capturing small than large aphids (Slog-

gett, 2008), which would lead to an increase in average body size

that would be the opposite of our observations. The observed

reduction in aphid body size is thus likely driven by a shift in size

and age at maturity in response to predation risk (i.e., rapid juvenile

development at the expense of size), as reported in previous studies

of predator–prey interactions in aquatic systems (Beckerman,

Rodgers, & Dennis, 2010; Lima, 1998).

Interestingly, heat shocks influenced aphid body size, with larger

aphids being more common in thermal regimes with frequent heat

shocks; this effect was independent of the presence/absence of

predators. This finding is consistent with previous studies that

showed that larger individuals have lower transpiration loss and

higher thermal tolerance compared to small individuals (Baudier

et al., 2015; Gardner et al., 2011). However, it contrasts with previ-

ous experimental results that showed that the body size of many

ectotherms (Forster, Hirst, & Atkinson, 2012; Horne, Hirst, & Atkin-

son, 2015), including aphids (Kindlmann & Dixon, 1992) shrinks with

mild warming. This implies that the selective advantages of smaller

size under a gradual rise in mean temperature might become

AB 
A 

BC 
ABC 

C 

a a a a 
a  

F IGURE 3 Mean proportion of aphids (�SE) located at the apex of pepper plants (apex + two-first leaves) in the five temperature regimes
with (red triangles) or without (blue dots) predators. Different small or capital letters denote significant differences (p < .05) among
temperature regimes in the presence or absence of predators, respectively
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disadvantageous under short-term exposure to temperature

extremes (Gardner et al., 2011). Overall, our results indicate that the

direction of the selection on body size is predicted to shift depend-

ing on the nature and extent of the temperature change and the

presence or absence of predators. Because any change in a species’

body mass can have important consequences on fecundity, popula-

tion growth rate, species interactions, and community stability

(Brose, Williams, & Martinez, 2006; Brown, Gillooly, Allen, Savage, &

West, 2004; Gardner et al., 2011; Peters, 1983; White, Ernest, Ker-

khoff, & Enquist, 2007), a more detailed investigation of the

mechanisms of size selection in response to biotic and abiotic factors

is crucial for better understanding and predicting the eco-evolution-

ary consequences of global change.

4.2 | Effects of heat shocks and predators on
transgenerational wing polyphenism

Consistent with previous studies (Dixon & Agarwala, 1999; Weisser,

Braendle, & Minoretti, 1999), we found a higher proportion of

winged aphids in the presence of predators. Because there were

F IGURE 4 The relationship between aphid density and the proportion of aphids located at the plant’s apex in the five temperature regimes
with (red) or without (blue) predators. Red and blue lines represent the slopes of linear models between aphid density and the proportion of
aphids located at the plant’s apex. Grey bands represent the 95% confidence intervals of the regression slopes
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very few winged aphids in the absence of predators (Fig. S2), we

attribute this result to a transgenerational phenotypic response to

predators and not to a phenotype-selective predation that could also

have led to an increase in the proportion of the less-consumed phe-

notype. Interestingly, the proportion of winged aphids was not

affected by heat shocks in the absence of predators. In contrast, this

proportion decreased with the amplitude and frequency of heat

shocks in the presence of a ladybeetle larva. In the most severe ther-

mal regime (40°C daily), the presence of predators did not modify

the proportion of winged aphids even though they were being

actively preyed upon (A. Sentis, personal observation). Our results

corroborate those of previous studies showing that warm tempera-

tures inhibit the production of winged aphids in response to crowd-

ing or poor nutritional conditions (Braendle, Davis, Brisson, & Stern,

2006; M€uller, Williams, & Hardie, 2001). One proximal explanation

for this result is that extreme temperatures interfere with or inhibit

the hormonal and epigenetic pathways that control wing polyphen-

ism in aphids (Brisson, 2010). Alternatively, under thermal stress, the

costs of developing wings (i.e., longer development time and lower

fecundity) outweigh the benefit of escaping predators. Indeed, one

of the key assumptions concerning the evolution of predator-

induced defences is that the benefits of induction are balanced by

its costs, which leads to reduced fitness in the absence of predation

(Agrawal, 2001; Hammill et al., 2008; Tollrian & Harvell, 1999).

Extreme temperatures may influence the costs and benefits of wing

induction by, for instance, affecting the aphid’s energy budget or

decreasing survival during flight dispersion. Moreover, the benefit of

producing winged offspring for escaping extreme weather needs to

be further explored because (i) the full generation time between

exposure and response to extreme temperatures might be too long

to respond to heat waves, which typically last for just a few days,

and (ii) heat waves generally occur over large areas so that aphids

would have to fly long distances to escape. These factors may con-

tribute to inhibit the production of winged offspring by parents

when exposed to extreme temperatures.

Induced defences are a key example of trait-mediated or sub-

lethal effects that underpin direct and indirect interactions and sig-

nificantly influence the structure and dynamics of food webs

(Agrawal, 2001; Beckerman, Wieski, & Baird, 2007; Bolker, Holyoak,

K�rivan, Rowe, & Schmitz, 2003; Mougi & Kishida, 2009; Peacor &

Werner, 2001). Although the causes and mechanisms remain to be

investigated in more detail, the patterns we observed clearly indicate

that heat shocks can disrupt the aphid’s transgenerational pheno-

typic response to predation. Based on our results, extreme tempera-

ture events should reduce winged aphid abundance and thus

decrease the probability of dispersal to new plants with reduced pre-

dation risk and/or higher nutritional quality. We thus predict that

this sublethal effect of heat shocks should hasten aphid population

declines and restrict their spatial distribution, which could have feed-

back effects on predator populations, causing community

destabilization.

4.3 | Effects of predators and heat shocks on aphid
distribution on host plants

Many prey respond to predators by escaping to safe microhabitats.

This reduces the immediate predation risk at a cost of garnering

resources in suboptimal environments (Downes, 2001; Lima, 1998;

Sih, Englund, & Wooster, 1998). Here, we found that, in the absence

of ladybeetles, aphids typically stay at the plant’s apex, which is their

preferred feeding site due to the high nutritional quality of vigor-

ously growing apical tissues (Cibils-Stewart, Sandercock, & McCor-

nack, 2015; Cornelissen, Wilson Fernandes, & Vasconcellos-Neto,

2008; Costamagna, McCornack, & Ragsdale, 2013; Dixon, 1998). In

the presence of predators, the aphid’s spatial distribution signifi-

cantly shifted towards the lower leaves of the plants. Because coc-

cinellids tend to forage more often and longer on the plant’s upper

parts (Costamagna & Landis, 2007; Hodek & Honĕk, 1996), we attri-

bute this spatial distribution shift to a predator avoidance behaviour

that, as reported in previous studies, reduces predation risk at the

cost of feeding on lower-quality plant tissues (Costamagna & Landis,

2011; Costamagna et al., 2013).

Little is known about extreme thermal effects on the distribution

of animals within microhabitats (but see Baudier et al., 2015; Caillon,

Suppo, Casas, Arthur Woods, & Pincebourde, 2014), and to what

extent this temperature-driven shift may affect predation risk–

TABLE 2 v2 and p values of the GLMM for the effects of predator, heat-wave amplitude, heat-wave frequency, and their interactions on
the proportion of aphids located at the plant’s apex (first column); v2 and p values of the GLMM for the effects of heat-wave amplitude, heat-
wave frequency, and their interactions on the proportion of aphids located at the plant’s apex without predators (second column) and with
predators (third column)

Effect Full model (with and without predators) Without predators With predators

Frequency v2 = 1.07; df = 1; p = .300 v2 = 5.51; df = 1; p = .019 v2 = 2.26; df = 1; p = .133

Amplitude v2 = 2.12; df = 1; p = .146 v2 = 2.60; df = 1; p = .107 v2 = 0.07; df = 1; p = .794

Frequency 9 amplitude v2 = 0.39; df = 1; p = .534 v2 = 0.57; df = 1; p = .449 v2 = 3.81; df = 1; p = .051

Predator v2 = 49.44; df = 1; p < .0001 — —

Frequency 9 predator v2 = 8.14; df = 1; p = .004 — —

Amplitude 9 predator v2 = 1.03; df = 1; p = .309 — —

Amplitude 9 frequency 9 predator v2 = 4.83; df = 1; p = .028 — —

Significant effects are shown in bold.
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resource acquisition trade-offs. We found that, in the absence of

predators, the increasing frequency of heat shocks led to a higher

proportion of aphids being located at the plant’s apex, probably

because of its high nutritional quality. In contrast, heat shocks did

not influence aphid distribution in the presence of predators, sug-

gesting that the aphid’s behavioural response to predation (i.e.,

microhabitat shift towards lower plant parts) is not affected by heat

shocks. This result indicates that the presence of predators can buf-

fer the impact of heat shocks on aphid microhabitat distribution.

Understanding and predicting the impacts of climate change on

the phenotype, distribution, and interactions of species is a major

challenge for ecologists (Fussmann, Schwarzm€uller, Brose, Jousset, &

Rall, 2014; Seebacher, White, & Franklin, 2015). A common

approach in global change biology is to relate the average change of

a climatic variable to biological processes (Jentsch, Kreyling, &

Beierkuhnlein, 2007). However, focusing on mean effects can be

unrealistic because the variance—in time or space—can also be eco-

logically meaningful. Here, we show that simulated heat waves can

inhibit phenotypic and behavioural responses to predation (and vice

versa) that may alter trophic interactions and have important conse-

quences on the dynamics and stability of ecological communities.

Moreover, extreme temperatures induced considerable changes in

our tritrophic system that could not be predicted from observations

of a bitrophic system (e.g., inhibition of transgenerational wing

induction in the presence of predators). We conclude that consider-

ing the links between thermal tolerance, behaviour, phenotypic plas-

ticity, and species interactions is crucial to better understanding the

consequences of thermal extremes on ecological communities.

ACKNOWLEDGEMENTS

We thank J. Doyon and E. Gousse-Mate for technical assistance, S.

Daigle and P. Legendre for help with statistical analyses, P.K. Abram

and K. Tougeron for helpful comments, and three anonymous

reviewers for detailed comments that substantially improved the

manuscript. This work was supported by the Natural Sciences and

Engineering Research Council of Canada (NSERC), by the French

Laboratory of Excellence project “TULIP” (ANR-10-LABX-41; ANR-

11-IDEX-0002-02), and by the People Programme (Marie Curie

Actions) of the European Union’s Seventh Framework Programme

(FP7/2007-2013) under REA grant agreement no. PCOFUND-GA-

2013-609102, through the PRESTIGE programme coordinated by

Campus France.

REFERENCES

Abrams, P. A. (2007). Defining and measuring the impact of dynamic

traits on interspecific interactions. Ecology, 88, 2555–2562.

Agrawal, A. A. (2001). Phenotypic plasticity in the interactions and evolu-

tion of species. Science, 294, 321–326.

Bates, D., M€achler, M., Bolker, B., & Walker, S. (2015). Fitting linear

mixed-effects models using lme4. Journal of Statistical Software, 67,

1–48.

Baudier, K. M., Mudd, A. E., Erickson, S. C., & O’Donnell, S. (2015).

Microhabitat and body size effects on heat tolerance: implications for

responses to climate change (army ants: Formicidae, Ecitoninae). Jour-

nal of Animal Ecology, 84, 1322–1330.

Beckerman, A. P., Rodgers, G. M., & Dennis, S. R. (2010). The reaction

norm of size and age at maturity under multiple predator risk. Journal

of Animal Ecology, 79, 1069–1076.

Beckerman, A. P., Wieski, K., & Baird, D. J. (2007). Behavioural versus

physiological mediation of life history under predation risk. Oecologia,

152, 335–343.

Benedetti-Cecchi, L., Bertocci, I., Vaselli, S., & Maggi, E. (2006). Temporal

variance reverses the impact of high mean intensity of stress in cli-

mate change experiments. Ecology, 87, 2489–2499.

(a)

(d)(c)

(b)

F IGURE 5 Schematic representation of the body size,
transgenerational wing polyphenism, and within-plant distribution of
aphids in the (a) absence of heat shocks and predators, (b) presence
of predators, (c) occurrence of heat shocks, and (d) presence of
predators and occurrence of heat shocks. In all panels, aphid size
scales with body mass. In the absence of heat shocks and predators
(a), aphids are medium sized, unwinged, and distributed towards the
plant’s apex. In the presence of predators (b), aphids are small,
mainly winged, and distributed towards the lower leaves. In the
occurrence of heat shocks (c), aphids are large, unwinged, and
clustered at the plant’s apex. In the presence of predators and when
heat shocks occur (d), aphids are larger than in the presence of
predators only but smaller than in the treatment without predators
and heat shocks. They are mainly unwinged and distributed towards
the lower leaves

SENTIS ET AL. | 9



Blackman, R. L., Eastop, V. F. (2000). Aphids on the World’s crops. An iden-

tification and information guide, New York, NY, John Wiley & Sons.

Boersma, M., Spaak, P., & De Meester, L. (1998). Predator-mediated

plasticity in morphology, life history, and behavior of Daphnia:

The uncoupling of responses. The American Naturalist, 152, 237–

248.

Bolker, B., Holyoak, M., K�rivan, V., Rowe, L., & Schmitz, O. (2003). Con-

necting theoretical and empirical studies of trait-mediated interac-

tions. Ecology, 84, 1101–1114.

Braendle, C., Davis, G. K., Brisson, J. A., & Stern, D. L. (2006). Wing

dimorphism in aphids. Heredity, 97, 192–199.

Brisson, J. A. (2010). Aphid wing dimorphisms: Linking environmental and

genetic control of trait variation. Philosophical Transactions of the

Royal Society B: Biological Sciences, 365, 605–616.

Brose, U., Williams, R. J., & Martinez, N. D. (2006). Allometric scaling

enhances stability in complex food webs. Ecology Letters, 9, 1228–

1236.

Brown, J. H., Gillooly, J. F., Allen, A. P., Savage, V. M., & West, G. B.

(2004). Toward a metabolic theory of ecology. Ecology, 85, 1771–

1789.

Caillon, R., Suppo, C., Casas, J., Arthur Woods, H., & Pincebourde, S.

(2014). Warming decreases thermal heterogeneity of leaf surfaces:

Implications for behavioural thermoregulation by arthropods. Func-

tional Ecology, 28, 1449–1458.

Chevin, L.-M., Lande, R., & Mace, G. M. (2010). Adaptation, plasticity,

and extinction in a changing environment: Towards a predictive the-

ory. PLoS Biology, 8, e1000357.

Cibils-Stewart, X., Sandercock, B. K., & McCornack, B. P. (2015). Feeding

location affects demographic performance of cabbage aphids on win-

ter canola. Entomologia Experimentalis et Applicata, 156, 149–159.

Colinet, H., Sinclair, B. J., Vernon, P., & Renault, D. (2015). Insects in fluc-

tuating thermal environments. Annual Review of Entomology, 60, 123–

140.

Cornelissen, T., Wilson Fernandes, G., & Vasconcellos-Neto, J. (2008).

Size does matter: Variation in herbivory between and within plants

and the plant vigor hypothesis. Oikos, 117, 1121–1130.

Costamagna, A. C., & Landis, D. A. (2007). Quantifying predation on soy-

bean aphid through direct field observations. Biological Control, 42,

16–24.

Costamagna, A. C., & Landis, D. A. (2011). Lack of strong refuges allows

top-down control of soybean aphid by generalist natural enemies.

Biological Control, 57, 184–192.

Costamagna, A. C., McCornack, B. P., & Ragsdale, D. W. (2013). Within

plant bottom-up effects mediate non-consumptive impacts of top-

down control of soybean aphids. PLoS One, 8, e56394.

Daufresne, M., Lengfellner, K., & Sommer, U. (2009). Global warming

benefits the small in aquatic ecosystems. Proceedings of the National

Academy of Sciences of the United States of America, 106, 12788–

12793.

Dixon, A. F. G. (1998). Aphid ecology. New York, NY: Chapman and Hall.

Dixon, A. F. G., & Agarwala, B. K. (1999). Ladybird-induced life–history

changes in aphids. Philosophical Transactions of the Royal Society B:

Biological Sciences, 266, 1549–1553.

Donelson, J., Munday, P., McCormick, M., & Pitcher, C. (2011). Rapid

transgenerational acclimation of a tropical reef fish to climate change.

Nature Climate Change, 2, 30–32.

Dowd, W. W., King, F. A., & Denny, M. W. (2015). Thermal variation,

thermal extremes and the physiological performance of individuals.

Journal of Experimental Biology, 218, 1956–1967.

Downes, S. (2001). Trading heat and food for safety: Costs of predator

avoidance in a lizard. Ecology, 82, 2870–2881.

Easterling, D. R., Meehl, G. A., Parmesan, C., Changnon, S. A., Karl, T. R.,

& Mearns, L. O. (2000). Climate extremes: Observations, modeling,

and impacts. Science, 289, 2068–2074.

Forster, J., Hirst, A. G., & Atkinson, D. (2012). Warming-induced reduc-

tions in body size are greater in aquatic than terrestrial species. Pro-

ceedings of the National Academy of Sciences of the United States of

America, 109, 19310–19314.

Fussmann, K. E., Schwarzm€uller, F., Brose, U., Jousset, A., & Rall, B. C.

(2014). Ecological stability in response to warming. Nature Climate

Change, 4, 206–210.

Gardner, J. L., Peters, A., Kearney, M. R., Joseph, L., & Heinsohn, R.

(2011). Declining body size: A third universal response to warming?

Trends in Ecology & Evolution, 26, 285–291.

Ghalambor, C. K., Hoke, K. L., Ruell, E. W., Fischer, E. K., Reznick, D. N.,

& Hughes, K. A. (2015). Non-adaptive plasticity potentiates rapid

adaptive evolution of gene expression in nature. Nature, 525, 372–

375.

Gillespie, D. R., Nasreen, A., Moffat, C. E., Clarke, P., & Roitberg, B. D.

(2012). Effects of simulated heat waves on an experimental commu-

nity of pepper plants, green peach aphids, and two parasitoid species.

Oikos, 121, 149–159.

Hammill, E., Rogers, A., & Beckerman, A. P. (2008). Costs, benefits and

the evolution of inducible defences: A case study with Daphnia pulex.

Journal of Evolutionary Biology, 21, 705–715.

Hodek, I., & Honĕk, A. (1996). Ecology of coccinellidae. Boston, MA:

Kluwer.

Horne, C. R., Hirst, A. G., & Atkinson, D. (2015). Temperature-size

responses match latitudinal-size clines in arthropods, revealing critical

differences between aquatic and terrestrial species. Ecology Letters,

18, 327–335.

Huey, R. B., Kearney, M. R., Krockenberger, A., Holtum, J. A., Jess, M., &

Williams, S. E. (2012). Predicting organismal vulnerability to climate

warming: Roles of behaviour, physiology and adaptation. Philosophical

Transactions of the Royal Society B: Biological Sciences, 367, 1665–

1679.

IPCC (2013). Climate Change 2013: The physical science basis. Working

group I contribution to the fifth assessment report of the intergovern-

mental panel on climate change. Cambridge, UK: Cambridge University

Press.

Jentsch, A., Kreyling, J., & Beierkuhnlein, C. (2007). A new generation of

climate-change experiments: Events, not trends. Frontiers in Ecology

and the Environment, 5, 365–374.

Kaiser, M. C., & Heimpel, G. E. (2016). Parasitoid-induced transgenera-

tional fecundity compensation in an aphid. Entomologia Experimentalis

et Applicata, 159, 197–206.

Kaspari, M., Clay, N. A., Lucas, J., Yanoviak, S. P., & Kay, A. (2015). Ther-

mal adaptation generates a diversity of thermal limits in a rainforest

ant community. Global Change Biology, 21, 1092–1102.

Kindlmann, P., & Dixon, A. F. (1992). Optimum body size: Effects of food

quality and temperature, when reproductive growth rate is restricted,

with examples from aphids. Journal of Evolutionary Biology, 5, 677–

690.

Lima, S. L. (1998). Nonlethal effects in the ecology of predator-prey

interactions. BioScience, 48, 25–34.

Ma, G., Rudolf, V. H., & Ma, C. S. (2015). Extreme temperature events

alter demographic rates, relative fitness, and community structure.

Global Change Biology, 21, 1794–1808.

Magozzi, S., & Calosi, P. (2015). Integrating metabolic performance, ther-

mal tolerance, and plasticity enables for more accurate predictions on

species vulnerability to acute and chronic effects of global warming.

Global Change Biology, 21, 181–194.

Mougi, A., & Kishida, O. (2009). Reciprocal phenotypic plasticity can lead

to stable predator–prey interaction. Journal of Animal Ecology, 78,

1172–1181.

M€uller, C. B., Williams, I. S., & Hardie, J. (2001). The role of nutrition,

crowding and interspecific interactions in the development of winged

aphids. Ecological Entomology, 26, 330–340.

10 | SENTIS ET AL.



Munday, P. L., Warner, R. R., Monro, K., Pandolfi, J. M., & Marshall, D. J.

(2013). Predicting evolutionary responses to climate change in the

sea. Ecology Letters, 16, 1488–1500.

Parmesan, C., Root, T. L., & Willig, M. R. (2000). Impacts of extreme

weather and climate on terrestrial biota. Bulletin of the American

Meteorological Society, 81, 443–450.

Peacor, S. D., & Werner, E. E. (2001). The contribution of trait-mediated

indirect effects to the net effects of a predator. Proceedings of the

National Academy of Sciences, 98, 3904–3908.

Petchey, O. L., McPhearson, P. T., Casey, T. M., & Morin, P. J. (1999).

Environmental warming alters food-web structure and ecosystem

function. Nature, 402, 69–72.

Peters, R. H. (1983). The ecological implications of body size. Cambridge,

UK: Cambridge University Press.

Pigliucci, M. (2003). Phenotypic integration: Studying the ecology and

evolution of complex phenotypes. Ecology Letters, 6, 265–272.

R Development Core Team (2013). R: A language and environment for sta-

tistical computing. Vienna, Austria: R Foundation for Statistical Com-

puting.

Seebacher, F., White, C. R., & Franklin, C. E. (2015). Physiological plastic-

ity increases resilience of ectothermic animals to climate change. Nat-

ure Climate Change, 5, 61–66.

Sentis, A., Hemptinne, J. L., & Brodeur, J. (2012). Using functional

response modeling to investigate the effect of temperature on preda-

tor feeding rate and energetic efficiency. Oecologia, 169, 1117–1125.

Sentis, A., Hemptinne, J. L., & Brodeur, J. (2013). Effects of simulated

heat waves on an experimental plant–herbivore–predator food chain.

Global Change Biology, 19, 833–842.

Sentis, A., Morisson, J., & Boukal, D. S. (2015). Thermal acclimation mod-

ulates the impacts of temperature and enrichment on trophic interac-

tion strengths and population dynamics. Global Change Biology, 21,

3290–3298.

Sheridan, J. A., & Bickford, D. (2011). Shrinking body size as an ecological

response to climate change. Nature Climate Change, 1, 401–406.

Sih, A., Englund, G., & Wooster, D. (1998). Emergent impacts of multiple

predators on prey. Trends in Ecology & Evolution, 13, 350–355.

Sloggett, J. J. (2008). Weighty matters: Body size, diet and specialization

in aphidophagous ladybird beetles (Coleoptera: Coccinellidae). Euro-

pean Journal of Entomology, 105, 381–389.

Spitze, K. (1992). Predator-mediated plasticity of prey life history and

morphology: Chaoborus americanus predation on Daphnia pulex. The

American Naturalist, 139, 229–247.

Stenseth, N. C., Mysterud, A., Ottersen, G., Hurrell, J. W., Chan, K. S., &

Lima, M. (2002). Ecological effects of climate fluctuations. Science,

297, 1292–1296.

Suraci, J. P., Clinchy, M., Dill, L. M., Roberts, D., & Zanette, L. Y. (2016).

Fear of large carnivores causes a trophic cascade. Nature Communica-

tions, 7, 1–7.

Suttle, K. B., Thomsen, M. A., & Power, M. E. (2007). Species interactions

reverse grassland responses to changing climate. Science, 315, 640–

642.

Thompson, R. M., Beardall, J., Beringer, J., Grace, M., & Sardina, P.

(2013). Means and extremes: Building variability into community-level

climate change experiments. Ecology Letters, 16, 799–806.

Tollrian, R., Duggen, S., Weiss, L. C., Laforsch, C., & Kopp, M. (2015).

Density-dependent adjustment of inducible defenses. Scientific

Reports, 5, 1–9.

Tollrian, R., & Harvell, C. D. (1999). The ecology and evolution of inducible

defenses. Princeton, NJ: Princeton University Press.

Touchon, J., & Warkentin, K. (2008). Fish and dragonfly nymph predators

induce opposite shifts in color and morphology of tadpoles. Oikos,

117, 634–640.

Tylianakis, J. M., Didham, R. K., Bascompte, J., & Wardle, D. A. (2008).

Global change and species interactions in terrestrial ecosystems. Ecol-

ogy Letters, 11, 1351–1363.

Van der Putten, W. H., Macel, M., & Visser, M. E. (2010). Predicting species

distribution and abundance responses to climate change: Why it is

essential to include biotic interactions across trophic levels. Philosophical

Transactions of the Royal Society B: Biological Sciences, 365, 2025–2034.

Vasseur, D. A., DeLong, J. P., Gilbert, B., Greig H. S, Harley C. D. G,

McCann K. S. . . . O’Connor M. I. (2014). Increased temperature varia-

tion poses a greater risk to species than climate warming. Proceedings

of the Royal Society B: Biological Sciences, 281, 20132612.

Weisser, W., Braendle, C., & Minoretti, N. (1999). Predator-induced mor-

phological shift in the pea aphid. Proceedings of the Royal Society B:

Biological Sciences, 266, 1175–1181.

Werner, E. E., & Peacor, S. D. (2003). A review of trait-mediated indirect

interactions in ecological communities. Ecology, 84, 1083–1100.

White, E. P., Ernest, S. K., Kerkhoff, A. J., & Enquist, B. J. (2007).

Relationships between body size and abundance in ecology. Trends in

Ecology & Evolution, 22, 323–330.

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009).

Mixed effects models and extensions in ecology with R. New York, NY:

Springer.

SUPPORTING INFORMATION

Additional Supporting Information may be found online in the sup-

porting information tab for this article.

How to cite this article: Sentis A, Hemptinne J-L, Brodeur J.

Non-additive effects of simulated heat waves and predators

on prey phenotype and transgenerational phenotypic

plasticity. Glob Change Biol. 2017;00:1–11.

https://doi.org/10.1111/gcb.13674

SENTIS ET AL. | 11

https://doi.org/https://doi.org/10.1111/gcb.13674

