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Abstract

Knowledge of how temperature influences an organism’s physiology and behaviour is of paramount importance for

understanding and predicting the impacts of climate change on species’ interactions. While the behaviour of many

organisms is driven by chemical information on which they rely on to detect resources, conspecifics, natural enemies

and competitors, the effects of temperature on infochemical-mediated interactions remain largely unexplored. Here,

we experimentally show that temperature strongly influences the emission of infochemicals by ladybeetle larvae,

which, in turn, modifies the oviposition behaviour of conspecific females. Temperature also directly affects female

perception of infochemicals and their oviposition behaviour. Our results suggest that temperature-mediated effects

on chemical communication can influence flows across system boundaries (e.g. immigration and emigration) and

thus alter the dynamics and stability of ecological networks. We therefore argue that investigating the effects of tem-

perature on chemical communication is a crucial step towards a better understanding of the functioning of ecological

communities facing rapid environmental changes.
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Introduction

Climate change affects the diversity, composition,

structure and functioning of ecological communities

(Pereira et al., 2010). Understanding underlying mecha-

nisms is a major challenge for ecologists because multi-

ple species’ interactions can either strengthen or

weaken the direct effects of climate change on individ-

ual species (Tylianakis et al., 2008; Sentis et al., 2013a).

Recent efforts have been devoted to the development of

a general mechanistic framework to understand and

predict the consequences of climate change on trophic

interactions and food-web dynamics (Fussmann et al.,

2014; Gilbert et al., 2014; Sentis et al., 2014). However,

this framework does not currently account for the

effects of temperature on nontrophic interactions (i.e.

nonfeeding interactions) such as habitat modification,

predator interference and facilitation. These nontrophic

interactions are extremely common in ecosystems and

contribute significantly to the dynamics and composi-

tion of ecological networks (K�efi et al., 2012).

Most animals and plants rely on chemical informa-

tion (i.e. infochemicals) to detect resources, conspecif-

ics, competitors and natural enemies (Card�e & Millar,

2004; Pe~nuelas & Staudt, 2010). Infochemicals thereby

play a crucial role in both trophic and nontrophic inter-

actions (Mondor et al., 2004; Johansson & Jones, 2007;

Yuan et al., 2009). However, the effects of climate

change on the emission and perception of infochemicals

as well as their consequences for species’ interactions,

populations and community dynamics remain poorly

understood (Holopainen et al., 2013). Indeed, very little

information exists on the effects of temperature on eco-

logical interactions mediated by infochemicals (but see

Mcneil, 1991), and there is no general framework to

integrate these effects into ecological networks.

As chemical compounds are metabolic products

(Blomquist & Bagn�eres, 2010), we expect the infochemi-

cal emission rate to scale with metabolic rate under some

assumptions described below. The effects of temperature

and body mass on metabolic rate have been extensively

quantified and, more recently, integrated into a general

metabolic framework known as the metabolic theory of

ecology (MTE) (Brown et al., 2004). According to MTE,

metabolic rate scales with temperature as follows:
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I ¼ i0M
bie�Ei=kT ð1Þ

where I is the standard metabolic rate, i0 is a normaliza-

tion constant independent of body size (M) and temper-

ature (T) (Brown et al., 2004), bi is an allometric

exponent (0.75), Ei is the activation energy for metabo-

lism (0.65 eV; Brown et al., 2004) and k is Boltzmann’s

constant (8.62 9 10�5 eVK�1). The value of the activa-

tion energy gives the slope of the relationship between

temperature and metabolic rate. According to the Uni-

versal Temperature Dependence hypothesis (Gillooly

et al., 2001), this value (i.e. 0.65 eV) should be similar

for most species and biological rates. We thereby expect

that the emission of infochemicals would follow the

same temperature dependence as metabolic rate, that is

the mean activation energy (E) should equal 0.65 eV.

However, the assumption that infochemical emission

rate scale with metabolic rate may not hold in some

cases where, for instance, infochemicals are temporally

stored in glands and later actively released (e.g. sex,

trail and alarm pheromones). We thus expect Eqn 1 to

be reliable predictor in cases where infochemical are

passively released by the producer (i.e. not stored). We

therefore propose the MTE model as a null model for

infochemical emission rate. Differences between predic-

tions from Eqn 1 and empirical observations can there-

fore be used to examine the temperature dependence of

additional mechanisms such as infochemical sequestra-

tion and active release. Because many biological rates,

including interaction rates (e.g. feeding rate), generally

conform to MTE (Burnside et al., 2014), recent studies

have used this theoretical framework to predict the con-

sequences of climate change on species’ physiology,

behaviours, interactions and populations (Sentis et al.,

2013b, 2014; Gilbert et al., 2014). Estimating the activa-

tion energy value for the temperature dependence of

infochemical transmission is therefore a crucial step

towards the integration of chemical-mediated interac-

tions into temperature-dependent network models.

Most organisms have evolved sophisticated olfactory

systems to detect subtle variations in infochemical

information (Card�e & Millar, 2004; Hansson, 2014).

Indeed, slight changes in the quality or quantity of info-

chemicals can alter mate choice (Johansson & Jones,

2007), prey defensive behaviour (Mondor et al., 2004)

and resource location by herbivores and natural ene-

mies (Yuan et al., 2009). We therefore hypothesize that,

when temperature affects the quantity and/or composi-

tion of infochemicals synthesized and emitted by an

organism (the emitter), other organism(s) (i.e. the recei-

ver) would detect these changes and adjust their behav-

iour accordingly (Fig. 1a,b). Temperature may also

directly affect the perception and response of an

organism to infochemicals through its influence on the

cognitive abilities of the receiver (Fig. 1c; Van Damme

et al., 1990). Altogether, these patterns suggest that the

effects of temperature on both the producer and the

receiver should be investigated simultaneously to

determine the outcome on chemical communication.

The aim of this study was to determine the effects of

temperature on the transmission (i.e. emission and per-

ception) of infochemicals and the behavioural

responses to them, using ladybeetles as a model sys-

tem. As is the case with many other invertebrates, lady-

beetles rely on infochemicals to assess the presence of

conspecific and heterospecific individuals (Magro et al.,

2007; Blomquist & Bagn�eres, 2010). Infochemicals are

important for the assessment of resource patch quality

and strongly influence the oviposition behaviour of

ladybeetles (see below for details). Under laboratory

conditions, we (1) investigated the effects of tempera-

ture on the composition and quantity of infochemicals

emitted by ladybeetle larvae (Fig. 1a; direct effect), (2)

measured the consequences of infochemical changes on

the oviposition response of conspecific females (Fig. 1a;

indirect effect) and (3) measured the direct effect of

temperature on the female oviposition response to con-

specific larval infochemicals (Fig. 1c). We did not inves-

tigate the direct effect of temperature on the chemistry
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Fig. 1 Schematic representation of possible temperature effects

on ecological interactions mediated by chemical information.

The cluster of small blue circles represents infochemicals; the

large green circles represent the individuals involved in the

interaction, where E is the emitter that emits the infochemicals

and R is the receiver that perceives the infochemicals (in some

cases, E can also be R). Black arrows indicate the direction of

information flows from the emitter to the receiver. Solid and

dashed red arrows indicate direct and indirect temperature

effects, respectively. (a) Temperature directly affects the emitter

and triggers indirect effects on infochemicals and the receiver.

(b) Temperature directly affects infochemicals and triggers an

indirect effect on the receiver. (c) Temperature directly affects

the receiver. Temperature may also directly affect two or more

of these three components simultaneously (not shown for the

sake of clarity).
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of larval infochemicals once emitted (Fig. 1b) because

infochemicals in our experimental system are mainly

long-chained hydrocarbons that are stable molecules

delivering a long-lasting signal (Hemptinne et al.,

2001). These are unlikely to be affected by the small

experimental temperature range and the short duration

of the experiments.

We found that temperature greatly modulates the

emission and perception of infochemicals as well as the

oviposition response to infochemicals. We discuss how

these effects can influence important population pro-

cesses such as immigration and emigration, and thus

affect the dynamics and stability of ecological commu-

nities. Given the pervasiveness of infochemicals and

their critical role in trophic and nontrophic interactions,

we expect temperature effects on chemical communica-

tion to significantly influence ecological processes in

most ecosystems.

Materials and methods

Biological system

Ladybeetles use infochemicals to assess the quality of oviposi-

tion sites (Magro et al., 2007; Seagraves, 2009), as eggs and

young larvae are highly vulnerable to starvation, cannibalism

and predation (Hodek & Honĕk, 1996). Larvae and adults of

most ladybeetle species smear hydrocarbons on the substrate

(Magro et al., 2007), yet the significance of this behaviour, and

thus the status of these infochemicals [i.e. pheromone (info-

chemical uses for intraspecific communication), kairomone

(infochemical that benefits the receiver but not the emitter),

allomone (infochemical that benefits the producer and harms

the receiver), synomone (infochemical that benefits both the

receiver and the emitter)], remains open for debate (Martini

et al., 2009). However, these long-chain hydrocarbon mole-

cules (Hemptinne et al., 2001; Magro et al., 2007) provide a

long-lasting signal (Hemptinne et al., 2001) and females typi-

cally avoid laying eggs on substrates marked by conspecific

and heterospecific competitors or predators (Doumbia et al.,

1998; Oliver et al., 2006; Magro et al., 2007; Seagraves, 2009).

Ladybeetles therefore provide an excellent model to study the

effects of temperature on chemical communication. The bio-

logical system under study consisted of the two-spot ladybee-

tle Adalia bipunctata (L.) (Coleoptera: Coccinellidae), a

common predator of aphids in Europe, central Asia and

North America (Hodek & Honĕk, 1996), and one of its main

prey, the pea aphid, Acyrthosiphon pisum Harris (Homoptera:

Aphididae).

Plant and insect production

All insects and plants were maintained at 20 � 1 °C and

under a 16L:8D photoperiod in an air-conditioned chamber

(Liebherr� FKS 1802). Acyrthosiphon pisum was maintained on

Vicia faba L. Adalia bipunctata came from a stock culture

maintained in the laboratory and refreshed every year with

wild individuals from the Toulouse region of France. Adults

were reared in 5-L plastic boxes and fed three times a week

with an excess of pea aphids. A piece of corrugated filter

paper was added to each box to provide a suitable substrate

for oviposition. Eggs were collected every day and incubated

in Petri dishes in the same conditions outlined above.

Experiment 1. Temperature effects on larval infochemical
emission

Production and extraction of larval infochemicals. Neonate

coccinellid first-instar larvae were taken from the stock culture

and isolated in 90 mm Petri dishes at 20 � 1 °C and under a

16L:8D photoperiod. They were fed three times a week with

an excess of pea aphids until they reached the fourth instar

(L4). Freshly emerged L4 larvae (~24 h; mean weight � SE:

10.32 � 0.21 mg) were placed in individual Petri dishes con-

taining a moistened filter paper and starved for 24 h to avoid

contamination by frass when testing for infochemicals. Each

larva was next carefully introduced into a glass tube (12 mm

diameter; 75 mm long) topped by a cotton plug; these were

kept in air-conditioned chambers (Liebherr� FKS 1802) at 15,

20, or 25 � 1 °C. The temperatures chosen are within the

range of nonstressful conditions commonly experience by

A. bipunctata in their natural environment (Jalali et al., 2010).

After 24 h, larvae were removed and the tubes stored at

�18 °C. For each temperature, four replicates of 30 tubes were

produced. Four replicates of 30 tubes without larvae were

handled similarly and used as blank controls.

To extract larval infochemicals, the 30 tubes from each repli-

cate were pooled and washed with 1 ml of hexane (hexane

Merck, HPLC grade for liquid chromatography). They were

then washed a second time with 1 ml of hexane for maximum

extraction. The 2 ml of extract from each replicate of tubes

was pooled and partially evaporated to about 1 ml under a

gentle stream of nitrogen. The remaining volume was trans-

ferred to a 1.5-ml autosampler vial (3855X Fisher Scientific)

until complete evaporation (Millar & Sims, 1998). The dry resi-

due was then dissolved in 50 ll of hexane. The four replicates

of 30 control tubes were similarly processed. Samples were

kept at 4 °C until analysis.

Chemical analyses. Chemical compound structures from the

n-hexane extracts were determined using gas chromatography

– mass spectrometry (GC-MS) (TSQ Quantum GC; Thermo

Scientific, Waltham, MA, USA). The mass spectra were

scanned from 60 to 450 m/z. Online data acquisition was car-

ried out with XCALIBUR software (Thermo Finnigan, MA, USA).

The names of identified compounds were abbreviated accord-

ing to IUPAC (International Union of Pure and Applied

Chemistry) nomenclature (see Appendix S1 in Supporting

Information for methodological details).

Comparing the chemical profiles of larval infochemicals. We

tested for both qualitative and quantitative differences

between larval infochemical profiles among temperatures by

evaluating the similarity between all pairs of possible

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12932
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combinations using the Jaccard and the Bray–Curtis distances,

respectively (Brosse et al., 2011). To search for pairwise simi-

larities among temperature regimes, nonmetric multidimen-

sional scaling (NMDS) was performed using the ‘metaMDS’

function of the ‘VEGAN’ package (Oksanen et al., 2008) of R sta-

tistical software (R Development Core Team, 2011). In NMDS,

a stress parameter measures the degree to which between-

temperature distances from the original data are preserved in

a lower-dimensional ordination model (Clarke, 1993). We

chose to use two dimensions to minimize the stress parameter

(i.e. maximize the rank correlation between the calculated sim-

ilarity distances and the plotted distances). To assess the

effects of temperature on the qualitative and quantitative vari-

ations in larval infochemical profiles, two permutational MANO-

VAs were then performed (Mcardle & Anderson, 2001). This

analysis uses distance matrices and was accomplished using

the ‘adonis’ function of ‘VEGAN’. Significance was verified

with F-tests based on sequential sums of squares from 1000

permutations of the raw data. We next investigated the rela-

tionship between temperature and infochemical emission rate

(lg of infochemical compounds. individual�1 day�1) by fitting

the MTE equation (eqn 1) to the data using a log-linear regres-

sion. As prior studies reported that the relationship between

biological rates and temperature is sometimes hump shaped,

we also fitted the following quadratic model to the data (Engl-

und et al., 2011):

I ¼ i0M
bi elð�1=kTÞþqð�1=kTÞ2 ð2Þ

where I is the infochemical emission rate and i0, l and q are fit-

ted parameters. When l and q are significant and positive and

negative, respectively, the quadratic model describes a con-

cave downward (umbrella shaped) relationship with a ther-

mal optimum (Englund et al., 2011). We next determined

which of the two models (linear or quadratic) best fit the data

according to their AICc (Akaike information criterion cor-

rected for small sample size) values.

Experiment 2. Consequences of infochemical changes
mediated by temperature on oviposition behaviour

Female standardization. Neonate A. bipunctata larvae were

reared in 175-cm3 plastic boxes at 20 � 1 °C and fed pea

aphids ad libitum until pupation. Newly emerged adults

(<24 h) were isolated and their sex determined. Couples (one

male and one female) were then formed and isolated in

90-mm Petri dishes containing a piece of corrugated paper for

oviposition. The feeding regime and climatic conditions were

the same as for the larvae. Each day, eggs were removed and

couples were transferred to clean Petri dishes and provided

an excess of pea aphids. Ladybirds randomly selected for the

experiments were 10–20 days old and had laid at least one

egg replicate within the last 5 days. To standardize oviposi-

tion drive and hunger level, females were deprived of males

and food for 16 h overnight before the beginning of the experi-

ment.

Production at different temperatures of treatment filter

papers marked with larval infochemicals. A. bipunctata

neonate larvae were reared individually at 20 � 1 °C in 50-

mm Petri dishes and fed pea aphids ad libitum until they

reached the fourth instar. Five larvae were then introduced

into a 90-mm-diameter Petri dish lined with a 90-mm-diame-

ter filter paper (FT-3-208-090; Sartorius Stedim Biotech S.A.,

Aubagne, France) and provided with pea aphids in excess.

Petri dishes were immediately transferred to air-conditioned

chambers (Liebherr� FKS 1802, Toulouse, France) set at 15, 20

or 25 � 1 °C. After 24 h, A. bipunctata larvae and aphids were

removed, and filter papers were brushed to remove frass and

aphid remains. These treatment filter papers were kept at

�20 °C for a maximum of 1 month. They were removed from

the freezer 2 h before use so that their temperature would

equalize with the experimental conditions. Experimental Petri

dishes were then lined with these filter papers according to

the corresponding treatments (see below for details).

Ovipositional response to larval infochemicals. This experi-

ment was conducted at 20 °C. Mated females were submitted

to four infochemical treatments: clean filter paper (control)

and filter papers with larval infochemicals emitted at 15, 20 or

25 °C. At the beginning of the experiment, each female was

randomly placed in a 90-mm Petri dish lined with the treat-

ment filter paper and containing a piece of corrugated filter

paper as oviposition substrate, a section of broad bean stem,

pollen and pea aphids in excess. The proportion of females

that reproduced and the number of eggs laid per female were

recorded every hour for the first 12 h of the experiment, and

then once again 24 h after the beginning of the experiment.

There were 33 replicates of each treatment. Cox’s proportional

hazard model was used to test the effect of the four treatments

on the proportion of ovipositing females, that is the probabil-

ity of oviposition per unit of time. Cox’s proportional hazard

models were then performed to compare treatments two by

two (e.g. control vs. larval infochemicals at 15 °C). Finally, an
ANOVA was used to test differences among the four treatments

in the number of eggs laid per female (i.e. clutch size) at the

end of the 24-h period, and a post hoc Tukey test was per-

formed to identify differences between means. Females that

did not reproduce were not included in the ANOVA.

Experiment 3. Direct effects of temperature on
ovipositional responses to infochemicals

We conducted a full-factorial experiment with females forag-

ing at three temperatures (15, 20 and 25 � 1 °C) and exposed

to two infochemical treatments: clean filter paper as a control

and filter paper with larval infochemicals emitted at 20 °C.
We chose to use only infochemicals emitted at 20 °C to avoid

confounding effects of temperature on infochemical emission.

The method of female standardization, larval infochemical

production, experimental set-up and data recording were sim-

ilar to those used in Experiment 2. There were 30 � 2 repli-

cates per treatment. Cox’s proportional hazard model was

used to test the effects of infochemicals, temperature and their

interaction on the proportion of ovipositing females over time.

Because the interaction was statistically significant, Cox’s pro-

portional hazard models were then used to test the effect of

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12932
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infochemicals for each temperature. Finally, a two-way ANOVA

was used to test the effects of infochemicals, temperature and

their interaction on the number of eggs laid per female (i.e.

clutch size) at the end of the 24-h period. All data were analy-

sed using R software (version 2.13.1; R Development Core

Team, 2011). Females that did not reproduce were not

included in the ANOVA.

Results

Experiment 1. Temperature effects on larval infochemical
emission

A total of 61 compounds (17 linear alkanes, 31 mono-

methylalkanes, 10 dimethylalkanes and 3 unidentified

compounds) were detected in the hexane extracts (Sup-

porting Information; Table S1 and Fig. S1). The quanti-

tative analysis of the larval infochemicals revealed an

average (� SE) of 11.58 (� 0.42), 13.19 (� 0.54) and

22.83 (� 2.19) lg of extract in infochemicals collected in

24 h at 15, 20 and 25 °C, respectively (see Table S1). As

predicted by MTE, these quantities increased exponen-

tially with temperature (Fig. 2), and our estimate (� CI

95%) of the activation energy (0.49 � 0.17 eV) is close

to the value expected by MTE (0.65 eV; Brown et al.,

2004). However, a quadratic model best described the

relationship between the quantities of infochemical pro-

duced in 24 h and temperature (AICc linear

model = �1.69; AICc quadratic model = �3.18; Fig. 2).

Although the patterns of dissimilarity among larval

infochemical profiles were more quantitative than qual-

itative, the NMDS clearly distinguished between tem-

perature regimes in both cases (see Fig. S2). For the

qualitative and quantitative compositions, a

two-dimensional solution provided final stress values

of 0.059 and 0.004, respectively, indicating a good pres-

ervation of the multidimensional between-temperature

similarities in the reduced ordination space. Tempera-

ture had a significant effect on the qualitative and

quantitative composition of larval infochemicals (per-

mutational MANOVA; F2,11 = 7.57, P = 0.001, R2 = 0.63

and F2,11 = 22.04, P = 0.001, R2 = 0.83, respectively)

and explained 63 and 83% of the differences in qualita-

tive and quantitative composition between infochemi-

cal profiles, respectively. However, the diversity of

compounds identified in larval infochemicals at 15, 20

and 25 °C was similar, with 58, 58 and 60 compounds,

respectively (see Table S1). Most compounds (56 of 61)

were found at all temperatures, and NMDS indicated

that compounds 1, 7, 10, 40 and 57 contributed most to

the qualitative partitioning of the different clusters

associated with the three experimental temperatures

(see Fig. S2a). Compounds 1, 2, 3, 4, 10, 40 and 57 con-

tributed most to the quantitative partitioning of the dif-

ferent clusters (see Fig. S2b).

Experiment 2. Consequences of infochemical changes
mediated by temperature on oviposition behaviour

The probability of oviposition per hour varied with in-

fochemical treatments (v² = 22.821, df = 3, P < 0.0001,

n = 132; Fig. 3). Two-by-two comparisons revealed that

this probability was significantly higher in the control

than in the treatments with infochemicals emitted at

15 °C (v² = 6.13, df = 1, P = 0.0133, n = 65), 20 °C
(v² = 7.29, df = 1, P = 0.0069, n = 62) or 25 °C
(v² = 22.29, df = 1, P < 0.0001, n = 65). Moreover, the

Fig. 2 Linear (solid line) and quadratic (dashed line) relationships between infochemical emission rate (mean � SE) of Adalia bipunctata

larvae and the inverse temperature (T, Kelvin) scaled with the Boltzmann constant (k). M represents the mean mass of A. bipunctata lar-

vae (8.98 mg).

© 2015 John Wiley & Sons Ltd, Global Change Biology, doi: 10.1111/gcb.12932
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probability of oviposition was lower in the treatment

with infochemicals emitted at 25 °C than with info-

chemicals emitted at 20 °C (v² = 4.76, df = 1, P = 0.0290,

n = 67) or 15 °C (v² = 5.47, df = 1, P = 0.0193, n = 70).

There was no significant difference between infochemi-

cals emitted at 20 °C and 15 °C (v² = 0.02, df = 1,

P = 0.8993, n = 67).

The mean number of eggs laid by females after 24 h

was significantly lower in the presence of conspecific

larval infochemicals emitted at 25 °C compared to the

control (F3,128 = 2.96, P = 0.0349, n = 132; Fig. 4).

Experiment 3. Direct effects of temperature on oviposition
responses to infochemicals

The probability of oviposition per hour increased with

temperature (v² = 45.61, df = 2, P < 0.0001, n = 178;

Fig. 5) but was lower in the presence of larval info-

chemicals compared with the control (v² = 10.06, df = 1,

P = 0.0015, n = 178; Fig. 5). However, the effect of info-

chemicals depended on temperature (interaction tem-

perature regimes 9 infochemical treatments: v² = 6.94,

df = 2, P = 0.031, n = 178): it was significant at 15 °C
(v² = 9.76, df = 1, P = 0.0018, n = 56; Fig. 5a) and 20 °C
(v² = 7.29, df = 1, P = 0.0069, n = 62; Fig. 5b), but not at

25 °C (v² = 0.06, df = 1, P = 0.8062, n = 60; Fig. 5c).

The mean number of eggs laid by A. bipunctata after

24 h increased with temperature (F2,172 = 23.55, P <
0.0001, n = 178; Fig. 6). It was lower in the infochemical

treatments compared with the control (F1,172 = 10.86,
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P = 0.0012, n = 178; Fig. 6), and the effect was similar

among temperatures (interaction temperature regimes

9 infochemical treatments: F2,172 = 0.20, P = 0.8228,

n = 178).

Discussion

Understanding how temperature influences physiology

and behaviour of organisms is of paramount impor-

tance for predicting the impacts of climate change on

species’ interactions. While the behaviour of many

organisms is driven by chemical information, the effects

of temperature on infochemical-mediated interactions

remain largely unexplored. Here, we experimentally

show that temperature strongly influences the emission

of infochemicals by ladybeetle larvae, which in turn

modifies the oviposition behaviour of conspecific

females. Temperature also directly affects female per-

ception of infochemicals and their oviposition behav-

iour. As discussed below, these temperature-mediated

effects on chemical communication may influence

important population processes and thus alter the sta-

bility and dynamics of ecological communities.

As reported in previous studies (Hemptinne et al.,

2001; Magro et al., 2007), we found that A. bipunctata

larval infochemicals are mainly long-chain hydrocar-

bons that are typically involved in insect chemical com-

munication (Blomquist & Bagn�eres, 2010). Interestingly,

the composition and quantity of infochemicals (i.e.

hydrocarbons) synthesized and emitted by ladybeetle

larvae were strongly affected by temperature (Fig. 1a,

direct effect). Quantitative changes were more impor-

tant than qualitative (i.e. chemical composition)

changes: only five chemical compounds of 61 were not

present in all treatments. The quantity of infochemicals

produced was approximately twice as high at 25 °C
than at 15 and 20 °C. This pattern is consistent with

previous studies on plants, where temperature was

found to increase the emission of volatile organic com-

pounds (Pe~nuelas & Staudt, 2010). According to MTE,

the emission rate of larval infochemicals increased

exponentially with temperature, and the slope of this

relationship (0.49 � 0.17 eV) was close to the predicted

value (0.65 eV). However, our analyses showed that a

quadratic model best described the relationship

between temperature and infochemical emission rate,

indicating that temperature dependence of the info-

chemical emission rate is stronger than what was pre-

dicted by MTE. The difference between observation

and prediction of the null model (i.e. MTE) suggests

that the production of infochemicals does not perfectly

scale with metabolism rate, and thus, additional mecha-

nisms, such as active infochemical release, might con-

tribute to explain this difference. One nonexclusive

hypothesis is that larvae produce more hydrocarbons at

higher temperature to reduce hydric stress – long-chain

cuticular hydrocarbons are known to protect arthro-

pods from desiccation (Gibbs, 2002). However, the

mechanisms behind this pattern and how they may be

modulated by other physiological processes, such as

thermal acclimation, remain to be investigated in more

detail. Overall, our results suggest that the effects of cli-

mate change on chemical information may be stronger

than its effects on other biological and interaction rates,

which generally conform to MTE (Brown et al., 2004;

Burnside et al., 2014).

Our results also indicate that the effects of tempera-

ture on infochemical emission indirectly influence the

behaviour of the receiver (Fig. 1a, indirect effects);

ladybeetles refrained more to lay eggs and laid fewer

eggs in the presence of larval infochemicals emitted at

the highest temperature. Interestingly, the quantity of

infochemicals emitted at different temperatures seems

to correlate positively with the strength of oviposition

inhibition (see Figs 3 and 4), which supports prior

results showing that females rely on the amount of info-

chemicals to assess the risk of their eggs being eaten by

conspecifics (Doumbia et al., 1998; Oliver et al., 2006).

Given that enzymatic pathways for hydrocarbons pro-

duction are similar for most arthropods (Blomquist &

Bagn�eres, 2010) and that most insects can detect small

changes in the composition or concentration of chemi-

cal cues (Card�e & Millar, 2004; Heil, 2008; Hansson,

2014), we expect the direct and indirect effects of tem-

perature on chemical communication to significantly

influence intra- and interspecific interactions in most

ecosystems.
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Finally, temperature directly affected the receiver’s

behavioural response to infochemicals (Fig. 1c). Lady-

beetles avoided laying eggs in the presence of infochem-

icals at 15 and 20 °C, but not at 25 °C. In addition, the

number of eggs laid was significantly lower in the pres-

ence of infochemicals, and this difference was not

affected by temperature. These results are unexpected

because risk of predation and cannibalism generally

increase with temperature (Ponsonby & Copland, 1998;

Sentis et al., 2012), which – contrary to our observations

– should reinforce oviposition inhibition. Two not mutu-

ally exclusive mechanisms may be invoked to explain

this result. First, as warming increases the rate of oocyte

maturation (Papaj, 2000; Berger et al., 2008), females

might become less selective because they produce more

eggs. Second, many insects, including ladybeetles, are

known to be less selective when they are constrained by

time, that is when they get old (Papaj, 2000; Fr�echette

et al., 2004). As temperature significantly reduces ecto-

therm’s lifespan (Brown et al., 2004), it can also decrease

female selectivity by increasing time constraint.

Overall, we showed that temperature modulates

chemical communication in ladybeetles and thus plays

a crucial role in the assessment of oviposition site qual-

ity by females. Temperature influences the composition

and quantity of infochemicals, and females detect these

changes and adjust their oviposition behaviour accord-

ingly (i.e. reproduce less). However, the direct effect of

temperature on ladybeetle females leads to the opposite

trend by decreasing oviposition inhibition in response

to infochemicals. These results therefore indicate that

the consequences of climate change on chemical-medi-

ated interactions are complex, as they depend on the

relative effects of temperature on infochemical emission

and perception and on species’ responses to infochemi-

cals (Fig. 1a,c).

The next logical step would be to determine how these

thermal effects may cascade up and affect the dynamics

of ecological networks. K�efi et al. (2012) proposed a sim-

ple and elegant framework for integrating nontrophic

interactions (such as oviposition) into network models.

The authors categorized nontrophic interactions based on

their direct effects on processes included in traditional

food-web models, which leads to three nontrophic func-

tional groups: those that modify (1) feeding parameters,

(2) nonfeeding parameters and (3) flows across system

boundaries (e.g. immigration, emigration). In the present

study, we found that warming elicits an increase of info-

chemical emission, which in turn strengthens oviposition

inhibition. Such a pattern may also increase patch leaving

(i.e. emigration) behaviour by competitors relying on info-

chemicals to assess patch quality (Almohamad et al.,

2010). Following K�efi et al. (2012), we classify these effects

as nontrophic interactions affecting flows across system

boundaries as they enhance immigration (i.e. oviposition)

and reduce emigration (i.e. patch leaving). According to

theoretical studies (Mccann et al., 1998; Neutel et al., 2007;

K�efi et al., 2012), these effects on migration flow are likely

to weaken predator–prey interaction strength and thus

increase the stability and persistence of ecological net-

works. However, in contrast to the indirect effect of tem-

perature on oviposition behaviour described above, the

direct effect of temperature on ladybeetle females

decreased their oviposition inhibition in response to

infochemicals. This thermal effect may thus enhance

immigration and strengthen predator–prey interactions,

which in turn leads to network instability. We therefore

predict that the net effect of warming on community sta-

bility depends on the relative importance of its effects on

infochemical emission and on behavioural responses by

the different species involved.

Both climate change and chemical ecology have

received considerable attention given their importance

to the physiology and ecology of species. However, very

few links have been established between these two

fields of research, thereby leaving a substantial gap in

our understanding of how climate change may affect

chemical information and species’ interactions. Here, we

showed (1) that temperature exponentially increases the

emission of infochemicals by ladybeetle larvae, (2) that

conspecific females perceive such changes and adjust

their oviposition behaviour accordingly and (3) that the

oviposition response to infochemicals also depends on

the temperature at which infochemicals are perceived.

Furthermore, our results suggest that temperature

effects on chemical communication may influence flows

across system boundaries (i.e. immigration and emigra-

tion) and thus affect the dynamics and stability of eco-

logical networks. We therefore argue that investigating

the effects of temperature on chemical communication is

a crucial step towards a better understanding of the

functioning of ecological communities facing rapid envi-

ronmental changes. In this respect, our study reveals

new ways to incorporate chemical information into tem-

perature-dependent models using the theoretical frame-

work developed by K�efi et al. (2012) and also improves

our ability to predict climate change consequences for

species’ interactions and ecological networks.
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Fig. S1. Chromatograms of Adalia bipunctata larval info-
chemicals at 15, 20, and 25 °C obtained using a CG-MS.
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