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Abstract

To forecast the responses of species to future climate change, an understanding

of the ability of species to adapt to long-term shifts in temperature is crucial. We

present a review on evolutionary adaptation and phenotypic plasticity of temper-

ature-related traits in terrestrial invertebrates. The evidence for adaptive evolu-

tion in melanization is good, but we caution that genetic determination needs to

be tested in each individual species, and complex genetic correlations may exist.

For phenological traits allochronic data sets provide powerful means to track cli-

mate-induced changes; however, rarely are responses deconstructed into evolu-

tionary and plastic responses. Laboratory studies suggest climate change

responses in these traits will be driven by both. For stress resistance, the evidence

for shifts in traits is poor. Studies leaning heavily on Drosophila have demon-

strated potential limits to evolutionary responses in desiccation and heat resis-

tance. Quantifying the capacity for these species to respond plastically and

extending this work to other taxa will be an important next step. We also note

that, although not strictly speaking a species trait, the response of endosymbionts

to heat stress requires further study. Finally, while clearly genetic, and possibly

adaptive, the anonymous nature of latitudinal shifts in clines of genetic markers

in Drosophila prevents further interpretation.

Introduction

Climate is one of the most important factors that shape the

evolution of species’ niches (Mayr 1963; MacArthur 1972).

Most species live within a relatively narrow portion of the

world’s available climatic breadth. Yet, because of climate

unpredictability, species have evolved a certain amount of

tolerance to various abiotic climate-related factors in their

responses to warming and cooling events. Such responses

may have adapted due to natural selection, in which case

genetic traits that provide a higher fitness under the new

climate regime are selected, or they may be phenotypically

plastic, where the organism can adjust its phenotype with-

out any genotypic change (West-Eberhard 2003). Given the

climate warming of the past few decades, interest is mount-

ing in disentangling the evolutionary and plastic compo-

nents of species’ responses to climate change (Gienapp

et al. 2008). Forecasting climate-warming-associated

changes in geographical distribution, population density,

habitat choice, and trophic interactions of species, all of

which are relevant for assessing the likelihood of popula-

tion survival under climate change scenarios (but see Kopp

and Matuszewski 2014 for caveats), requires an under-

standing of the degree of evolvability and plasticity in a

broad range of species’ traits.

Meril€a and Hendry (2014) point out that temporal

changes in climate-related traits of wild species, were, until

recently, often interpreted as adaptive evolution, without

firm evidence that the alternative (namely phenotypic plas-

ticity) can be excluded. On the other hand, the demonstra-

tion of phenotypic plasticity itself also requires firm

evidence. They provide a framework for a critical approach

to this problem, based on the premise that neither alterna-

tive (adaptive evolution nor phenotypic plasticity) is a

‘null’ model: both require positive evidence. Therefore,

empirical studies that claim one or the other process
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should be supported by a strict evaluation of the necessary

information, that is, evidence for a genetic basis, for natural

selection having operated, and for nonplasticity of the trait

in question, in the case of adaptive evolution. Conversely,

if phenotypic plasticity is proffered as an explanation, then

evidence for a plastic response in the trait must be accom-

panied by evidence that the trait is not genetically deter-

mined and has not undergone natural selection. Moreover,

both processes could be operating at the same time and the

relative contributions of both must be assessed (Meril€a and

Hendry 2014). In climate change studies, such criteria are

particularly hard to meet, because these are usually allo-

chronic in approach and cannot benefit from the many

advantages (Endler 1986) of synchronic studies.

In this paper, we evaluate published evidence for adap-

tive and plastic changes in climate-related traits in terres-

trial invertebrates. For different sets of species, some traits

may be more or less important in terms of climate change

responses. For terrestrial invertebrates whose distributions

are governed largely by climate (Addo-Bediako et al. 2000;

Angilletta 2009), the traits that are likely to matter include

the innate stress tolerances of a species, which are often

used as proxies for susceptibility to climate change

(Deutsch et al. 2008; Huey et al. 2009; Sunday et al. 2011;

Kellermann et al. 2012b) and the ability to track optimal

environments via behavioural thermoregulation (Kearney

et al. 2009b; Huey et al. 2012). Both will depend on the

mobility/dispersal ability of a species. For species with high

dispersal ability, it may be possible to track optimal condi-

tions (which will often result in latitudinal shifts). How-

ever, for species with low dispersal, novel ‘solutions’ (either

genetic or plastic) may arise to combat stressful environ-

ments, for example, the degree of melanization linked to

thermoregulation (Majerus 1998), as well as phenological

traits such as emergence time, generation time and dia-

pause. At the same time, such solutions may generate eco-

logical mismatches (Donnelly et al. 2012). Finally, climate

change will also impact species interactions. A prime exam-

ple is the potential for the ecological tolerances of obligate

endosymbiotic bacteria to dictate species responses to cli-

mate change (Ohtaka and Ishikawa 1991; Wernegreen

2012). For many of these traits, the lack of sufficient data

sets limits our ability to assess current responses to chang-

ing climates. Here, we highlight what we have learned from

field and laboratory-based studies.

Dispersal and selection of habitats

One way in which terrestrial invertebrates may deal with

high external temperatures is by behavioural thermoregula-

tion, that is, actively selecting sites in the environment that

fall within their temperature tolerance range, and avoiding

those that do not. Adaptive changes in behavioural

thermoregulation, however, would depend on (i) the pres-

ence of a heterogeneous environment, (ii) the evolvability

of microhabitat preference and/or dispersal-related traits

(Huey et al. 2012).

For species occupying homogeneous environments such

as the understory of tropical rainforests or deserts with lit-

tle canopy cover, the availability of microclimates is likely

to be reduced. For example, cactus roots are unlikely to

offer any form of refuge for the highly heat-resistant cacto-

philic desert Drosophila species (Gibbs et al. 2003) and thus

heat resistance in desert Drosophila species tracks maxi-

mum temperature of the environment much more closely

than in nondesert Drosophila species (Kellermann et al.

2012a,b). Dispersal ability likewise may be a limiting factor

for some terrestrial invertebrates. While highly mobile fly-

ing insects may be able to actively move through their envi-

ronment to select thermally suitable microsites, more

sessile species such as land snails or flatworms are much

more handicapped in this respect.

For species that are faced with a thermally heterogeneous

habitat, climate change may select for changes in behavio-

ural thermoregulation. Such changes are expected to be vis-

ible especially at the leading or trailing edges of a

distributional range, where the species will often experience

many conditions at the lower or upper end of its tolerance

range. In the butterfly Aricia agestis, Thomas et al. (2001)

documented a decrease in avoidance of a host plant in the

UK at the leading edge of its expanding range. The host

plant was associated with hot microhabitats, and the avoid-

ance behaviour was shown to be genetic. Similarly, climate

change may select for dispersal ability at the leading range

edge. The same paper reports that, over the last few dec-

ades, the proportions of long-winged morphs in the bush

crickets Conocephalus discolor and Metrioptera roeselii had

increased in an area of the UK where this species was in the

process of colonizing northward. Wing length in these spe-

cies is phenotypically plastic (Zera and Denno 1997), and,

although the authors interpret the change as evolutionary

adaptation, they report only circumstantial evidence for a

genetic component; as far as we are aware, a genetic basis

has not yet been confirmed. Similarly, Hill et al. (1999)

report in the skipper butterfly, Hesperia comma, genetically

based investment in thoracic (flight) muscles to be greatest

in distant, newly colonized patches of habitat.

Melanization

The biophysical properties of an organism’s external sur-

face form an important target for evolutionary adaptation

or plastic response to a changed environment. Changes in

colour, texture and composition of skin, carapace or shell

can modify heat exchange across the interface between the

organism’s internal and external environment (Trullas
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et al. 2007). By far the most studies have been devoted to

colour polymorphisms. In terrestrial invertebrates, these

have always been a favourite trait system for ecological

geneticists, with industrial melanism in Biston betularia as

the prime example (Brakefield 1987). In general, good evi-

dence exists for the genetic basis of skin or carapace pig-

mentation in many species (e.g. Wittkopp et al. 2009), and

the biophysical effects are often (but by no means

always–see below) straightforward.
Several studies have made use of the well-studied shell

colour polymorphism in the European land snail Cepaea

nemoralis. These polymorphisms involve the shell ground

colour (which ranges from pale yellow to deep brown) and

the number and widths of dark brown spiral bands. The

classical genetics of this colour polymorphism is well stud-

ied, and most colour morphs can be traced to the expres-

sion of a limited number of Mendelian genes, usually with

full dominance (Lang 1904; Cain et al. 1960; Cook 1967;

Murray 1975). Plasticity has not been reported in the

expression of any of these loci, but a limited plastic compo-

nent may be suspected in the expression of spiral band-

width (R. Cameron, personal communication). Field

experiments on individual plasticity to test this are ongoing

(M. Schilthuizen & L. den Daas, unpublished data).

Biophysical experiments have shown that lighter Cepaea

shells allow the soft body inside to maintain a lower body

temperature than darker shells (Heath 1975; Steigen 1979),

and field studies support this (Richardson 1974; Jones et al.

1977). In addition, data exist that the snails’ activity pat-

terns are also linked with shell colour, with darker snails

seeking out more humid and shaded positions, and lighter

snails remaining active for longer under dry conditions

(Jones et al. 1977; Jones 1982; Kavaliers 1992; Ozgo and

Kubea 2005). Shell colour allele frequency differences in

different habitats are in the direction expected through

thermal selection, with snails markedly lighter in open hab-

itats than in adjacent, shaded habitats (Cain and Sheppard

1950; Jones et al. 1977; Silvertown et al. 2011; Schilthuizen

2013). Allele shifts take place very rapidly after experimen-

tal (Ozgo and Bogucki 2011) or natural (Ozgo 2011; Schil-

thuizen 2013) colonization of novel habitat patches.

Although predator-induced selection for cryptic coloration

may confound the thermally selected patterns, under con-

ditions where these confounding effects can be excluded,

allele frequency patterns are as predicted under thermal

selection (Jones et al. 1977; Ozgo and Kinnison 2008; Ozgo

2011; Silvertown et al. 2011).

Several allochronic studies of Cepaea nemoralis popula-

tions that span the past 45 years or so have shown fre-

quency increases of alleles that code for lighter shells (Ozgo

& Schilthuizen 2012; Cameron et al. 2013), sometimes only

in more exposed habitats (Silvertown et al. 2011; Cameron

and Cook 2013), and these changes thus can be linked to

climate warming imposing a selection coefficient on these

alleles of the order of a few percent (Cameron and Cook

2013). Several studies (e.g. Ozgo & Schilthuizen 2012;

Cameron and Cook 2013) show that the frequency

increases in alleles for light shells were accompanied by an

overall increase in habitat shading. Because shaded habitat

selects for darker shells, both under thermal and predator

selection, this reinforces the interpretation that overall

climate warming is the driver for these changes.

Overall, the evidence for evolutionary adaptation of shell

colour to climate in Cepaea nemoralis is quite strong. The

genetic basis of the traits is firmly established, and plastic

responses are likely to be only minimally involved. How-

ever, the system is complex, with historical and genetic

contingencies and several sometimes opposing selective

agents operating simultaneously. Selection by thermal max-

ima is often hard to isolate as a single factor (Jones et al.

1977; Ozgo 2008).

Conversely, in C. hortensis, there are indications that

selection by temperature minima, rather than maxima is

crucial in certain aspects of shell colour change. In hiber-

nating C. hortensis, pale yellow shells are better protected

against severe winter colds, although the biophysical and/

or physiological mechanisms for this are not understood

(Jones et al. 1977; Cain 1983; Cameron and Pokryszko

2008; R. A. D. Cameron, personal communication). A pop-

ulation in England was resurveyed repeatedly, showing the

frequency of alleles for yellow and loss of bands had

declined between the mid-1960s and 2007, in correspon-

dence with fewer wintertime extreme cold spells (Cameron

and Pokryszko 2008).

The Cepaea studies have spurred work on thermal selec-

tion on shell coloration in other terrestrial gastropods, such

as Theba pisana (Fig. 1). Like in Cepaea, shell colour

pattern in this latter species varies from light to dark and at

least three loci are involved (Cowie 1984). Several studies,

including allochronic ones, have found correlations

between high temperatures and the prevalence of light-col-

oured morphs in juvenile and adult snails (e.g. Johnson

1980, 2011, 2012). However, unlike in Cepaea, there are

indications of phenotypic plasticity, with modification in

the expression of, for example, bandwidth and intensity,

during ontogeny, as well as an association between shell

colour and the inducibility of heat-shock proteins (K€ohler

et al. 2009, 2013). Moreover, the role of shell coloration in

influencing a snail’s body temperature has been called into

question (Scheil et al. 2012).

In addition to the coloration of the shell, the degree of

pigmentation of the snail skin, for which the genetic basis

has been confirmed in Cepaea (Murray 1975), but not in

Theba, has also been shown to correlate negatively with

average temperature in several land snail studies (Cowie

and Jones 1985; Cowie 1990). Like in land snail shells, the

58 © 2013 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 7 (2014) 56–67
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colour-based heat absorbance of the external skeleton has

also been linked with environmental temperature in several

species of insects. In the ladybird beetle, Adalia bipunctata,

which, like many members of this family, show very con-

spicuous variation in the colour patterns on the elytra and

pronotum, colour polymorphism is genetic (Majerus 1994,

1998). Melanic and nonmelanic morphs in this species have

different fitness curves at different temperature regimes

(Brakefield and Willmer 1985; de Jong et al. 1996), and

clines exist that suggest temperature-induced selective

responses of melanization alleles (Majerus 1994), which

have been shown to shift in response to climate change

(Brakefield and de Jong 2011). Similarly, in the pygmy

grasshopper, Tetrix undulata, distinct associations are seen

between (presumably genetically determined) body colour

and behavioural response to temperature (Forsman et al.

2002 and references therein). In Drosophila melanogaster,

melanization clines exist on different continents (Munjal

et al. 1997), with expression changes in candidate genes

linked to plasticity in this trait (Telonis-Scott et al. 2011).

However, these examples should not be taken to imply

that all colour polymorphisms that correlate with envi-

ronmental temperature are evidence for adaptation. Many

cases of phenotypically plastic cuticle coloration are

known in insects (Karlsson and Forsman 2010; Mitchie

et al. 2010; and references therein), even in species closely

related to those for which genetic colour polymorphism

is uncontested. In fact, we suspect that phenotypic plas-

ticity may play a more important role in the latter cate-

gory of cases than anticipated. For example, the genetic

basis for colour polymorphism in Tetrix undulata has not

been demonstrated directly. Rather it has been inferred

from related species where this is the case. This may,

however, be risky, as even closely related species (and

even conspecific populations—Husby et al. 2010) may

differ in the degree by which genes control colour

phenotype.

Even the adaptive significance of body colour under dif-

ferent thermal regimes may not be as straightforward as

assumed. Several studies have shown differences in activity

pattern between light- and dark-coloured morphs (Wit-

tkopp and Beldade 2009), for example in snails (Wolda

1965) and pygmy grasshoppers (Forsman et al. 2002). The

latter case may be particularly illustrative: experiments sug-

gest that, rather than a direct effect of body colour, the

behavioural differences are the result of genetic correla-

tions, and colour polymorphism is part of a genetic com-

plex for alternative strategies for dealing with temperature.

The complexity of this system makes it hard to predict the

fitness effects of temperature change. Moreover, melanin

may also play an important role in immunity, thus

trade-offs and pleiotropic effects could be expected

(Wittkopp and Beldade 2009).

Life-history traits

Shifts in traits linked to climate change have been demon-

strated for a number of phenological traits in insects.

These have been reviewed extensively in Donnelly et al.

(2012), but briefly, earlier emergence, changes in genera-

tion times, coupled with an increase in number of genera-

tions per year, timing of migration and an increase in

period of activity are just some of the phenological traits

that have shifted over the last 150 years (see Table 1 for

references). Common garden experiments describing pop-

ulation differentiation and geographical clines for traits

such as development time, voltinism and reproductive dia-

pause suggest that genetic variation underlies these traits

(Griffiths et al. 2005; Karl et al. 2008; Bentz et al. 2011;

Valimaki et al. 2013). Phenological traits, however, also

tend to be highly dependent on the thermal environment,

displaying a high level of phenotypic plasticity (Tauber

et al. 1986; Bradford and Roff 1995; Nylin and Gotthard

1998; Bentz et al. 2011).

Extensive allochronic data sets have demonstrated shifts

in these traits but rarely do these studies go beyond associ-

ating changes in traits with climate. With both evidence for

genetic variation and plasticity underlying these traits, the

relative contribution of genetics versus plasticity remains to

be determined. One of the few examples that has demon-

strated a genetic shift in response to climate is that of

reproductive diapause in the pitcher plant mosquito Wy-

eomyia smithii (Bradshaw and Holzapfel 2001). The repro-

ductive diapause phenotype, shown to have a genetic basis,

reduced in frequency correlating with an increase in tem-

perature over a 30-year period.

Thermal and drought stress tolerance

A species innate stress tolerance is likely to be a key in

mediating climate change responses in ectotherms (Angill-

etta 2009). Measures of thermal tolerance and stress resis-

tance have robustly been linked to latitudinal/

environmental data both within and between species (Park-

ash and Munjal 1999; Addo-Bediako et al. 2000; Hoffmann

et al. 2002; Kellermann et al. 2012a) and are often used as

proxies for climate change risk (Deutsch et al. 2008)— that

is, ‘space for time substitutions’ (Meril€a and Hendry 2014).

Large-scale studies pooling data on upper and lower ther-

mal limits are rapidly accumulating (Deutsch et al. 2008;

Huey et al. 2009; Sunday et al. 2011; Kellermann et al.

2012b), but as static single point estimates, often compiled

from numerous studies, they provide no current means for

tracking temporal changes. Nevertheless, consistent associ-

ations between temperature, latitude and stress resistance

across a wide range of terrestrial invertebrates are indicative

of adaptive processes underlying these traits.

© 2013 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 7 (2014) 56–67 59
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For terrestrial invertebrates, temporal data sets of ther-

mal tolerances and stress resistance simply do not exist. For

Drosophila, one of the best-studied systems with respect to

thermal traits, studies have examined patterns of heat, cold

and desiccation resistance across latitude and climate

(Parkash and Munjal 1999; Hoffmann et al. 2002; Arthur

et al. 2008; Sinclair et al. 2012). However, these studies are

recent (within the last 15 years), and at this stage cannot

Table 1. Summary of studies on terrestrial invertebrates implicitly or explicitly designed to examine plastic and/or genetic responses of traits driven

by climate change.

Higher Taxon Species Trait_type Genetic Plastic Adapt Cause Driver Time? Reference(s)

Lepidoptera Hesperia

comma

DH . . . Y(2) DD FD Thomas et al. (2001)

Lepidoptera Hesperia

comma

DH Y(2) N(2) . Y(2) DD MD Hill et al. (1999)

Lepidoptera Aricia agestis DH Y(2) N(2) . Y(2) DD FD Thomas et al. (2001)

Orthoptera Conocephalus

discolor

DH . . . Y(2) DD FD Thomas et al. (2001)

Orthoptera Conocephalus

discolor

DH . . . Y(2) DD FD Thomas et al. (2001)

Orthoptera Tetrix

undulata

DH Y(2) N(2) N(2) . TP . Forsman et al. (2002)

Coleoptera Adalia

bipunctata

ME Y(2) N(2) Y(2,3) Y(2) DD EX,FD Majerus (1994, 1998), Brakefield and Willmer

(1985), de Jong et al. (1996), Brakefield and

de Jong (2011)

Pulmonata Cepaea

nemoralis

ME Y(2) N(2) Y(2) Y(2) TP EX,FD e.g., Murray (1975), Heath (1975), Jones et al.

(1977), Silvertown et al. (2011), Ozgo &

Schilthuizen (2012); Cameron et al. (2013)

Pulmonata Cepaea

hortensis

ME Y(2) N(2) Y(2) Y(2) TP FD Cameron and Pokryszko (2008)

Pulmonata Theba pisana ME Y(2) N(2)? Y(2) Y(2) TP FD Johnson (1980, 2011, 2012), Cowie (1984)

Scheil et al. (2012)

Lepidoptera Butterfly and

moth species

LH . . . Y(2) TP FD Roy and Sparks (2000), Altermatt (2010), West-

wood and Blair (2010), Poyry et al. (2011)

Lepidoptera Lobesia

botrana

LH . . . Y(2) TP FD Martin-Vertedor et al. 2010;

Hymenoptera Apis mellifera LH . . . Y(2) TP FD Sparks et al. (2010)

Insecta 14 insect

species

LH . . . Y(2) TP, PR FD Ellwood et al. (2012)

Odonata Dragonfly

species

LH . . . Y(2) TP FD Hassall et al. (2007), Dingemanse and Kalkman

(2008), Doi (2008)

Hemiptera Aphid species LH . . . Y(2) TP, PR FD Zhou et al. (1995), Harrington et al. (2007)

Diptera Wyeomyia

smithii

LH Y(1,2) . . Y(2) NS FD Bradshaw and Holzapfel (2001)

Diptera Drosophila

melanogaster

AN Y(6) . . Y(1) NS FD Anderson et al. (2005), Umina et al. (2005)

Diptera Drosophila

subobscura

AN Y(6) . . Y(1) TP FD Balanya et al. (2006)

Diptera Drosophila

robusta

AN Y(6) . . Y(1) TP FD Etges and Levitan (2008)

Trait_type (type of trait examined): DH = traits influencing dispersal and habitat selection, ME = melanisation, LH = phenology and other life-history

traits, TD = thermal and drought stress tolerance, SY = symbionts, AN = anonymous genetic traits. A ‘Y’ indicates that evidence was found for

genetic or plastic responses in traits or that adaptability or causality was investigated; ‘N’ indicates evidence was not found; ‘.’ indicates that it was

not investigated; ’?’ indicates that there is some controversy over a particular issue. Numbers next to a ‘Y’ or ‘N’ denote the method of investigation

invoked, in cases with no numbers, a method was invoked that does not fit into one of the categories used for this review. Genetic categories:

1 = animal models, 2 = common garden studies, 6 = molecular genetic approaches; plastic categories: 2 = common garden studies; adapt catego-

ries: 2 = phenotypic selection estimates, 3 = genotypic selection estimates; cause categories: 2 = phenotype by environment interactions. For full

descriptions of all categories, see Meril€a and Hendry (2014). Primary driver (causal driver of change): NS = not specific, TP = temperature, PR = pre-

cipitation, DD = dispersal distance; Time? (time component included in data collection): EX = field or greenhouse experiment through time,

FD = field observations through time, MD = modelled through time.

60 © 2013 The Authors. Evolutionary Applications published by John Wiley & Sons Ltd 7 (2014) 56–67
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provide the temporal context. Temporal comparisons of

data sets may also be problematic and require establishing

a consistent and comparable measure of stress resistance

that can easily translate into ecologically meaningful esti-

mates to relate to climate (Chown et al. 2009; Rezende

et al. 2011; Overgaard et al. 2012).

With a lack of extensive data sets to track responses to

climate change, we focus on laboratory-based studies to

examine the potential for species to respond via evolution-

ary or plastic processes. Using a common garden design,

population comparisons in Drosophila have revealed clinal

variation for stress traits, implying the presence of genetic

variation. The relative role of climate in driving these pat-

terns, however, is uncertain with clines in these traits tend-

ing to be inconsistent both across species and continents

(Parkash and Munjal 2000; Hoffmann et al. 2001; Sarup

et al. 2006; Arthur et al. 2008). Moreover, determining

which traits are the direct targets of selection as well as the

specific selection pressures remains elusive (Hoffmann and

Weeks 2007). For other species, clinal comparisons of stress

resistance traits are rare (Alford et al. 2012) and this in part

may be due to the difficulty in rearing many species in a

laboratory environment.

Laboratory-based quantitative genetic studies are gener-

ally rare, particularly outside of Drosophila species. This is

simply due to the necessary scale of the experiments

required to obtain accurate estimates of genetic variances

and the difficulty in rearing many insects en masse in the

laboratory. The largest comparison of estimates of evolu-

tionary potential for climate-related traits to date is that for

desiccation and cold resistance in five tropical and five tem-

perate Drosophila species (Kellermann et al. 2009). In con-

trast to temperate species, low levels of genetic variation

were found in all tropical species, suggesting low potential

to increase their resistance to cold or dry environments.

With desiccation resistance, in particular, emerging as an

important trait in terms of climate change responses (Kear-

ney et al. 2009a; Bonebrake and Mastrandrea 2010; Clusel-

la-Trullas et al. 2011; Kellermann et al. 2012a), these

results suggest tropical species may be constrained in their

climate change responses. In other widespread insect spe-

cies, heritable variation for desiccation resistance has also

been detected (Sota 1993; Li and Heinz 1998; Kearney et al.

2009a).

For heat resistance, even fewer data exist. In D. melanog-

aster, estimates of genetic variances for heat tolerance can

be low and selection experiments often rapidly reach pla-

teaus, suggesting evolutionary responses may be limited

(Gilchrist and Huey 1999; Mitchell and Hoffmann 2010;

Hoffmann et al. 2012). A study encompassing estimates of

upper thermal limits in ~90 Drosophila species found that

only a handful of species had evolved high heat tolerance,

and these were restricted to two species groups when

mapped onto a phylogeny (Kellermann et al. 2012b). This

suggests that present day heat tolerances may be con-

strained by evolutionary history (Wiens et al. 2010). These

examples in Drosophila, combined with patterns of low var-

iance for upper thermal limits in insects (Addo-Bediako

et al. 2000; Deutsch et al. 2008), suggest that evolutionary

shifts in heat resistance may be slow. Yet in other terrestrial

invertebrates, high heat resistance does not appear to be

limited, with upper thermal limits of some ant species

upwards of 50°C (Lighton and Turner 2004).

High levels of phenotypic plasticity, in stress resistance

traits, have been documented for many species (Hoffmann

et al. 2003; Angilletta 2009). Most studies have focused on

cold-hardening (short-term exposures to rapid temperature

changes) and acclimation (long-term exposures), demon-

strating a high level of plasticity in cold resistance reviewed

in MacMillan and Sinclair (2011). Fewer studies have con-

sidered plasticity in heat resistance (Bahrndorff et al. 2009;

Fischer et al. 2010; Sobek et al. 2011) and even fewer in

desiccation resistance (Hoffmann 1990, 1991; Bubliy et al.

2012). Here, plastic responses tend to be smaller than in

cold resistance (Chown 2001; Overgaard et al. 2011) and

dependent on how the trait is measured (Hoffmann et al.

2003). A comparative study of Drosophila species demon-

strated little capacity for phenotypic plasticity in upper

thermal limits (Overgaard et al. 2011), but when heat resis-

tance was measured via an alternative method, plastic

responses were detected (Hoffmann et al. 2003; Mitchell

et al. 2011). Further work quantifying the potential for

plastic responses in Drosophila and other taxa is needed.

Symbionts

It is interesting to consider symbiotic relationships in the

context of adaptive and plastic responses to climate change

(see also paper on marine plants and animals in this Special

Issue). On the one hand, symbionts are not strictly speak-

ing a species trait of their host, but rather a very intimate

ecological interaction. On the other hand, in some of

these interactions, the symbiont resides in the cytoplasm

(endosymbionts), is strictly vertically transmitted (hence, a

genetic element) and coevolves with its host (O’Neill et al.

1997). We here mainly consider endosymbionts that are, to

all intents and purposes, genetic traits of the host species,

and, given the high mutation rate, any response to climatic

changes is likely to be genetic. However, in symbionts that

have a facultative, rather than obligate interaction with

their host, the gain and loss of different symbionts strains

may be seen as plastic, rather than adaptive.

Symbiotic relationships in insects may both facilitate and

constrain evolutionary responses to rapidly changing envi-

ronments (Dunbar et al. 2007; Gilbert et al. 2010; Werne-

green 2012). Insects and many other invertebrates quite
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commonly harbour a range of endosymbionts, which can

be either obligate or facultative (Wernegreen 2012). Symbi-

otic relationships may facilitate adaptive processes by

enabling species to exploit wider feeding niches (Feldhaar

2011), and a range of traits have been linked to symbionts,

including pathogen resistance, reproductive manipulation

and thermal tolerances (Montllor et al. 2002; Weeks et al.

2002b; Glaser and Meola 2010).

The potential for endosymbionts to alter the thermal tol-

erance of their hosts has long been recognized, with pro-

longed heat stress reducing, if not eliminating, the presence

of many endosymbionts within their hosts (Ohtaka and

Ishikawa 1991). For species not reliant on the symbiotic

relationship, a reduction in fitness following a heat stress

has been observed for temperatures between 25 and 28°C
(Montllor et al. 2002). For species that harbour an obligate

relationship, such as is the case for the endosymbiotic bac-

terium Buchnera, which supply essential nutrients to aphid

species (Baumann 2005), the ecological tolerances of the

endosymbionts will play a key role in driving species distri-

butions and responses to climate change (Dunbar et al.

2007; Wernegreen 2012). Buchnera in particular are highly

sensitive to heat stress and are likely to have limited poten-

tial for evolutionary responses (Dunbar et al. 2007). These

symbionts have been linked to distributional limits in

aphid species (Montllor et al. 2002; Chiu et al. 2012) and

thus could represent a constraint in terms of species

persistence under climate change scenarios.

Positive effects on thermal tolerance have also been dem-

onstrated with the presence of a facultative (secondary)

endosymbiont enhancing reproduction in the pea aphid

(Acyrthosiphon pisum) following a heat stress (Montllor

et al. 2002), directly increasing heat tolerance in the white-

fly (Brumin et al. 2011) and in A. pisum (Chen et al. 2000;

Russell and Moran 2006). Russell and Moran (2006) dem-

onstrated that the presence of secondary endosymbionts

increased the survival of bacteriocytes (Buchnera housing

cells) following a heat stress, presumably increasing the sur-

vival of Buchnera and providing a possible mechanism for

increased heat tolerance. The relationship between host

and endosymbionts is clearly complex, with secondary en-

dosymbionts likely to play a larger role in facilitating

responses to climate change.

Anonymous traits

Perhaps one of the best examples of a genetic response to

climate change in insects is the temporal shift in clinal allele

frequencies and inversion polymorphisms in Drosophila

species (D. melanogaster: Anderson et al. 2005; Umina

et al. 2005; D. subobscura: Balanya et al. 2009; D. robusta:

Etges and Levitan 2008). These authors demonstrate a shift

in allele and inversion frequencies coinciding with a shift in

temperature over a 30- to 20-year period. In addition,

short-term responses due to fluctuating thermal selection

in D. subobscura have also been reported (Rodr�ıguez-

Trelles et al. 2013). With the presence of latitudinal clines

in stress traits commonly found in Drosophila, it is tempt-

ing to link these observed shifts in gene and inversion fre-

quency clines to these traits. For D. melanogaster, clines in

stress traits have been found for cold, heat and desiccation

stress (Parkash and Munjal 2000; Hoffmann et al. 2002),

and genes inside the inversion have been tentatively linked

to stress tolerance (Weeks et al. 2002a; Rego et al. 2010).

In D. subobscura, different chromosomal arrangements

appear linked to thermal tolerance, but no study has

(A)

(B)

Figure 1 Melanization patterns in land snails may be genetically deter-

mined or phenotypically plastic. (A) shows Cepaea nemoralis shells of

the colour morphs Y12345 (in the foreground) and Y00300 (in the

background), respectively, of genotype CYCYBBBBU5U5 and CYCYBBB-
BU5U3 CYCYBBBBU3U3 (Murray 1975). (B), on the other hand, shows a

Theba pisana shell (like C. nemoralis, belonging to the Helicidae), in

which the expression of banding pattern has changed during ontogeny

—which may indicate a degree of phenotypic plasticity for banding

expression in this species (after K€ohler et al. 2013).
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addressed whether thermal tolerance itself clines (Rego

et al. 2010). Inversion polymorphisms may cline in

D. robusta, but the phenotypic data are missing. Moreover,

consistent patterns in clinal variation are not always found

(Parkash and Munjal 2000; Hoffmann et al. 2001; Griffiths

et al. 2005; Sarup et al. 2006; Arthur et al. 2008), highlight-

ing the complexity of clinal trait evolution. Trait variation

is likely to be shaped by a range of abiotic and biotic inter-

actions, which themselves may also cline with latitude.

Thus, whether temperature is the main driver of clinal

variation remains to be determined.

Discussion

Many invertebrates are arguably easier to work with under

experimental conditions both in the laboratory and field

than vertebrates and therefore should make ideal subjects

for proving either evolutionary adaptation or phenotypic

plasticity under climate change. Yet, even in this group of

organisms, as our review shows, few convincing cases for

either have been reported. We divided our review of the lit-

erature into the following five sections: (i) changes in the

way an organism deals behaviourally and ecologically with

its external environment after climate change, (ii) Changes

in the interface between an organism’s internal and external

environment (i.e. in the colour of its skin or carapace) after

climate change, (iii) Changes in the way an organism deals

physiologically with its internal environment after climate

change, (iv) Changes that take place in a species’ endos-

ymbionts, rather than in the host itself, and Finally, we also

briefly considered (v) conspicuous, climate-change-associ-

ated changes in ‘anonymous’ genetic markers for which the

function is unknown.

To begin with the last of these, the genetic basis for allele

and inversion polymorphisms in Drosophila is, by defini-

tion, undisputed. However, as only correlative evidence

exists, a firm conclusion of adaptive evolution under the

influence of climate change cannot be drawn, although it

appears likely that many of these markers are associated

with genes that affect heat tolerance and other climate-

related characteristics. Similarly, tenuous are the changes in

a species endosymbionts. Temperature stress may destroy

endosymbiotic bacteria, with effects on the host’s metabo-

lism (in the case of, e.g. Buchnera in aphids) or reproduc-

tion (Wolbachia in certain insects), but the presence or

absence of endosymbionts itself is not easily classed as

either genetic or plastic. However, given the short genera-

tion time of these symbionts, adaptation is a likely possibil-

ity. In fact, we suggest more attention is paid to the role of

symbionts in temperature stress responses in invertebrates

in general (see also Reusch et al. 2014).

Given the fact that integumental colour in invertebrates

and its role in mediating body temperature have been a

focus for population and ecological genetics for almost a

century, it is not surprising that a large amount of data

exist for these trait systems. The evidence for a genetic basis

of these traits is usually good, although it is important to

note that the impact of phenotypic plasticity varies greatly,

even among closely related species, whereas shell colour in

Cepaea is almost entirely hereditary, in the related helicid

snail Theba, there appears to be a certain degree of pheno-

typic plasticity. Similarly, the coccinellids Adalia and Har-

monia differ in the size of the genetic component in the

melanization of their elytra. Therefore, although the bulk

of data suggest that body colour change under temperature

change is firmly associated with evolutionary adaptation,

we suggest there is a risk of ignoring the alternative of phe-

notypic plasticity. We would therefore suggest that the her-

itability of the colour trait is measured in each individual

species and not to extrapolate from related species. More-

over, the impact body colour (and the concomitant change

in body temperature) has on behaviour is also often

ignored. The work in Cepaea and Tetrix suggests that com-

plex inter-relations exist and that the tradition of studying

colour polymorphism in isolation from behavioural traits

should be abandoned.

Behavioural changes under temperature change are sur-

prisingly varied. These include microhabitat choice, as well

as greater rates of dispersal at the leading edge of an

expanding biogeographical range. The latter also selects for

dispersal-related traits such as wing length and investment

in flight muscles. The evidence that behavioural changes

are adaptive is relatively good, although there are complex

links with integumental traits, such as the curious genetic

complexes of behaviour and colour in pygmy grasshoppers

(Forsman et al. 2002). Similar situations are likely to exist

in other systems as well.

Physiological and life-history traits are arguably the most

important in the context of climate change. For life-history

traits, extensive temporal data sets exist, yet most studies

focus on correlative patterns between traits and climate

rather than examining what drives the observed the pat-

terns. For physiological stress traits, temporal data sets sim-

ply do not exist, and the data that do exist are strongly

focused on Drosophila only. Overall, depending on the spe-

cies, both genetic and plastic responses exist in phenology

and other life-history traits and these traits are changing in

response to climate. However, experiments explicitly test-

ing for genetic and plastic responses are needed. Data from

laboratory-based studies suggest the potential for evolu-

tionary responses for stress traits desiccation and cold resis-

tance for widespread species, while an absence of genetic

variance in tropical species suggests constraints to evolu-

tionary change. Although generally, these traits appear

highly plastic, more data contrasting plastic responses in

restricted versus widespread species are needed. Emerging
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trends suggest heat resistance may be evolutionarily con-

strained generally across species, and more work is needed

to confirm if this pattern is general. Phenotypic plasticity in

heat resistance may also be limited, but once again more

work is needed, particularly on a broad range of taxa. The

challenge is to extend quantitative genetic studies to non-

Drosophila systems but also to move from laboratory to

field-based estimates of evolutionary potential.
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