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Abstract

Understanding the capacity for different species to reduce their susceptibility

to climate change via phenotypic plasticity is essential for accurately predict-

ing species extinction risk. The climatic variability hypothesis suggests that

spatial and temporal variation in climatic variables should select for more

plastic phenotypes. However, empirical support for this hypothesis is limited.

Here, we examine the capacity for ten Drosophila species to increase their

critical thermal maxima (CTMAX) through developmental acclimation and/or

adult heat hardening. Using four fluctuating developmental temperature

regimes, ranging from 13 to 33 °C, we find that most species can increase

their CTMAX via developmental acclimation and adult hardening, but found

no relationship between climatic variables and absolute measures of plastic-

ity. However, when plasticity was dissected across developmental tempera-

tures, a positive association between plasticity and one measure of climatic

variability (temperature seasonality) was found when development took

place between 26 and 28 °C, whereas a negative relationship was found

when development took place between 20 and 23 °C. In addition, a decline

in CTMAX and egg-to-adult viability, a proxy for fitness, was observed in

tropical species at the warmer developmental temperatures (26–28 °C); this
suggests that tropical species may be at even greater risk from climate

change than currently predicted. The combined effects of developmental

acclimation and adult hardening on CTMAX were small, contributing to a

<0.60 °C shift in CTMAX. Although small shifts in CTMAX may increase popu-

lation persistence in the shorter term, the degree to which they can con-

tribute to meaningful responses in the long term is unclear.

Introduction

Upper thermal limits are a critical trait shaping the

capacity of species to survive under climate change

(Overgaard et al., 2014). Interspecific studies on

ectotherms, however, reveal little variation in upper

thermal limits (Addo-Bediako et al., 2000; Deutsch

et al., 2008; Kellermann et al., 2012b). An absence of

variation at the species level could be driven by a lack

of selection acting on upper thermal limits resulting

from behavioural thermal regulation (i.e. Bogert effect)

(Huey et al., 2012; Kellermann et al., 2012b).

Behavioural thermoregulation may ameliorate the

effects of climate change in some organisms, but the

extent to which small ectotherms, such as Drosophila,

can utilize behavioural thermoregulation is less certain

(Sunday et al., 2014), and will depend on climate

change effects on habitat heterogeneity (Caillon et al.,

2014). Fundamental constraints caused by an absence

of genetic variation upon which selection can act could

also drive the lack of variation in upper thermal limits

(Chown et al., 2010; Hoffmann, 2010). In D. me-

lanogaster, plateaued selection responses (Gilchrist &

Huey, 1999; Hangartner & Hoffmann, 2016) and an

absence of genetic variation in some family studies

(Mitchell & Hoffmann, 2010) lend support to the fun-

damental constraints hypothesis.

A lack of variation in upper thermal limits (basal

CTMAX) has been shown (Addo-Bediako et al., 2000;
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Kellermann et al., 2012b), but whether species vary in

their capacity to increase their CTMAX via phenotypic

plasticity is less certain. The capacity for species to

respond to climate change via plasticity may be critical

to a species persistence (Sgro et al., 2016; Chevin &

Hoffmann, 2017), yet estimates of climate change risk

fail to account for plasticity (Tewksbury et al., 2010;

Kellermann et al., 2012b; Sunday et al., 2014). For

instance, recent studies suggest that both tropical and

subtropical species are at the greater risk of extinction

under climate change (Deutsch et al., 2008; Clusella-

Trullas et al., 2011; Kellermann et al., 2012b), yet they

ignore the extent to which this risk might be amelio-

rated by plasticity. However, the capacity for species to

respond via plasticity may not be randomly distributed

across habitat types. The climatic variability or latitudi-

nal hypothesis predicts that selection for plasticity

should be strongest in temporally and spatially varying

environments, meaning that temperate/subtropical spe-

cies should evolve high plasticity to counter large sea-

sonal/daily fluctuations, whereas tropical should evolve

low plasticity (Gabriel et al., 2005; Gunderson & Still-

man, 2015). Theoretical models support this hypothesis,

predicting that plasticity should evolve when there is

spatial and temporal environmental heterogeneity,

when the environmental cues are predictable and the

cost to plasticity is low (Janzen, 1967; Gabriel & Lynch,

1992; Gavrilets & Scheiner, 1993; Gabriel et al., 2005;

Ghalambor et al., 2006). However, empirical support for

the climatic variability hypothesis is equivocal (Still-

man, 2003; Calosi et al., 2008; Mitchell et al., 2011;

Overgaard et al., 2011; Gunderson & Stillman, 2015;

Seebacher et al., 2015; Pereira et al., 2017) and whether

tropical species have a reduced capacity to mount plas-

tic responses that shift their upper thermal limits com-

pared to their more temperate/subtropical counterparts

remains to be determined.

Treatments that induce plastic responses are often

divided into short- and long-term exposures to temper-

ature encompassing weeks, days or hours. Longer treat-

ments (days, weeks) tend to examine the effects of less

stressful temperatures on traits and often include devel-

opmental (developmental acclimation) and adult (adult

acclimation) exposures; such acclimation treatments

may induce irreversible and reversible plastic responses,

respectively (Hoffmann et al., 2003; Piersma & Drent,

2003). Shorter exposures (minutes–hours) at more

stressful temperatures are often referred to as harden-

ing. Hardening responses in heat resistance have been

extensively studied in Drosophila and are linked to the

transient upregulation of heat-shock proteins (Telonis-

Scott et al., 2014; Willot et al., 2017). In ectothermic

species, temperature acclimation (both developmental

and adult) and adult hardening treatments increase

heat resistance with increasing temperature (Chown,

2001; Hoffmann et al., 2003). However, different forms

of plasticity (developmental/adult acclimation) can

contribute unequally to shifts in CTMAX (Schaefer &

Ryan, 2006; Watkins & Vraspir, 2006; Slotsbo et al.,

2016; Kellermann et al., 2017). For example, in D. me-

lanogaster developmental acclimation contributes to lar-

ger shifts in CTMAX than adult acclimation (van

Heerwaarden et al., 2016).

Intra- and interspecific studies examining the capac-

ity for Drosophila species to increase their heat resis-

tance via developmental and adult acclimation and/or

hardening responses have produced mixed results

(Hoffmann et al., 2005; Kellett et al., 2005; Sgro et al.,

2010; Mitchell et al., 2011; Overgaard et al., 2011; van

Heerwaarden et al., 2016; Schou et al., 2017). At the

intraspecific level, a weak negative association between

plasticity (measured as an adult hardening responses)

and latitude was detected in D. melanogaster, whereby

tropical populations were more plastic than their sub-

tropical/temperate counterparts (Sgro et al., 2010),

which is inconsistent with the climatic variability

hypothesis. At the interspecific level, significant adult

hardening responses in heat knockdown have been

shown in a number of Drosophila species (Kellett et al.,

2005; Mitchell et al., 2011); although plasticity was

only weakly associated with the environment (southern

latitude used as a proxy for environment) in one study

(Mitchell et al., 2011), such that tropical species tended

to be less plastic than their widespread counterparts.

Significant developmental acclimation effects have also

been detected at the interspecific level in Drosophila for

CTMAX, but plasticity was unrelated to the species’ envi-

ronment or latitude of origin (Overgaard et al., 2011;

Schou et al., 2017). These results suggest that Drosophila

species, in general, have varying capacities to increase

their upper thermal limits via plasticity and that this

variation is unlikely to be predictably shaped by envi-

ronmental selection (for further discussion, see Soren-

sen et al., 2016a). Results from Drosophila are consistent

with results for the European diving beetle (Calosi

et al., 2010) and ectotherms more broadly (Gunderson

& Stillman, 2015), although (Seebacher et al., 2015)

found greater metabolic rate compensation (linked to

thermal tolerance) and thus greater plasticity in low,

compared to high, latitude ectothermic species.

The inconsistencies in the above studies could be dri-

ven by a number of factors. Primarily, the number of

treatments used to assess plasticity is often fewer than

four (Mitchell et al., 2011; Overgaard et al., 2011; Gun-

derson & Stillman, 2015; Seebacher et al., 2015), mean-

ing that plastic responses are often assumed to be

linear, even though plastic responses often take on a

quadratic shape (Murren et al., 2015; but see Schou

et al., 2017). Failure to capture the range of the plastic

response may result in vastly different conclusions

being made, particularly if plasticity increases/decreases

beyond the thermal window examined. In addition,

assessments of plasticity are often performed using con-

stant temperature regimes (Kellett et al., 2005; Mitchell
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et al., 2011; Schou et al., 2017), which may impact the

capacity of species to respond via phenotypic plastically

(the climatic variability hypothesis predicts thermally

heterogeneous environments select for plasticity).

Results from studies using constant temperature

regimes often fail to mirror those that use fluctuating

regimes (Colinet et al., 2015; Kellermann et al., 2015);

Salachan & Sorensen, 2017 and Sorensen et al., 2016b

found plasticity of CTMAX, in D. melanogaster was higher

when flies were developed and adult acclimated in fluc-

tuating environments, whereas another study found

lower plasticity (van Heerwaarden et al., 2016). Impor-

tantly, studies tend to examine one form of plasticity,

failing to account for the combined effects of both

short- and long-term plastic responses, despite all forms

of plasticity contributing to climate change responses

(Colinet et al., 2015; Sgro et al., 2016).

In this study, we comprehensively assessed, for the

first time, the extent to which both developmental and

adult hardening will contribute to shifts in CTMAX in ten

Drosophila species that vary in their distributions and sen-

sitivity to thermal stress. Using four fluctuating tempera-

ture regimes, likely to be experienced in the field

(temperature range 15–33 °C), we focused on the capac-

ity for species to shift their CTMAX via both developmen-

tal acclimation and adult hardening. We examined the

combined effects of developmental acclimation and hard-

ening capacity because we believe both of these forms of

plasticity will be important for responding to future envi-

ronmental extremes (Chown, 2001). We also examine

the fitness consequences of the fluctuating thermal

regimes used to assess plasticity, as responses to climate

change will also depend on the capacity of species to

maintain fitness with increasing temperature. Finally, to

determine whether plasticity varies in a predictable man-

ner with climate, and test the climatic variability hypoth-

esis, we relate plasticity in CTMAX, to climatic variables

while accounting for phylogenetic effects.

Materials and methods

Drosophila species maintenance, collection sites
and experimental set-up

Species varying in their distribution were collected from

the field between 2013 and 2015, with experiments

completed in 2015–2016 (Table S1). Flies were col-

lected via sweep netting over banana bates, with

females set up as iso-female lines and returned to the

laboratory. Mass-bred populations of each species were

initiated at the F2 generation by pooling ten virgin

females and males from each of 20 iso-female lines.

Species were maintained at a population size of approx-

imately ~750, on a yeast potato media at 25 °C with a

12 : 12 h light cycle and maintained for a minimum of

two generations as a mass-bred population prior to

commencement of experiments.

Developmental acclimation and hardening
treatments

Developmental acclimation
To examine the effects of developmental temperatures

on adult heat resistance (CTMAX), adult female flies

were developed from egg to adults under four fluctuat-

ing thermal regimes with different average daily means

and temperatures fluctuating 5 °C either side of the

mean: 20 °C (15–25 °C), 23 °C (18–28 °C), 26 °C (21–
31 °C) and 28 °C (23–33 °C) (Table S2), cabinets were

accurate to 0.5 °C of the set temperature. These ther-

mal regimes represent temperatures experienced in the

field during the warmer (summer and spring) months

in Australia (www.bom.gov.au) and do not capture

extreme temperatures. Prior to the experiments, density

was controlled by picking 40 eggs into 20 vials per ther-

mal regime. Because developmental time varies across

the thermal regimes, egg picking was staggered so that

adult flies would eclose from each of the temperature

regimes on the same day. Two days post-eclosion, the

sexes were separated using CO2 anaesthesia, and

females were given 2 days to recover before exposure

to the adult hardening treatments (see below). Thus,

flies were mated and between 5 and 6 days old when

CTMAX was assessed.

Adult heat hardening treatments
To assess the potential for species to mount a hardening

response, flies were exposed to an acute heat stress for

different exposure periods. The exposure periods exam-

ined were 15, 30 min, 1 and 1.5 h at 37 °C (Fig. S1).

We examined the effects of different exposures times

because the treatments which induce hardening

responses across species is likely to differ; for instance, a

1 h exposure to 37 °C may induce a hardening

response in a heat tolerant species, but may induce

mortality in a less tolerant species. Any hardening

treatment that induced mortality was excluded from

further analyses. It is possible that the temperature cho-

sen to harden the flies (37 °C) may influence our

capacity to detect significant hardening responses.

37 °C was chosen as this temperature induces a signifi-

cant hardening response in D. melanogaster (Telonis-

Scott et al., 2014), although 34 and 35 °C did not

induce a hardening response in the more thermally

sensitive D. birchii and D. sulfurigaster (Mitchell et al.,

2011). Although 37 °C is higher than temperatures

commonly experienced in tropical environments (fre-

quently observed maximum temperature ~35 °C,
www.bom.gov.au), this is not outside the realm of

future climate change projections which predict an

increase in temperature in the Australian tropics of 1–
2 °C by 2030, under an intermediate emissions scenario

(RCP4.5) (www.climatechangeinaustralia.gov.au). On

completion of the hardening treatments, flies were

allowed to recover on food for 23 h at 25 °C. Optimal
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recovery time is likely to vary between 4 and 48 h (re-

viewed Hoffmann et al., 2003), although these results

are based on heat knockdown which may have a differ-

ent genetic basis to CTMAX (Blackburn et al., 2014).

Nonetheless, as very little has been performed on the

capacity of Drosophila species to increase their CTMAX

following hardening, 23 h was chosen based on pilot

experiments in D. melanogaster (B. van Heerwaarden,

personal communication).

Estimating upper thermal limits using CTMAX

For each species, assessments of CTMAX were completed

for all treatments (developmental acclimation and adult

hardening) simultaneously. Individual flies were placed

into 10-mL dry vials sealed and submerging in a water

bath heated to 25 °C The temperature was then gradu-

ally increased at a rate of 0.1 °C per minute, and

CTMAX was scored as the time and temperature at

which flies went into a heat coma (i.e. no movement)

(Blackburn et al., 2014; Kellermann et al., 2017). CTMAX

was assessed across two-four runs depending on the

number of hardening treatments, with two-three differ-

ent scorers/observers in a randomized block design.

Assessing a component of fitness under different
thermal regimes: egg-to-adult viability

To link any plastic responses arising from the develop-

mental acclimation treatments to one component of fit-

ness, egg-to-adult viability was assessed for each species

at each developmental temperature. Fifty to one hun-

dred females were placed onto 3 laying pots containing

standard fly food (see above) spread with live yeast to

stimulate oviposition. For each developmental tempera-

ture and each species, twenty eggs were placed into

each of 10 vials. The number of flies eclosing from each

vial was scored.

Climatic variables

To examine the relationship between climatic variables,

CTMAX and plastic responses, we obtained distributional

information from the taxodros website (http://www.ta

xodros.uzh.ch/) for each species. Environmental infor-

mation was extracted from the worldclim dataset with

environmental variables averaged across the entire dis-

tribution of a species (Hijmans et al., 2005). Seven envi-

ronmental variables were chosen that are thought to be

important drivers of thermal tolerance and thermal

plasticity in Drosophila species (Kellermann et al., 2012a,

b): (1) annual mean temperature (AMT), (2) maximum

temperature of the warmest month TMAX, (3) minimum

temperature of the coldest month (TMIN), (4) tempera-

ture seasonality (TSEASON), (5) annual precipitation

(PANN), (6) precipitation seasonality (PSEASON) and (7)

precipitation of the warmest quarter (PWARM).

Analyses

To examine the effects of developmental acclimation

and short-term adult hardening responses on CTMAX,

we first determined the treatment which induced the

greatest and most consistent plastic response for each

species (Table S3). Using only this treatment, we then

performed, for each species, an ANOVA examining the

effects of developmental acclimation, adult hardening

and their interaction on CTMAX. Developmental accli-

mation and adult hardening were deemed fixed effects,

with developmental acclimation temperature treated as

a continuous variable. Effects of run and scorer were

treated as random variables. All analyses were per-

formed in R (R Core Team, 2014).

Relationship between CTMAX, thermal plasticity and
climatic variables

Acclimation capacity
To quantify the capacity for species to respond plasti-

cally to increasing temperatures, and to relate plastic

capacity back to climatic variables (and test the climatic

variability hypothesis), we calculated a number of com-

monly used metrics (Gunderson & Stillman, 2015; van

Heerwaarden et al., 2016). Initially, we examined the

capacity for basal flies to increase their CTMAX via

developmental acclimation, calculated as the maximum

acclimation capacity (AC), across the minimum and

maximum developmental temperatures: CTMAX

28 °C � CTMAX 20 °C (it is worth noting that the maxi-

mum AC is a measure of maximum plastic response in

this study and may not reflect the maximum AC of the

examined species in nature). To examine how AC shifts

with increasing developmental temperatures, AC was

also calculated for each stepwise temperature, that is

CTMAX 23 °C � CTMAX 20 °C. To examine the com-

bined contribution of developmental acclimation and

adult hardening to CTMAX, we calculated maximum

hardened acclimation capacity (HAC) by examining the

difference in hardened CTMAX between the minimum

and maximum developmental temperature (HAC: hard-

ened CTMAX 28 °C � hardened CTMAX 20 °C).
To test for significant differences between the step-

wise temperatures for AC, due to the high correlation

between AC and HAC we present the results of AC

only, we performed a one-way ANOVA for each species

with temperatures deemed a fixed effect. We performed

a Dunnett post hoc analysis comparing the stepwise

acclimation treatments (i.e. 20–23 °C) to the maximum

acclimation response (20–28 °C). In addition, we

divided species into tropical and subtropical groups (see

below for definition) and performed an ANOVA and Dun-

netts post hoc analysis to determine whether stepwise

acclimation (20–23 °C) treatments were significantly

different from maximum AC (20–28 °C) within these

groups, with acclimation groups defined as fixed effects.
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Hardening capacity
We also examined the capacity for species to shift their

CTMAX via adult hardening alone. Hardening capacity

(HC) was calculated within each developmental tem-

perature as hardened CTMAX � basal CTMAX (van Heer-

waarden et al., 2016). We also considered relative

hardening capacity, which standardizes HC by basal

CTMAX: hardened CTMAX � basal CTMAX/basal CTMAX

(Kellett et al., 2005). As estimates of HC and RHC were

qualitatively the same, we show the results for

HC only.

Plasticity and the climatic variability hypothesis
Initially, we examined the relationship between CTMAX,

plasticity (AC, HC and HAC) and climate using a multi-

ple regression approach in R. Firstly, we looked for an

autocorrelation across the seven climatic variables of

interest, using the variance inflation factor (VIF). A cli-

mate variable with a VIF > 5 suggests a high level of

autocorrelation and were removed from the analysis

(Rogerson, 2001). High autocorrelation between climate

variables meant models was often reduced to two vari-

ables. Following the removal of highly autocorrelated

climatic variables, we then examined the relationship

between climate, CTMAX and plasticity using a phyloge-

netic generalized least squares (pgls) approach using

the caper program in R (Orme et al., 2013). The phy-

logeny was modified from (Kellermann et al., 2012a)

(Fig. S2). The pgls method estimates the variance

covariance matrix between traits and phylogeny; esti-

mated through the k parameter, k = 0 suggests no rela-

tionship between traits and phylogeny, although k = 1

suggests a strong relationship and traits are evolving

similar to a Brownian motion model of evolution. How-

ever, having fewer than 20 species will greatly reduce

the power to detect a relationship between traits and

phylogeny, which is reflected in the large confidence

intervals around estimates of phylogenetic signal (k)
(Blomberg et al., 2003). Model fit was assessed using

Akaike Information Criterion (AIC), where models had

an AIC > 2.5 the simplest model with fewer variables

was chosen.

Tropical vs. subtropical species

To further examine patterns in plasticity that may be

linked to climatic variables, we divided species into two

groups: tropical and subtropical. Here we focused our

analysis on AC because plastic responses were small for

HC and therefore unlikely to be the most important

response to climate change, and because HAC and AC

were highly autocorrelated, producing qualitatively the

same result. Based on the climate data, we defined

tropical species as those occupying environments

between 0 and 23° latitude, annual precipitation

>1500 mm/year and annual mean temperature >18 °C;
temperate species as those occupying environments

above 40° latitude and the remaining species were

deemed subtropical (Wit et al., 2015). Among the ten

species, only one species was deemed a temperate spe-

cies and was thus excluded from the tropical/subtropi-

cal comparisons. Of the nine, remaining species four

were deemed tropical and five subtropical. To deter-

mine whether AC differed across the stepwise tempera-

tures for the tropical and subtropical species, we

performed a generalized linear model, with species and

stepwise temperature deemed fixed effects. We anal-

ysed differences between the stepwise temperatures,

within species climate groups, using a Bonferonni post

hoc test. To determine how AC differed across the step-

wise temperatures for each species, we performed a

generalized linear model, with stepwise temperature

deemed a fixed effect, followed by a Bonferonni post

hoc test on the stepwise temperatures.

Acclimation response ratio

To further quantify the plastic response to the combined

effects of development acclimation and adult hardening,

we examined the acclimation response ratio (ARR,

developmental acclimation only) and the hardened

acclimation response ratio (HARR, developmental accli-

mation and adult hardened) (Gunderson & Stillman,

2015; van Heerwaarden et al., 2016). This measure takes

into account the degree of temperature change across

the developmental acclimation treatments and is calcu-

lated as: AC/°C change between the two temperatures

used to calculate AC (i.e. ARR = CTMAX 23 °C � CTMAX

20 °C/3 °C, HARR = hardened CTMAX 23 °C � CTMAX

20 °C/3 °C). ARR/HARR was calculated for each step-

wise temperature change (i.e. 20–23 °C, 23–26 °C and

26–28 °C) and then averaged across these treatments to

give a single value of ARR/HARR. In addition to provid-

ing a method to obtain standardized estimates of accli-

mation responses across temperature regimes, ARR can

also be used to assess overheating risk of species (Gun-

derson & Stillman, 2015; van Heerwaarden et al., 2016).

An ARR/HARR of 1 indicates a plastic increase of 1 °C
in CTMAX for a 1 °C change in developmental tempera-

ture, implying that CTMAX is able to perfectly track the

environment. An ARR/HARR of 0 indicates that no

plastic shift in CTMAX with increasing developmental

temperatures is possible. CTMAX overheating risk was

calculated as (1 � mean ARR/HARR) 9 change in envi-

ronmental temperature (Gunderson & Stillman, 2015).

Results

Developmental acclimation and adult hardening

We examined the capacity for ten Drosophila species,

varying in their distribution and sensitivity to heat

stress, to increase their heat resistance (CTMAX) via

developmental acclimation and short-term adult
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hardening. Increasing developmental temperatures sig-

nificantly increased heat resistance in eight of the ten

Drosophila species (Table S3). Run and scorer had signif-

icant effects on estimates of CTMAX (Table S4). Basal

CTMAX varied across the species (36.16–41.60 °C), with

D. immigrans and D. buzzatti the least and most resis-

tant species, respectively. The observed plastic increase

in CTMAX following development acclimation (AC =
CTMAX 28 °C � CTMAX 20 °C) was small, ranging from

�0.08 to 0.44 °C (Table 1). For two species, D. immi-

grans and D. birchii, increasing developmental acclima-

tion temperatures significantly decreased their CTMAX

(Table S3).

Similar to developmental acclimation, a short non-

lethal heat stress (adult hardening) significantly

increased the CTMAX in six of the ten Drosophila species

(Tables 1 and S3, Fig. 1a). The effects of adult harden-

ing were smaller than for developmental acclimation:

�0.001–0.18 °C increase in CTMAX (Table 1, Fig. 1a).

Longer hardening treatments tended to reduce CTMAX,

suggesting deleterious consequences of longer heat

exposures (Table S3). A significant interaction was

detected between developmental acclimation and adult

hardening for D. birchii and D. buzzatti. For D. birchii,

cooler developmental temperatures (20–23 °C)
decreased adult hardening capacity, whereas warmer

developmental temperatures increased adult hardening

capacity (Table S4). In D. buzzatti, increasing develop-

mental temperatures decreased adult hardening capac-

ity. No relationship was found between hardening

capacity and developmental temperature. Of the species

examined, D. birchii was the only species that did not

significantly increase CTMAX through either develop-

mental acclimation or adult hardening (Table 1,

Fig. 1a).

Excluding the two species that showed negative

effects of developmental acclimation and adult harden-

ing on CTMAX (D. birchii and D. immigrans), the maxi-

mum capacity to shift CTMAX through developmental

acclimation and adult hardening across all species was

between 0.09 and 0.51 °C (Table 1, Fig. 1a). When we

compared the capacity for species to increase their

CTMAX to track environmental change via plasticity (i.e.

ARR/HARR), we found that species had little capacity

to respond plastically to increasing heat stress via

developmental acclimation and adult heat hardening

(Fig. S3).

Further dissection of the plastic response across all of

the developmental acclimation temperatures showed

that CTMAX overall increased between the development

temperatures 20–28 °C in eight of ten species (Fig. 2);

focussing just on the warmer developmental tempera-

tures of 26–28 °C revealed that only five of the 10 spe-

cies showed a positive increase in CTMAX (Fig. 2,

Table S5). When we compared maximum AC (20–
28 °C) to AC across the stepwise acclimation tempera-

tures (20–23 °C, etc.), for subtropical species maximum

AC was significantly higher for the stepwise AC calcu-

lated between the lower temperatures (Fig. 3,

Table S6). Similarly for tropical species, maximum AC

was significantly higher for all but the 20–23 °C
treatment (Fig. 3), whereas AC in the 26–28 °C was

negative.

The effect of developmental acclimation on egg-to-
adult viability

Developmental temperature had a significant effect on

egg-to-adult viability in seven of the ten species

(Fig 1b, Table S7). Optimum developmental tempera-

ture for egg-to-adult viability varied considerably

across the species. Overall, the highest egg-to-adult

viability was found in the 23 °C developmental accli-

mation treatment followed closely by 20 °C, although

egg-to-adult viability was lowest at the 28 °C develop-

ment acclimation treatment. Subtropical species tended

to have higher viability in the 28 °C treatment

(�x ¼ 0:68� 0:09) (excluding the cold adapted species

D. immigrans) in comparison with the tropical species

(�x ¼ 0:44� 0:12), with egg-to-adult viability decreasing

at 28 °C, in comparison with the 23 °C treatment, by

3% in the subtropical and 37% in tropical species.

These results suggest greater deleterious fitness conse-

quences for tropical species developing at warmer tem-

peratures. The least resistant species was the

temperate species D. immigrans with egg-to-adult via-

bility close to 0 in the 28 °C treatment. Of the three

species that did not show a significant effect of tem-

perature on egg-to-adult viability, egg-to-adult viability

for two species (D. ananassae and D. simulans)

remained consistently high across the four develop-

mental temperatures, although variation in egg-to-

Table 1 Maximum acclimation capacity (AC), adult hardening

capacity (HC) and acclimation and hardening capacity combined

(HAC) across the developmental temperatures and the

acclimation/hardening response ratio (ARR/HARR) for each of the

ten species. Plasticity responses are divided into basal: estimates of

CTMAX on flies not exposed to hardened treatments and hardened:

estimates of CTMAX on flies exposed to hardening treatments.

AC (°C) (basal) AC (°C) (hardened)

AC ARR HC HAC HARR

Drosophila ananassae 0.443 0.047 0.044 0.514 0.070

D. birchii �0.178 �0.024 0.052 0.100 0.010

D. bunnanda 0.407 0.045 0.097 0.389 0.077

D. buzzatti 0.253 0.036 0.106 0.089 0.052

D. hydei 0.327 0.046 0.064 0.404 0.045

D. immigrans �0.330 �0.076 0.086 �0.428 �0.034

D. melanogaster 0.422 0.061 0.182 0.223 0.105

D. serrata 0.287 0.032 0.035 0.296 0.043

D. simulans 0.433 0.046 0.073 0.300 0.044

D. sulfurigaster 0.195 0.018 �0.001 0.209 0.018
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adult viability for D. hydei followed no consistent pat-

tern with temperature.

Relationship between CTMAX, thermal plasticity and
climatic variables

Annual precipitation (PANN) and maximum temperature

(TMAX) explained a significant proportion of the varia-

tion in basal CTMAX in all developmental temperatures

(R2 = 0.544–0.626, Table 2), such that basal CTMAX

increased with increasing TMAX and decreasing PANN.

None of the climatic variables, however, were related

to adult hardening response (HC), developmental accli-

mation (AC and ARR) or the combined estimates of

plasticity (HAC, max AC and HARR) (Table 2). On

closer examination, we did however find a significant

positive relationship between TSEASON and AC calcu-

lated between treatments 26 and 28 °C (R2 = 0.502,

slope = 0.00004 � 0.00001, P = 0.020, k = 0), such

that AC increased with increasing TSEASON (Fig. 4b). In

contrast, we found a significant negative relationship

between TSEASON and AC calculated between

treatments 20 and 23 °C (R2 = 0.613, slope =
�0.0005 � 0.00001, P = 0.005, k = 0) (Fig. 3a), such

that AC decreased with increasing TSEASON (Fig. 3c).

This pattern was predominately driven by higher AC in

the tropical species at the cooler temperatures and

lower AC in the tropical species at hotter temperatures,

and a tendency for subtropical species to do the oppo-

site (Fig. 3). We found no relationship between CTMAX,
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Fig. 1 (a) Maximum acclimation capacity (AC), adult hardening capacity (HC), acclimation and hardening capacity combined (HAC) and

(b) egg-to-adult viability across the developmental temperatures, for all ten species.
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estimates of plasticity and phylogeny as evidenced by

estimates of k = 0. Viability at all developmental tem-

perature was unrelated to climatic variables.

Discussion

Current assessments of species climate change risk

suggest that subtropical and tropical species are

already experiencing temperatures beyond their

current thermal limits (CTMAX) (Deutsch et al., 2008;

Tewksbury et al., 2010; Kellermann et al., 2012b).

However, these studies fail to account for the role of

phenotypic plasticity in buffering species from thermal

extremes. If species from more variable environments

have greater plasticity (climatic variability hypothesis),

then subtropical/temperate species may have a greater

capacity to increase their CTMAX via plasticity com-

pared to their tropical counterparts (Janzen, 1967;

Gabriel & Lynch, 1992; Ghalambor et al., 2006), and

be less vulnerable to increasing thermal stress. In the

current study, using fluctuating thermal regimes, we

examine the capacity for ten Drosophila species to

increase their CTMAX via both developmental acclima-

tion and adult hardening. We also determine the role

of climatic variables in shaping these two measures of

plasticity, and test the climatic variability hypothesis

for the evolution of plasticity. Finally, we dissect the

plastic responses across developmental temperatures,

revealing a level of complexity between plasticity, cli-

mate and a component of fitness (egg-to-adult viabil-

ity) that would be missed with a focus on absolute

measures of plasticity.

The capacity for species to increase their CTMAX via

the combined effects of developmental acclimation and

hardening was small (<0.60 °C). Developmental accli-

mation had the biggest effect on CTMAX (average

AC = +0.22 °C), although adult heat hardening

increased CTMAX by on average of only <0.06 °C. A
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similarly low level of variation in developmental accli-

mation and hardening was also shown intraspecifically

in D. melanogaster (van Heerwaarden et al., 2016). The

capacity to increase CTMAX via heat hardening was low

across most of the Drosophila species examined here,

and contrasts with Kellett et al. (2005) who found

larger hardening responses that were of a similar mag-

nitude across a number of Drosophila species. The

observed differences are likely driven by the different

methods used in the two studies – fluctuating thermal

regimes and dynamic/ramping assessments of CTMAX in

the current study vs. constant temperature and static/

knockdown assessments of CTMAX in Kellett et al.

(2005). The mechanisms underpinning the hardening

responses have been well defined in D. melanogaster and

are linked to the upregulation of Hsp70, but changes in

Hsp70 expression have not been linked to hardening in

other Drosophila species (Krebs, 1999; Hoffmann et al.,

2003). These results suggest that the capacity for Hsp70

to act as regulator of heat plasticity may be species-spe-

cific (Hamdoun et al., 2003; Ravaux et al., 2016; Willot

et al., 2017).

Despite plasticity only shifting CTMAX by <0.60 °C,
mechanistic species distribution models have shown

that even a 0.50 °C change in CTMAX can contribute to

meaningful reductions in projected range losses under

climate change (Bush et al., 2016). Thus, small plastic

shifts in CTMAX may nonetheless be crucial in buffering

species in the short term, providing an opportunity for

selection to shift CTMAX. That being said, the lack of

variation in plasticity across the species examined is

notable. A <0.60 °C plastic change in CTMAX compared

to basal CTMAX varying ~5 °C across the species suggests

that the capacity for the species examined to shift

CTMAX via plasticity is low. In contrast, plastic responses

in CTMAX in other species are higher than those

observed for Drosophila. For instance, in lizards heat

hardening can increase CTMAX by 2.6 °C, although

trade-offs with basal CTMAX is suggestive of an upper

limit to hardening responses (Phillips et al., 2016). In

addition, developmental acclimation and hardening can

also increase CTMAX in the copepod Tigriopus californicus,

the springtail Orchesella cincta and the moth Manduca

sexta by 1.3 °C, ~1.5 °C and ~1.2 °C, respectively (King-

solver et al., 2016; Alemu et al., 2017; Pereira et al.,

2017). It is possible that more extreme temperatures,

Table 2 Phylogenetic least squares analysis examining the

relationship between CTMAX and acclimation response ratio (ARR)

and environmental variables. Association between the phylogeny

and CTMAX is estimated as k, where a k = 0 suggests no

relationship with phylogeny and k = 1 suggests a strong

relationship. Phylogenetic signal from the residuals was also

estimated for CTMAX and ARR using two methods the K statistic

and k.

PGLS

Phylogenetic

signal

R2 Slope k K k

CTMAX 20

PANN 0.567 �0.004 � 0.001** 0 (0–0.823) 1.125** 1.045***

TMAX 0.077 � 0.026*

CTMAX 23

PANN 0.544 �0.004 � 00001* 0 (0–0.822) 1.071** 1.011**

TMAX 0.081 � 0.027*

CTMAX 26

PANN 0.550 �0.004 � 0.001** 0 (0–0.848) 1.068* 1.059**

TMAX 0.089 � 0.029

CTMAX 28

PANN 0.626 �0.003 � 0.001* 0 (0–0.512) 0.795* 0.899*

TMAX 0.045 � 0.026

ARR

TMAX 0.001 �0.0001 � 0.0001 0 (0–0.982) 0.429 0

Combined dataset

CTMAX 20

PANN 0.623 �0.002 � 0.004*** 0 (0–0.979) 1.125** 1.045***

TMAX 0.344 � 0.068***

ARR

TMAX 0.519 0.024 � 0.005*** 0 (0–0.786 0.342 0

*P < 0.01, **P < 0.001, ***P < 0.001.
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than imposed in the current experiment, may induce

greater plastic responses in some species. Given, how-

ever, we observed declines in fitness in the tropical spe-

cies and hardening responses were small, more extreme

thermal regimes are unlikely to significantly increase

the plastic response. Whether the observed plastic

responses are large enough to keep pace with climate

change remains to be determined, but suggests that

other species have a greater plastic capacity for CTMAX

than Drosophila.

We found a strong relationship between basal CTMAX

and climate (TMAX and PANN) across all developmental

temperatures, as well as a strong association between

phylogeny and CTMAX. Strong phylogenetic signal in

CTMAX is consistent with previous work in examining

~90 species of Drosophila (Kellermann et al., 2012b)

(Addo-Bediako et al., 2000; Deutsch et al., 2008). How-

ever, we found no association between plasticity (AC,

ARR, HC, HRR), phylogeny and any climatic variables

when averaging the plastic response across all thermal

regimes. Thermal plasticity therefore does not vary pre-

dictably with the climate, a result inconsistent with the

climatic variability hypothesis. However, dissecting the

plastic response across acclimation temperatures (20–
23 °C, 23–26 °C and 26–28 °C) revealed a more com-

plex interplay between climatic variables and plasticity

that was not apparent when absolute (28–20 °C) and

standardized (ARR) measures of plasticity were used.

Specifically, a significant association was found between

temperature seasonality and AC, but this association

differed depending on the developmental temperature

range considered (positive for 26–28 °C, negative for

20–23 °C Fig. 3). One possible explanation for this shift

in the relationship between plasticity and climate with

the thermal range is that species with a higher overall

basal CTMAX (subtropical species) may require warmer

developmental temperatures to induce a plastic

response in CTMAX in comparison with species with

lower basal CTMAX (tropical species), although plastic

responses are induced at lower thermal ranges in the

less heat resistant tropical species. Indeed, subtropical

species with on average higher CTMAX tended to have a

lower AC at lower developmental temperatures in com-

parison with tropical species and vice versa at higher

developmental temperatures (Fig. 1). How a plastic

response is induced and whether the induction of plas-

ticity is linked to a species basal stress response still

remains to be determined. Hsp70 is one possible candi-

date, but we still have limited insight into the mecha-

nisms that underpin thermal plasticity.

Despite finding significant AC between 20 and 28 °C
for subtropical and tropical species, in three of the four

tropical species, CTMAX declined between the warmest

temperatures (26–28 °C) (Figs 2 and S1). Declines in

CTMAX coupled with declines in egg-to-adult viability of

37% in the warmest treatment (28 °C) highlights the

compounding effects of warm temperatures on tropical

species. These results, coupled with the opposing rela-

tionship between climate and plasticity dependent on

the temperature range examined, suggest that standard-

ized measures of plasticity, which average estimates of

plasticity across temperatures, may not capture the real

extent of plastic responses, and may hide ecologically

meaningful patterns. The lack of consistent associations

between climate and plasticity, shown in previous stud-

ies, could in part be driven by the thermal range exam-

ined and by averaging plasticity across thermal regimes

(Stillman, 2003; Mitchell et al., 2011; Overgaard et al.,

2011; Gunderson & Stillman, 2015).

It is worth noting that here we examined only a sin-

gle population of each species and thus ignore the

potential for intraspecific variation in plastic responses

across the species. However, variation in plasticity in

CTMAX between a northern and southern population of

D. melanogaster was no greater than the variation

observed at the species level in the current study (van

Heerwaarden et al., 2016), and thus, we expect that

intraspecific variation will be smaller than interspecific

variation (Kimura, 2004). We focused on warmer

developmental temperatures and included fluctuating

thermal regimes that ranged from 15 to 33 °C because

we were interested in the ability of species to respond

plastically to increasing temperatures as projected under

climate change. This means that our absolute estimates

of plasticity may be an underestimate as we do not

include the entire developmental range of all the spe-

cies examined. Nonetheless, we believe that our results

have revealed new insight into the combined effects of

developmental acclimation and adult hardening on

upper thermal limits in small terrestrial ectotherms. It is

possible that laboratory adaptation and inbreeding may

be an inherent component of the current experiment.

However, lengths were taken to minimize these effects:

most species (seven) were assayed within 1 year from

collection from the field, limiting the potential for labo-

ratory adaptation to drive the observed results

(Table S1), and mass-bred populations were initiated

with 20 iso-female lines and maintained at high popu-

lation sizes (>750 individuals) to avoid inbreeding. Fur-

thermore, recent work suggests laboratory maintenance

does not have large effects on physiological patterns in

Drosophila (Maclean et al., 2018). In addition, previous

studies (van Heerwaarden & Sgro, 2011; Blackburn

et al., 2014) show that populations maintained under

these conditions and for similar timescales harbour sig-

nificant levels of adaptive genetic diversity.

In conclusion, we have shown that variation in plas-

ticity in CTMAX, when estimated in fluctuating environ-

ments, was low across all species, particularly at

warmer developmental temperatures, which resulted in

deleterious effects on CTMAX and viability in tropical

species. This suggests that the capacity for plasticity to

contribute to meaningful shifts in CTMAX under climate

change is likely to be low generally, and even lower for
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tropical species. In contrast to the climatic variability

hypothesis, we found no association between overall

estimates of plasticity and climatic variability. However,

the relationship between climate and plasticity was

complex and differed depending on the extent of the

developmental thermal range used to quantify plastic-

ity, and the number of developmental temperatures

examined. Thus climatic variability, per se, does not

seem to easily predict the scope for thermal plasticity.

Such a complex relationship between climatic variables

and plasticity may contribute to the lack of consistent

support for the climatic variability hypothesis in the lit-

erature more broadly (Stillman, 2003; Calosi et al.,

2008; Mitchell et al., 2011; Overgaard et al., 2011; Gun-

derson & Stillman, 2015; Seebacher et al., 2015) and

suggests that plasticity is unlikely to be easily predicted

by climatic factors alone.

Acknowledgments

We are grateful to Belinda van Heerwaarden, Katherine

Sutton, Fiona Beasley and Lindsey Heffernan for tech-

nical assistance, the Australian Research Council for

financial support to VK and CMS through their Discov-

ery and Fellowship schemes and the Science and Indus-

try Endowment Fund for support to CMS, Monash

University for financial support to VK and CMS and

L’Oreal for financial support to VK through their For

Women In Science scheme.

References

Addo-Bediako, A., Chown, S.L. & Gaston, K.J. 2000. Thermal

tolerance, climatic variability and latitude. Proc. Biol. Sci. 267:

739–745.
Alemu, T., Alemneh, T., Pertoldi, C., Ambelu, A. & Bahrndorff,

S. 2017. Costs and benefits of heat and cold hardening in a

soil arthropod. Biol. J. Lin. Soc. 122: 765–773.
Blackburn, S., van Heerwaarden, B., Kellermann, V. & Sgro,

C.M. 2014. Evolutionary capacity of upper thermal limits:

beyond single trait assessments. J. Exp. Biol. 217: 1918–1924.
Blomberg, S.P., Garland, T. & Ives, A.R. 2003. Testing for phy-

logenetic signal in comparative data: behavioral traits are

more labile. Evolution 57: 717–745.
Bush, A., Mokany, K., Catullo, R., Hoffmann, A., Kellermann,

V., Sgro, C. et al. 2016. Incorporating evolutionary adapta-

tion in species distribution modelling reduces projected vul-

nerability to climate change. Ecol. Lett. 19: 1468–1478.
Caillon, R., Suppo, C., Casas, J., Woods, H.A. & Pincebourde,

S. 2014. Warming decreases thermal heterogeneity of leaf

surfaces: implications for behavioural thermoregulation by

arthropods. Funct. Ecol. 28: 1449–1458.
Calosi, P., Bilton, D.T. & Spicer, J.I. 2008. Thermal tolerance,

acclimatory capacity and vulnerability to global climate

change. Biol. Let. 4: 99–102.
Calosi, P., Bilton, D.T., Spicer, J.I., Votier, S.C. & Atfield, A.

2010. What determines a species’ geographical range? Ther-

mal biology and latitudinal range size relationships in Euro-

pean diving beetles (Coleoptera: Dytiscidae). J. Anim. Ecol.

79: 194–204.

Chevin, L.M. & Hoffmann, A.A. 2017. Evolution of phenotypic

plasticity in extreme environments. Philos. Trans. R Soc. Lond.

B Biol. Sci. 372: 12.

Chown, S.L. 2001. Physiological variation in insects: hierarchi-

cal levels and implications. J. Insect Physiol. 47: 649–660.
Chown, S.L., Hoffmann, A.A., Kristensen, T.N., Angilletta,

M.J. Jr, Stenseth, N.C. & Pertoldi, C. 2010. Adapting to cli-

mate change: a perspective from evolutionary physiology.

Clim. Res. 43: 3–15.
Clusella-Trullas, S., Blackburn, T.M. & Chown, S.L. 2011. Cli-

matic predictors of temperature performance curve parame-

ters in ectotherms imply complex responses to climate

change. Am. Nat. 177: 738–751.
Colinet, H., Sinclair, B.J., Vernon, P. & Renault, D. 2015.

Insects in fluctuating thermal environments. Annu. Rev. Ento-

mol. 60: 123–140.
Deutsch, C.A., Tewksbury, J.J., Huey, R.B., Sheldon, K.S.,

Ghalambor, C.K., Haak, D.C. et al. 2008. Impacts of climate

warming on terrestrial ectotherms across latitude. Proc. Natl

Acad. Sci. USA 105: 6668–6672.
Gabriel, W. & Lynch, M. 1992. The selective advantage of reac-

tion norms for environmental tolerance. J. Evol. Biol. 5: 41–59.
Gabriel, W., Luttbeg, B., Sih, A. & Tollrian, R. 2005. Environ-

mental tolerance, heterogeneity, and the evolution of rever-

sible plastic responses. Am. Nat. 166: 339–353.
Gavrilets, S. & Scheiner, S.M. 1993. The genetics of phenotypic

plasticity. 5. Evolution of reaction norm shape. J. Evol. Biol.

6: 31–48.
Ghalambor, C.K., Huey, R.B., Martin, P.R., Tewksbury, J.J. &

Wang, G. 2006. Are mountain passes higher in the tropics?

Janzen’s hypothesis revisited. Integr. Comp. Biol. 46: 5–17.
Gilchrist, G.W. & Huey, R.B. 1999. The direct response of Dro-

sophila melanogaster to selection on knockdown temperature.

Heredity 83: 15–29.
Gunderson, A.R. & Stillman, J.H. 2015. Plasticity in thermal

tolerance has limited potential to buffer ectotherms from

global warming. Proc. R. Soc. B Biol. Sci. 282: 20150401.

Hamdoun, A.M., Cheney, D.P. & Cherr, G.N. 2003. Pheno-

typic plasticity of HSP70 and HSP70 gene expression in the

Pacific oyster (Crassostrea gigas): implications for thermal

limits and induction of thermal tolerance. Biol. Bull. 205:

160–169.
Hangartner, S. & Hoffmann, A.A. 2016. Evolutionary potential

of multiple measures of upper thermal tolerance in Droso-

phila melanogaster. Funct. Ecol. 30: 442–452.
van Heerwaarden, B. & Sgro, C.M. 2011. The effect of devel-

opmental temperature on the genetic architecture underly-

ing size and thermal clines in Drosophila melanogaster and D.

simulans from the east coast of Australia. Evolution 65:

1048–1067.
van Heerwaarden, B., Kellermann, V. & Sgro, C.M. 2016. Lim-

ited scope for plasticity to increase upper thermal limits.

Funct. Ecol. 30: 1947–1956.
Hijmans, R.J., Cameron, S.E., Parra, J.L., Jones, P.G. & Jarvis,

A. 2005. Very high resolution interpolated climate surfaces

for global land areas. Int. J. Climatol. 25: 1965–1978.
Hoffmann, A.A. 2010. Physiological climatic limits in Droso-

phila: patterns and implications. J. Exp. Biol. 213: 870–880.
Hoffmann, A.A., Sorensen, J.G. & Loeschcke, V. 2003. Adapta-

tion of Drosophila to temperature extremes: bringing together

quantitative and molecular approaches. J. Therm. Biol 28:

175–216.

ª 20 1 8 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I OL . 3 1 ( 2 0 18 ) 1 30 0 – 1 31 2

JOURNAL OF EVOLUT IONARY B IOLOGY ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

1310 V. KELLERMANN AND C. M. SGR �O



Hoffmann, A.A., Shirriffs, J. & Scott, M. 2005. Relative impor-

tance of plastic vs genetic factors in adaptive differentiation:

geographical variation for stress resistance in Drosophila mela-

nogaster from eastern Australia. Funct. Ecol. 19: 222–227.
Huey, R.B., Kearney, M.R., Krockenberger, A., Holtum,

J.A.M., Jess, M. & Williams, S.E. 2012. Predicting organismal

vulnerability to climate warming: roles of behaviour, physi-

ology and adaptation. Philos. Trans. R Soc. Lond. B Biol. Sci.

367: 1665–1679.
Janzen, D.H. 1967. Why mountain passes are higher in tropics.

Am. Nat. 101: 233–249.
Kellermann, V., Loeschcke, V., Hoffmann, A.A., Kristensen,

T.N., Fløjgaard, C., David, J.R. et al. 2012a. Phylogenetic

constraints in key functional traits behind species’ climate

niches: patterns of desiccation and cold resistance across 95

Drosophila species. Evolution 66: 3377.

Kellermann, V., Overgaard, J., Hoffmann, A.A., Flojgaard, C.,

Svenning, J.C. & Loeschcke, V. 2012b. Upper thermal limits

of Drosophila are linked to species distributions and strongly

constrained phylogenetically. Proc. Natl Acad. Sci. USA 109:

16228–16233.
Kellermann, V., Hoffmann, A.A., Kristensen, T.N., Moghadam,

N.N. & Loeschcke, V. 2015. Experimental evolution under

fluctuating thermal conditions does not reproduce patterns

of adaptive clinal differentiation in Drosophila melanogaster.

Am. Nat. 186: 582–593.
Kellermann, V., Van Heerwaarden, B. & Sgro, C. 2017. How

important is thermal history? Evidence for lasting effects of

developmental temperature on upper thermal limits in Dro-

sophila melanogaster. Proc. R. Soc. B Biol. Sci. 284: 20170447.

Kellett, M., Hoffmann, A.A. & McKechnie, S.W. 2005. Harden-

ing capacity in the Drosophila melanogaster species group is con-

strained by basal thermotolerance. Funct. Ecol. 19: 853–858.
Kimura, M.T. 2004. Cold and heat tolerance of drosophilid flies

with reference to their latitudinal distributions. Oecologia

140: 442–449.
Kingsolver, J.G., MacLean, H.J., Goddin, S.B. & Augustine,

K.E. 2016. Plasticity of upper thermal limits to acute and

chronic temperature variation in Manduca sexta larvae. J.

Exp. Biol. 219: 1290–1294.
Krebs, R.A. 1999. A comparison of Hsp70 expression and ther-

motolerance in adults and larvae of three Drosophila species.

Cell Stress Chaperones 4: 243–249.

Maclean, H.J., Kristensen, T.N., Sorensen, J.G. & Overgaard, J.

2018. Laboratory maintenance does not alter ecological and

physiological patterns among species: a Drosophila case study.

J. Evol. Biol. 31: 530–542.
Mitchell, K.A. & Hoffmann, A.A. 2010. Thermal ramping

rate influences evolutionary potential and species differ-

ences for upper thermal limits in Drosophila. Funct. Ecol.

24: 694–700.
Mitchell, K.A., Sgro, C.M. & Hoffmann, A.A. 2011. Phenotypic

plasticity in upper thermal limits is weakly related to Droso-

phila species distributions. Funct. Ecol. 25: 661–670.
Murren, C.J., Auld, J.R., Callahan, H., Ghalambor, C.K., Han-

delsman, C.A., Heskel, M.A. et al. 2015. Constraints on the

evolution of phenotypic plasticity: limits and costs of pheno-

type and plasticity. Heredity 115: 293–301.
Orme, C.D.L., Freckleton, R.P., Thomas, G.H., Petzoldt, T.,

Fritz, S.A. & Isaac, N.J.B. 2013. caper: Comparative analyses

of phylogenetics and evolution in R. http://CRAN.R-project.

org/package=caper.

Overgaard, J., Kristensen, T.N., Mitchell, K.A. & Hoffmann,

A.A. 2011. Thermal tolerance in widespread and tropical

Drosophila species: does phenotypic plasticity increase with

latitude? Am. Nat. 178(S1): S80–S96.
Overgaard, J., Kearney, M.R. & Hoffmann, A.A. 2014. Sensi-

tivity to thermal extremes in Australian Drosophila implies

similar impacts of climate change on the distribution of

widespread and tropical species. Glob. Change Biol. 20: 1738–
1750.

Pereira, R.J., Saski, C.M. & Burton, R.S. 2017. Adaptation to a

latitudinal thermal gradient within a widespread copepod

species: the contributions of genetic divergence and pheno-

typic plasticity. Proc. R. Soc. B Biol. Sci. 284: 20170236.

Phillips, B., Munoz, M.M., Hatcher, A., Macdonald, S.L.,

Llewelyn, J., Lucy, V. et al. 2016. Heat hardening in a tropi-

cal lizard: geographic variation explained by the predictabil-

ity and variance in environmental temperatures. Funct. Ecol.

30: 1161–1168.
Piersma, T. & Drent, J. 2003. Phenotypic flexibility and the evo-

lution of organismal design. Trends Ecol. Evol. 18: 228–233.
R Core Team. 2014. R: A Language and Environment for Statistical

Computing. R Foundation for Statistical Computing, Vienna.

Ravaux, J., Leger, N., Rabet, N., Fourgous, C., Voland, G.,

Zbinden, M. et al. 2016. Plasticity and acquisition of the

thermal tolerance (upper thermal limit and heat shock

response) in the intertidal species Palaemon elegans. J. Exp.

Mar. Biol. Ecol. 484: 39–45.
Rogerson, P.A. 2001. Statistical Methods for Geography. Sage,

London.

Salachan, P.V. & Sorensen, J.G. 2017. Critical thermal limits

affected differently by developmental and adult thermal fluc-

tuations. J. Exp. Biol. 220: 4471–4478.
Schaefer, J. & Ryan, A. 2006. Developmental plasticity in the

thermal tolerance of zebrafish Danio rerio. J. Fish Biol. 69:

722–734.
Schou, M.F., Mouridsen, M.B., Sorensen, J.G. & Loeschcke, V.

2017. Linear reaction norms of thermal limits in Drosophila:

predictable plasticity in cold but not in heat tolerance. Funct.

Ecol. 31: 934–945.
Seebacher, F., White, C.R. & Franklin, C.E. 2015. Physiological

plasticity increases resilience of ectothermic animals to cli-

mate change. Nat. Clim. Chang. 5: 61–66.
Sgro, C.M., Overgaard, J., Kristensen, T.N., Mitchell, K.A.,

Cockerell, F.E. & Hoffmann, A.A. 2010. A comprehensive

assessment of geographic variation in heat tolerance and

hardening capacity in populations of Drosophila melanogaster

from eastern Australia. J. Evol. Biol. 23: 2484–2493.
Sgro, C.M., Terblanche, J.S. & Hoffmann, A.A. 2016. What can

plasticity contribute to insect responses to climate change?

Annu. Rev. Entomol. 61: 433–451.
Slotsbo, S., Schou, M.F., Kristensen, T.N., Loeschcke, V. & Sor-

ensen, J.G. 2016. Reversibility of developmental heat and cold

plasticity is asymmetric and has long-lasting consequences for

adult thermal tolerance. J. Exp. Biol. 219: 2726–2732.
Sorensen, J.G., Kristensen, T.N. & Overgaard, J. 2016a. Evolu-

tionary and ecological patterns of thermal acclimation capac-

ity in Drosophila: is it important for keeping up with climate

change? Curr. Opin. Insect Sci. 17: 98–104.
Sorensen, J.G., Schou, M.F., Kristensen, T.N. & Loeschcke, V.

2016b. Thermal fluctuations affect the transcriptome

through mechanisms independent of average temperature.

Sci. Rep. 6: 30975.

ª 2018 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 3 1 ( 2 0 1 8 ) 1 3 00 – 1 3 12

JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 8 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

Evidence for low plasticity in CTMAX 1311

http://CRAN.R-project.org/package=caper
http://CRAN.R-project.org/package=caper


Stillman, J.H. 2003. Acclimation capacity underlies susceptibil-

ity to climate change. Science 301: 65–65.
Sunday, J.M., Bates, A.E., Kearney, M.R., Colwell, R.K., Dulvy,

N.K., Longino, J.T. et al. 2014. Thermal-safety margins and

the necessity of thermoregulatory behavior across latitude

and elevation. Proc. Natl Acad. Sci. USA 111: 5610–5615.
Telonis-Scott, M., Clemson, A.S., Johnson, T.K. & Sgro, C.M.

2014. Spatial analysis of gene regulation reveals new insights

into the molecular basis of upper thermal limits. Mol. Ecol.

23: 6135–6151.
Tewksbury, J.J., Huey, R.B. & Deutsch, C.A. 2010. Ecology –
putting the heat on tropical animals. Science 320: 1296–1297.

Watkins, T.B. & Vraspir, J. 2006. Both incubation temperature

and posthatching temperature affect swimming performance

and morphology of wood frog tadpoles (Rana sylvatica). Phys-

iol. Biochem. Zool. 79: 140–149.
Willot, Q., Gueydan, C. & Aron, S. 2017. Proteome stability,

heat hardening and heat-shock protein expression profiles in

Cataglyphis desert ants. J. Exp. Biol. 220: 1721–1728.
Wit, J., Loeschcke, V. & Kellermann, V. 2015. Life span varia-

tion in 13 Drosophila species: a comparative study on life

span, environmental variables and stress resistance. J. Evol.

Biol. 28: 1892–1900.

Supporting information

Additional Supporting Information may be found

online in the supporting information tab for this article:

Figure S1 Experimental design for adult hardening and
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phila species examined.

Figure S3 The contributions of developmental acclima-

tion and adult heat hardening to CTMAX to a 1–5 °C
change in temperature, expressed as overheating risk

i.e. the difference between mean environmental tem-

perature and CTMAX. The thin solid line represents the

overheating risk when plasticity (developmental and/or

hardening) does not contribute to increases in CTMAX,

while the thick black line represent the predicted

response when a species can perfectly compensate to
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coloured dashed lines represent one of the 10 species

examined.
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