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Summary
1. Over the coming decades, our planet will experience a dramatic increase in average temperatures and an increase in the variance around those temperatures leading to more frequent and
harsher heat waves. These changes will impact most species and impose strong selection on
physiological traits.
2. Rapid acclimation is the most direct way for organisms to respond to such extreme events,
but we currently have little understanding of how the capacity to mount such plastic responses
evolves. Accordingly, there is some urgency to determine how the physiological response to
high temperatures varies within species, and how this variation is driven by the environment.
3. Here, we investigate heat-hardening capacity – a rapid physiological response that confers a
survival advantage under extreme thermal stress – across 13 populations of a rain forest lizard,
Lampropholis coggeri, from the tropics of north-eastern Australia.
4. Our results reveal that heat hardening is constrained in these lizards by a hard upper thermal limit for locomotor function (approximately 43 °C). Further, hardening response shows
strong geographic variation associated with thermal environment: lizards from more predictable and more seasonal thermal environments exhibited greater hardening compared with
those from more stochastic and less seasonal habitats. This ﬁnding – that predictability in thermal variation inﬂuences hardening capacity – aligns closely with theoretical expectations.
5. Our results suggest that tropical species may harbour adaptive variation in physiological
plasticity that they can draw from in response to climate change, and this variation is spatially
structured in locally adapted populations. Our results also suggest that, by using climatic data,
we can predict which populations contain particular adaptive variants; information critical to
assisted gene ﬂow strategies.
Key-words: heat shock, local adaptation, plasticity, thermal limits
Introduction
As anthropogenic climate change advances, there is
increasing concern about the impacts of this sudden and
accelerating climatic shift on the Earth’s biodiversity (e.g.
Thomas et al. 2004; Bellard et al. 2012). The majority of
these concerns centre on the rapid increase in temperature and temperature variance that is already underway
(Meehl et al. 2007). Understanding how organisms
will respond to climate warming requires not only
*Correspondence author. E-mail: phillipsb@unimelb.edu.au

appreciating the breadth of adaptive variation within species, but also how it is spatially structured throughout
their distribution (Hoﬀmann & Sgr
o 2011). Many species, particularly those with broad geographic ranges,
have populations living under a diverse array of climatic
conditions. The selective pressure imposed by climate,
and the capacity of populations to adapt to these varying
conditions may be revealed by examining both the geographic variation in an organism’s physiological traits, as
well as in the ﬂexibility of these traits to shift with local
conditions (e.g. Hoﬀmann et al. 2003; Latimer, Wilson &
Chenoweth 2011).
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There has been substantial work on geographic variation
in critical thermal limits (see reviews in Chown 2001;
Angilletta 2009). The focus so far has largely been on variation across, rather than within, species and, when within
species, across large geographic distances rather than at
the scales relevant to gene ﬂow (although see Mu~
noz et al.
2014; Rezende, Casta~
neda & Santos 2014). Recent metaanalyses of this body of work have found low levels of
variation in heat tolerance across broad geographic ranges,
suggesting a limited capacity for upper thermal limits to
shift under climate warming (Sunday, Bates & Dulvy 2011;
Ara
ujo et al. 2013).
We have substantially less information about intraspeciﬁc variation in the plasticity of individuals’ thermal limits.
As with the work on thermal limits, the majority of work
on heat tolerance plasticity has focused on cross-species
comparisons (e.g. Bilyk & Devries 2011; Nyamukondiwa
et al. 2011; Overgaard et al. 2011), rather than variability
within species (although see Hoﬀmann, Sørensen &
Loeschcke 2003; Sgr
o et al. 2010 and references therein for
the exceptions to this trend, primarily involving Drosophila). Thus, there is presently a gap in our understanding
of how adaptive variation in the plasticity of physiological
traits is distributed across climatically diverse landscapes.
It is, nonetheless, clear that physiological plasticity is a
common phenomenon. Plastic shifts in physiological traits
can manifest over the course of hours to a few days (‘hardening’ or ‘shock response’; Bowler 2005), or more gradually over a few weeks to months (‘acclimation’), and both
shifts have been observed in a wide variety of ectotherms
(Seebacher 2005). Whereas gradual acclimation responses
confer resilience to slower shifts in thermal environment
(such as seasonal changes), hardening responses likely
increase ﬁtness under short, extreme climatic events (such
as heat waves; Angilletta 2009). Loeschcke & Hoﬀmann
(2007), for example, showed that heat-hardened Drosophila
were more active under heat-wave conditions than were
control conspeciﬁcs, suggesting that heat hardening can
provide a ﬁtness advantage during periods of unusually
high temperature. Given that one of the acute impacts of
climate change will be an increasing frequency and severity
of unpredictable extreme temperature events (Parmesan,
Root & Willig 2000), heat hardening seems a particularly
pertinent trait to investigate.
Heat hardening is not, however, a universally beneﬁcial
response: its adaptive value is thought to be highly contingent on local conditions. Mounting a hardening response
can be costly, particularly in the production and maintenance of proteins associated with heat shock (Somero
2002). Hence, to avoid these costs and to avoid inappropriate responses, heat hardening should be dampened in
thermally unpredictable environments (Huey & Kingsolver
1989; Gilchrist 1995; Somero 2002). When heat-shock
responses are mounted, their magnitude should further
depend on an individual’s starting point. There is a clear
expectation, both on biochemical grounds as well as from
broad comparative studies (Chown 2001; Hochachka &

Somero 2002; Stillman 2003; Hoﬀmann, Chown & Clusella-Trullas 2012) that a species’ upper critical thermal
limit faces strong constraints. Thus, an individual starting
close to this hypothetical limit may only be able to mount
a small heat-hardening response relative to an individual
starting distant from this hypothetical limit (e.g. Stillman
2003).
Work on geographic variation in heat hardening to date
has predominantly focused on invertebrates (particularly
Drosophila, for reviews see Hoﬀmann, Sørensen &
Loeschcke 2003; Sgr
o et al. 2010). In this study, we examine patterns of heat hardening in the tropical scincid lizard,
Lampropholis coggeri, from the Wet Tropics rain forest of
north-eastern Australia. We demonstrate that there is substantial geographic variation in the magnitude of heat
hardening across 13 populations, but that all populations
are confronted with a common upper tolerance limit.
Finally, we show that almost all of the across-population
variation in hardening capacity is explained by the predictability and seasonality of maximum temperature in the
lizards’ environment.

Materials and methods
STUDY SYSTEM AND SPECIES

The sunskink Lampropholis coggeri is a small (maximum snout–
vent length of 45 mm), diurnal lizard restricted to the Wet Tropics
rain forests of north-east Queensland, Australia (Australian Reptile Online Database 2014; Fig. 1). These skinks thermoregulate
by alternately basking in direct sun and foraging in and under leaf
litter. They are especially common in edge habitats, namely in
canopy gaps and along road and forest edges. The species has a
low dispersal rate: approximately 80 m.gen 05 (Singhal & Moritz
2012). Across the Wet Tropics L. coggeri has two deeply divergent
lineages: a northern and southern lineage which likely represent
diﬀerent species (Bell et al. 2010). To ensure intraspeciﬁc sampling, we focused our study on the southern lineage only, sampling from Hervey Range in the south, north to the Kirrama
Range (Fig. 1). Within this southern lineage of L. coggeri, we
sampled lizards from 13 populations (Table 1). Pairwise geographic distances between these populations range from 18 to 115
km (Table S1, Supporting information).

MEASUREMENT OF HEAT HARDENING

Following capture by hand, skinks were housed individually in
long plastic tubs (340 9 120 9 160 mm) at the James Cook
University animal research facility. Each tub was coated with
shredded paper (mimicking leaf litter), and an 84-mL container
coated with moist vermiculite to provide the skinks with two types
of shelter and water. Tubs were maintained on heat racks that
produced a thermal gradient (21–40 °C) inside each tub, allowing
the skinks to thermoregulate. Lighting followed the natural
10 : 14 light to dark cycle and was supplemented with ultraviolet
light for 2 h each morning. Skinks were fed crickets every second
day, but no animals were fed in the morning prior to testing. All
skinks were tested within a fortnight of being collected from the
ﬁeld.
High temperature hardening was measured as the change in an
individual’s upper thermal limit following an exposure to high
temperature. In practice, this meant that we measured the upper
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Fig. 1. Map of our study area showing the 13 sampled populations. Coloured regions represent rain forest habitat, and the colour scale
describes the variation in daily maximum temperatures (from 1990 to 2009) at each pixel. Sample code 5220A is the Paluma population,
and 6805A is the Hervey Range population. The major mountain ranges are also labelled: Kirrama Range (KR); Paluma Range (PAL);
and Hervey Range (HR).

Table 1. Populations sampled, location, sample sizes and mean
mass and DCT (i.e. heat-hardening response) of lizards at each
site
Site
ID
6805A
5220D
5220A
5220E
6101A
4272A
4105A
3792A
3505B
4577A
5821A
3498A
2943A

Latitude
193629
192093
190178
189583
189106
188458
187992
187921
187788
187736
186096
186062
185614

Longitude

n

Mean mass,
g (SD)

1464769
1464113
1461549
1461523
1462508
1459041
1459086
1458345
1458250
1459579
1461800
1457915
1457789

14
13
9
16
11
10
16
5
9
10
8
14
10

127 (027)
032 (005)
121 (006)
031 (007)
079 (042)
105 (023)
04 (02)
096 (033)
096 (028)
115 (019)
056 (041)
089 (06)
048 (041)

mean DCT
°C (SD)
1
018
031
029
045
004
022
016
054
017
03
089
078

(067)
(033)
(052)
(026)
(031)
(048)
(052)
(023)
(042)
(034)
(023)
(071)
(042)

critical thermal limit (CTmax) for each individual twice (separated
by a set period of time; see ‘Timing of hardening response’ below),
and calculated the diﬀerence between these two measures (DCT)
as our measure of hardening. Measurement of CTmax was
achieved as follows: First, we placed skinks individually in 50 mL
plastic conical tubes with the tubes’ lids fastened. The skinks were
then incubated for 20 min at 35 °C to ensure that all animals
started the trial at the same body temperature. Tubes were
removed from the incubator one at a time to begin each skink’s
trial. The tube’s lid was replaced with a lid that had a thermocouple probe passing through its centre, allowing us to measure the
temperature inside the tube. We measured air temperature inside

the tube rather than the skink’s cloacal temperature because the
insertion of a thermocouple probe into the cloaca of such small
organisms (mean 12 g, max 27 g) severely impedes their righting
ability. Thus, our temperature measure may not precisely reﬂect
the internal temperature of the lizard, but should be closely correlated with it. The tube was submerged in an insulated box containing water at 35 °C, and we then increased the temperature in the
tube at a rate of one degree per minute (monitored by continuoustime, digital temperature readings) by adding hot water to the
insulated box. Whilst increasing the temperature, we frequently
ﬂipped the skink onto its dorsal surface (approximately every
10 s) by rotating the tube. The temperature at which the skink
could no longer right itself was recorded as its CTmax. When a
skink reached its CTmax, we immediately dipped the skink in a
20 °C water bath to rapidly cool the animal. All skinks recovered
from the CTmax trials.

TIMING OF HEAT-HARDENING RESPONSE

Because heat-hardening trials have not been conducted in this species, we ﬁrst sought to conﬁrm that heat-hardening response
occurs and to ascertain its time course. To do this, we measured
the change in the upper thermal limit (DCT) at varying time intervals (1–11 h in 2-h increments) since exposure to the ﬁrst CTmax
trial. As well as capturing the heat-hardening response, use of
DCT as our response variable also mitigates issues associated with
measuring air temperature inside the tube rather than core temperature of the animal: individual diﬀerences in size and behaviour
that might aﬀect the lag between air and core temperature are, if
they are constant across the two trials, eﬀectively removed from
our response variable. To ensure multiple high-temperature exposures did not inﬂuence our results, and to ensure independence,
each individual was only tested once. As such, data for diﬀerent
measurement intervals come from diﬀerent individuals. To check
that our results on timing were robust across populations, we ran
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these timing experiments for individuals from two populations
(Hervey Range [HR] and Paluma, see Fig 1). All these experiments were conducted by a single observer (V. L.).

POPULATION-LEVEL VARIATION

Following the clear result from above that DCT was maximized at
around 6 h after initial high-temperature exposure (see Results),
we made this our standard test interval and proceeded to measure
DCT across an additional 11 populations of Lampropholis coggeri.
Although individuals were tested within a fortnight of being collected, it took considerable time to collect all these populations.
Consequently, DCT across these populations was measured by
two observers (A. H.: eight populations, n = 59; V. L.: eight populations, n = 86; three of these populations were measured by both
observers), which we accounted for in our analyses.

STATISTICAL ANALYSES

Site-level temperature data
All analyses were conducted using R (R Core Team 2013). For
each of our sampling sites, we extracted the maximum daily
under-canopy temperature (DTmax) for every day from 1990 to
2009, resolved at 250 m2 grid scale (taken from Storlie et al.
2013). As expected, DTmax showed strong seasonal cycles
(Fig. S1). Because we were interested in the predictability of
short-term variation in DTmax (on the order of days) as well as
seasonal variation (on the order of months), we partitioned variance in our data into these two components. To achieve this, we
ﬁt a polynomial smoother through the time series data (using a
30-day interval as the smoothing window) and calculated ‘shortterm’ variance as the variance of the residuals around this
smoother, and ‘seasonal’ variance as the total variance minus the
short-term variance (See Supporting Information for more
details). Because the heat-hardening response we observed had a
time course on the order of hours, we also needed a measure of
ﬁne-scale predictability. Thus, we calculated ‘predictability’ as the
autocorrelation between successive days of the residual data. In
other words, ‘predictability’ explains how well a given DTmax
predicted the next day’s DTmax. These data manipulations gave
us three measures associated with DTmax for each site: ‘seasonal
variance’; ‘short-term variance’; and ‘predictability’. In the analysis, we also added to these the ‘mean of DTmax’ for each site,
calculated over the 20-year time period.

Timing of heat-hardening response

(e.g. Terblanche et al. 2007), there was a considerable observer
eﬀect on CTmax (see Results). The observer eﬀect on DCT was signiﬁcant through an interaction with the eﬀect of initial CTmax (see
Results). Accordingly, we included observer (and its interaction
with CTmax) as a ﬁxed eﬀect in all our analyses of population-level
variation. Thus, our inference on the geographic variation in DCT
and its correlation with environmental factors is made accounting
for the eﬀect of observer and initial CTmax. To assess whether
there was geographic variation in DCT, then we used an ANCOVA,
with population and observer as ﬁxed eﬀects, and initial CTmax
(and its interaction with observer) as our covariates.
To assess whether observed geographic variation was correlated
with environmental variables (mean DTmax, seasonal variance,
short-term variance and predictability), we used a linear model
relating DCT to observer and initial CTmax, (plus the interaction
between these) as well as the four environmental variables. Our
data constituted measurements from 145 lizards, across 13 populations. To correspondingly account for possible pseudoreplication
at the population level, we also added population as a random
eﬀect in our analysis. This mixed model was performed using the
nlme package in R (Pinheiro et al. 2013) with output generated by
the texreg package (Leifeld 2013).

Results
TIMING AND MAGNITUDE OF HEAT-HARDENING
RESPONSE

There was no evidence for an interaction between the two
sampled populations and the coeﬃcients of the quadratic
response to time (F2,35 = 198, P = 0150), so these interactions were dropped. The resultant quadratic model yielded
signiﬁcant coeﬃcients for the quadratic terms (coeﬃcient
of time = 062, t = 348, P = 0001; coeﬃcient of time
squared = 0048, t = 349, P = 0001), as well as a marginally signiﬁcant eﬀect for the population term (eﬀect of
Paluma vs. HR = 053, t = 205, P = 0048). The coeﬃcients for the quadratic imply a peak in heat hardening,
DCT, occurring at 644 h after the initial heat shock
(Fig. 2). Following this result, we chose to do all further
assays at 6 h post-shock. Across the two populations, in
the treatments tested at 5 and 7 h post-heat shock, individual DCT ranged from 04 to 26 degrees.
POPULATION-LEVEL VARIATION

Because we expected heat hardening (DCT) to manifest as a temporary increase in the individual’s CTmax, we ﬁt a quadratic function to the data showing the eﬀect of time on the magnitude of
the DCT and estimated the time to maximum hardening response.
Our data for this analysis were drawn from two populations (Hervey Range and Paluma), so we included population as an additional factor in this model. We assessed the signiﬁcance of the
model coeﬃcients using t-tests.

Population-level variation
DCT was negatively correlated with initial CTmax (see Results). To
control for this eﬀect in our population-level analyses, we included
initial CTmax as a covariate in statistical models. Data on population-level variation across our 13 sampled populations were also
collected by two diﬀerent people (VL and AH), and, consistent
with observations in other species and measurement procedures

Across all populations and lizards sampled, DCT ranged
from 09 to 26 degrees, with a mean of 042 degrees
(Fig. S1). The ANCOVA exploring variation in DCT as a
function of population, observer and initial CTmax and
their interaction (all as ﬁxed eﬀects) revealed signiﬁcant
eﬀects for all independent variables. As discussed above
(Materials and methods), there was a signiﬁcant negative
eﬀect of initial CTmax (F1,129 = 2584, P < 0001; Fig. 3),
and a signiﬁcant interaction between this slope and the
observer (Fig 3 F1,129 = 487, P = 0029). There was also a
signiﬁcant observer eﬀect (F1,129 = 5329, P < 0001), but
given that this signiﬁcance is assessed at the y-intercept
(and there is a clear interaction), this eﬀect is diﬃcult to
interpret. Finally, there was also a signiﬁcant population
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Fig. 2. Heat hardening (change in CTmax) as a function of time
since the heat shock was given. Two populations were tested, both
of which suggested a peak in heat hardening at 6.4 h post-shock.
Lines show the ﬁtted model and error bars represent 1 standard
error around the mean.

eﬀect (F12,129 = 928, P < 0001), conﬁrming that heat
hardening exhibits geographic variation.
How large are these geographic eﬀects, and can variation in hardening, DCT, be explained by an environmental
driver? Our mixed-eﬀects model conﬁrmed again a substantial and inverse eﬀect of initial CTmax on DCT (slope
estimate = 038, t = 493, d.f. = 129, P < 0001), in
this case without signiﬁcant observer eﬀects (interaction = 011, t = 111, d.f. = 129, P = 0270). The analysis also revealed a positive relationship between DCT and
seasonal variation in DTmax (slope estimate = 011,
t = 290, d.f. = 8, P = 0019; Fig. 4), the predictability of
DTmax (slope estimate = 977, t = 343, d.f.
= 8,
P = 00089; Fig. 4) and mean DTmax (slope estimate = 0047, t = 261, d.f. = 8, P = 0031). In contrast,
short-term variance in maximum temperature had no eﬀect
on DCT (slope estimate = 010, t = 124, d.f. = 8,
P = 0250). Correlation coeﬃcients between observer and
all other explanatory variables were low (<035) in all cases
except for initial CTmax, where the correlation coeﬃcient
was 080. Comparison of models with and without the
environmental terms suggests that local environmental
conditions explain eﬀectively 100% of the population-level
variance in DCT (Table 2).

Discussion
Tropical ectotherms are considered to be particularly vulnerable to climate change because they lack the capacity to
regulate their temperature independently of their environment and are thought to be narrowly adapted to the

Fig. 3. Observer eﬀects on CTmax and DCT. The top panel shows
how CTmax shifted between trials by observer (diﬀerent shapes).
Despite the large diﬀerence in CTmax between observers, DCT did
not diﬀer signiﬁcantly between observers (t-test: t = 0.88,
d.f. = 143, P = 0.38). The bottom panel shows density plots for
initial CTmax by observer.

relatively stable conditions of low-latitude habitats (Angilletta 2009; Huey et al. 2009, 2012). Moreover, because
these organisms evolved and persist in habitats with relatively low daily and seasonal temperature variation, they
are expected to have relatively poor buﬀering capacities
through physiological acclimation (Brattstrom 1968; Ghalambor et al. 2006). Nonetheless, tropical species with distributions across strong climatic gradients may harbour
important adaptive variation in physiological traits, and in
the plasticity of those traits.
Here, we document just such a plastic response – heat
hardening – in the tropical lizard, Lampropholis coggeri.
When exposed to a single episode of high temperature,
individual lizards showed a rapid increase of up to 26 °C
in their upper thermal limit, with a mean shift in CTmax of
approximately 042 °C (Fig. 3). This hardening response
peaked 6–7 h after the initial high-temperature exposure
before declining back to baseline levels over an equivalent
time period. The timing of this response is somewhat surprising: peak environmental temperatures typically occur
in the early afternoon, so the peak in heat hardening in
L. coggeri will typically occur when the environment is
cooling (in the late afternoon or evening). The heat-shock
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Table 2. The mixed-eﬀects model exploring eﬀects of site-level
environmental variables on the heat-hardening response of L. coggeri
Parameter estimates
(SE)
Intercept
Predictability
Short-term variance in maximum
temperature
Seasonal variance in maximum
temperature
Mean of maximum site temperature
Initial CTmax
Observer diﬀerence
Interaction: Observer x Initial CTmax
Log Likelihood
Number of observations
Number of groups

59566 (37420)
97709 (28435)**
01033 (00834)
01060 (00365)*
00464 (00178)*
03776 (00766)***
56994 (39445)
01097 (00988)
579595
145
13

Variables that signiﬁcantly contributed to the ﬁnal model are
highlighted in bold, with signiﬁcance denoted as follows:
***P < 0001, **P < 001, *P < 005. Variance explained by population in this model was eﬀectively zero (precisely, 12 9 10 10),
whereas a model without the ﬁxed environmental eﬀects had substantial population-level variance (27 9 10 2).

Fig. 4. Heat hardening showed substantial variation between populations, and much of this variation can be explained by a strong
relationship between heat hardening and the predictability and
seasonality of maximum temperature. The ﬁgure panels show heat
hardening of animals tested from 13 populations plotted against
the predictability and seasonality maximum temperature. The
y-axis denotes the residual heat hardening (removing the eﬀect of
the other model variables, see Table 2). The plotted line is the
slope from the linear model in Table 1 and indicates that the relationship between heat hardening and both seasonal variation and
predictability in maximum temperature is positive and signiﬁcant.

response has manifold eﬀects beyond simply increasing
CTmax, and these may include increased rates of cellular
repair as well as initiating long-term acclimation
(Hochachka & Somero 2002; Hoﬀmann, Sørensen &
Loeschcke 2003). As a consequence, it is diﬃcult to determine the reason behind the 12-h cycle of heat hardening
that we see here. Nonetheless, the correlations we observe

between hardening and the lizards’ thermal environment
(discussed below) suggest that the heat-hardening response
we elicited in the laboratory involves physiological machinery that has been optimized by climate-imposed natural
selection.
The strength of the heat-hardening response was
strongly contingent on initial thermal tolerance, such that
individuals with a relatively high initial CTmax showed a
relatively small heat-hardening response compared to
lizards with lower initial CTmax. This inverse relationship
between thermal limits and hardening response is commonly observed in Drosophila (e.g. Berrigan & Hoﬀmann
1998; Sørensen, Dahlgaard & Loeschcke 2001; Zatsepina
et al. 2001), and, across species, has also been shown in
crabs (Stillman 2003). Its presence also in our lizard suggests a general overlapping biochemical basis to the two
traits (as has been pointed out by Somero 2002; Bowler
2005). It is noteworthy that, in L. coggeri, ﬁeld variation
in CTmax (varying between 365 and 415 °C) appears to
be driven largely by acclimation to recent daily maximum
temperatures (DTmax) experienced in the lizards’ environment (J. Llewelyn, S. Macdonald, A. Hatcher, C. Moritz,
B. L. Phillips, unpublished data). Thus, our results suggest
that the magnitude of the heat-shock response in L. coggeri depends on its ﬁeld acclimation temperature, and this
implies a hard upper limit to this species’ capacity to
adjust its upper thermal tolerance, whether through acclimation or hardening. In individuals, already acclimated to
high temperatures, the capacity to mount a further heathardening response is severely compromised.
The strength of this heat-hardening response also varied
between populations: in some populations the heat-hardening response was weak to non-existent, whereas in others
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it was substantial. Moreover, this geographic variation in
heat hardening was strongly associated with local maximum temperatures, particularly with respect to the seasonality and predictability of DTmax. The clearest result from
our analysis of the lizards’ environment aﬃrms expectations that heat hardening is only beneﬁcial in predictably
variable habitats (Gilchrist 1995; Kingsolver & Huey
1998). Although DTmax was, overall, highly predictable on
a day-to-day basis (i.e. autocorrelation coeﬃcients ranging
from 076 to 081), that small amount of variation in predictability between sites accounted for a large portion of
the population-level variance in heat hardening (Fig. 4).
Whereas our results regarding environmental predictability are in clear agreement with theory, the expectation that hardening capacity should also scale with
short-term ﬂuctuation in DTmax was not met. Instead, we
found that seasonal variability explained considerably
more variation in heat hardening. Given the time-scale of
the heat-hardening response (order of hours), this result
is somewhat perplexing. Why would seasonal variation
matter for such a short-term response? We suspect the
answer lies in a biochemical overlap between the shortterm heat-hardening response and the longer term acclimation response. Acclimation involves a suite of biochemical changes both in the number and type of
proteins expressed, as well as changes to the lipid composition of cell membranes (reviewed in Bowler 2005; Angilletta 2009). Heat hardening, in contrast, is associated
primarily with the increased production of heat-shock
proteins, the production of which is triggered by the
accumulation of damaged proteins in cells (reviewed in
Hoﬀmann & Parsons 1991; Somero 2002; Bowler 2005).
Heat-shock proteins are associated with both acclimation
and hardening (Somero 2002; and references therein), and
hardening can have a cumulative eﬀect (repeated exposure
to high temperature cumulatively increases thermal tolerance, Hoﬀmann, Sørensen & Loeschcke 2003 and references therein). Thus, repeated heat shock begins to have
eﬀects that look like acclimation, suggesting that the two
phenomena are mechanistically linked. It seems quite possible, then, that selection for greater acclimation ability
(on the scale of weeks or months) may also provide an
increased capacity to mount rapid high-temperature-hardening responses.
The trait–environment association we uncover here is of
more than theoretical interest. Climate change is already
well underway, and there is justiﬁable concern that lowland tropical forest-dwelling species – with their narrow
thermal niches – may be particularly hard hit (Huey et al.
2009, 2012). Although tropical species may have narrower
thermal limits, it may be that because of this they exhibit
closer adaptation to local climatic conditions. When coupled with low dispersal rates, as in this species (Singhal &
Moritz 2012), much of the capacity for tropical species to
adapt to climate change may be found across space rather
than within populations or individuals. Our results are
consistent with this possibility, with clear patterns of local
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adaptation in heat hardening emerging over quite small
spatial scales. This high trait turnover raises the possibility
that gene ﬂow – occurring either naturally or as part of an
assisted gene ﬂow strategy (Aitken & Whitlock 2013) – can
assist populations of tropical species adapt to climate
change. Our work also highlights, however, that there may
be hard upper limits that ultimately constrain how high
CTmax can shift. This implies a temperature threshold
beyond which we would not expect the species to adapt.
Nonetheless, as extreme events become more common into
the future, locating populations pre-adapted to that new
regime may be of critical importance, and environment–
trait associations such as the ones we have uncovered here
will be invaluable to that eﬀort.

Acknowledgements
We thank Stephen Zozaya, Scott Harte, Henry Cook, Louis Vignali, Evan
Pickett, Jordon de Jong and Louise Barnett for their help collecting animals
in the ﬁeld. We also thank Naomi Harney, Kyana Pike and Margaret Murray for their help with animal husbandry, and Joe Holtum for lending us
equipment. Funding for this research was provided by the Australian
Research Council (DP1094646, DP130100318, FL110100104) and the
CSIRO/JCU Tropical Landscapes Joint Venture.

Data accessibility
The data and scripts are stored at FigShare (DOI: 10.6084/m9.ﬁgshare.1566871)

References
Aitken, S.N. & Whitlock, M.C. (2013) Assisted gene ﬂow to facilitate local
adaptation to climate change. Annual Review of Ecology, Evolution, and
Systematics, 44, 367–388.
Angilletta, M.J.J. (2009) Thermal Adaptation: A Theoretical and Empirical
Synthesis. Oxford University Press, Oxford, UK.
~ez, F., Bozinovic, F., Marquet, P.A., Valladares,
Ara
ujo, M.B., Ferri-Yan
F. & Chown, S.L. (2013) Heat freezes niche evolution. Ecology Letters,
16, 1206–1219.
Australian Reptile Online Database (2014) Lampropholis coggeri at the
Australian Reptile Online Database.
Bell, R.C., Parra, J.L., Tonione, M., Hoskin, C.J., Mackenzie, J.B., Williams, S.E. et al. (2010) Patterns of persistence and isolation indicate
resilience to climate change in montane rainforest lizards. Molecular
Ecology, 19, 2531–2544.
Bellard, C., Bertelsmeier, C., Leadley, P., Thuiller, W. & Courchamp, F.
(2012) Impacts of climate change on the future of biodiversity. Ecology
Letters, 15, 365–377.
Berrigan, D. & Hoﬀmann, A.A. (1998) Correlations between measures of
heat resistance and acclimation in two species of Drosophila and their
hybrids. Biological Journal of the Linnean Society, 64, 449–462.
Bilyk, K.T. & Devries, A.L. (2011) Heat tolerance and its plasticity in
Antarctic ﬁshes. Comparative Biochemistry and Physiology Part A,
Molecular & Integrative Physiology, 158, 382–390.
Bowler, K. (2005) Acclimation, heat shock and hardening. Journal of Thermal Biology, 30, 125–130.
Brattstrom, B.H. (1968) Thermal acclimation in anuran amphibians as a
function of latitude and altitude. Comparative Biochemistry and Physiology, 24, 93–111.
Chown, S.L. (2001) Physiological variation in insects: hierarchical levels
and implications. Journal of Insect Physiology, 47, 649–660.
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. Integrative and Comparative Biology, 46, 5–17.
Gilchrist, G.W. (1995) Specialists and generalists in changing environments.
I. Fitness landscapes of thermal sensitivity. American Naturalist, 146,
252–270.

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology

8 B. L. Phillips et al.
Hochachka, P.W. & Somero, G.N. (2002) Biochemical Adaptation: Mechanism and Process in Physiological Evolution. Oxford University Press,
Oxford, UK.
Hoﬀmann, A.A., Chown, S.L. & Clusella-Trullas, S. (2012) Upper thermal
limits in terrestrial ectotherms: how constrained are they? Functional
Ecology, 27, 934–949.
Hoﬀmann, A.A. & Parsons, P.A. (1991) Evolutionary Genetics and Environmental Stress. Oxford Science Publications, Oxford, UK.
Hoﬀmann, A.A. & Sgr
o, C.M. (2011) Climate change and evolutionary
adaptation. Nature, 470, 479–485.
Hoﬀmann, A.A., Sørensen, J.G. & Loeschcke, V. (2003) Adaptation of
Drosophila to temperature extremes: bringing together quantitative and
molecular approaches. Journal of Thermal Biology, 28, 175–216.
Hoﬀmann, A.A., Hallas, R.J., Dean, J.A. & Schiﬀer, M. (2003) Low potential for climatic stress adaptation in a rainforest Drosophila species.
Science, 301, 100–102.
Huey, R.B. & Kingsolver, J.G. (1989) Evolution of thermal sensitivity of
ectotherm performance. Trends in Ecology & Evolution, 4, 131–135.
Huey, R.B., Deutsch, C.A., Tewksbury, J.J., Vitt, L.J., Hertz, P.E., Alvarez
Perez, H.J. et al. (2009) Why tropical forest lizards are vulnerable to climate warming. Proceedings Biological Sciences/The Royal SOCIETY,
276, 1939–1948.
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, physiology and adaptation. Philosophical
Transactions of the Royal Society B: Biological Sciences, 367, 1665–1679.
Kingsolver, J.G. & Huey, R.B. (1998) Evolutionary analyses of morphological and physiological plasticity in thermally variable environments.
American Zoologist, 38, 545–560.
Latimer, C.A.L., Wilson, R.S. & Chenoweth, S.F. (2011) Quantitative
genetic variation for thermal performance curves within and among natural populations of Drosophila serrata. Journal of Evolutionary Biology,
24, 965–975.
Leifeld, P. (2013) texreg: Conversion of Statistical Model Output in R to
LaTeX and HTMLTables. Journal of Statistical Software, 55, 1–24.
Loeschcke, V. & Hoﬀmann, A.A. (2007) Consequences of heat hardening
on a ﬁeld ﬁtness component in Drosophila depend on environmental
temperature. The American Naturalist, 169, 175–183.
Meehl, G.A., Stocker, T.F., Collins, W.D., Friedlingstein, P., Gaye, A.T.,
Gregory, J.M. et al. (2007) Global climate projections. Climate change,
3495, 747–845.
Mu~
noz, M.M., Stimola, M.A., Algar, A.C., Conover, A., Rodriguez, A.J.,
Landestoy, M.A. et al. (2014) Evolutionary stasis and lability in thermal
physiology in a group of tropical lizards. Proceedings of the Royal Society B: Biological Sciences, 281, 20132433.
Nyamukondiwa, C., Terblanche, J.S., Marshall, K.E. & Sinclair, B.J.
(2011) Basal cold but not heat tolerance constrains plasticity among
Drosophila species (Diptera: Drosophilidae). Journal of Evolutionary
Biology, 24, 1927–1938.
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? The American Naturalist,
178(Suppl), S80–S96.
Parmesan, C., Root, T.L. & Willig, M.R. (2000) Impacts of extreme
weather and climate on terrestrial biota. Bulletin of the American Meteorological Society, 81, 443–450.
Pinheiro, J., Bates, D., DebRoy, S. & Sarkar, D. & R Core Team (2013)
nlme: Linear and Nonlinear Mixed Eﬀects Models.

R Core Team (2013) R: A Language and Environment for Statistical Computing. R Core Team, Vienna, Austria.
Rezende, E.L., Casta~
neda, L.E. & Santos, M. (2014) Tolerance landscapes
in thermal ecology. Functional Ecology, 28, 799–809.
Seebacher, F. (2005) A review of thermoregulation and physiological performance in reptiles: what is the role of phenotypic ﬂexibility?. Journal
of Comparative Physiology B, Biochemical, Systemic, and Environmental
Physiology, 175, 453–461.
Sgr
o, 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. Journal of
Evolutionary Biology, 23, 2484–2493.
Singhal, S. & Moritz, C. (2012) Strong selection against hybrids maintains
a narrow hybrid zone between morphologically cryptic lineages in a rainforest lizard. Evolution, 66, 1474–1489.
Somero, G.N. (2002) Thermal physiology and vertical zonation of intertidal
animals: optima, limits, and costs of living. Integrative and Comparative
Biology, 42, 780–789.
Sørensen, J.G., Dahlgaard, J. & Loeschcke, V. (2001) Genetic variation in
thermal tolerance among natural populations of Drosophila buzzatii:
down regulation of Hsp70 expression and variation in heat stress resistance traits. Functional Ecology, 15, 289–296.
Stillman, J.H. (2003) Acclimation capacity underlies susceptibility to climate change. Science, 301, 65.
Storlie, C.J., Phillips, B.L., VanDerWal, J. & Williams, S.E. (2013)
Improved spatial estimates of climate predict patchier species’ distributions. Diversity and Distributions, 19, 1106–1113.
Sunday, J.M., Bates, A.E. & Dulvy, N.K. (2011) Global analysis of thermal
tolerance and latitude in ectotherms. Proceedings. Biological sciences/The
Royal Society, 278, 1823–1830.
Terblanche, J.S., Deere, J.A., Clusella-Trullas, S., Janion, C. & Chown,
S.L. (2007) Critical thermal limits depend on methodological context.
Proceedings of the Royal Society B: Biological Sciences, 274, 2935–2943.
Thomas, C.D., Cameron, A., Green, R.E., Bakkenes, M., Beaumont, L.J.,
Collingham, Y.C. et al. (2004) Extinction risk from climate change. Nature, 427, 145–148.
Zatsepina, O.G., Velikodvorskaia, V.V., Molodtsov, V.B., Garbuz, D., Lerman, D.N., Bettencourt, B.R. et al. (2001) A Drosophila melanogaster
strain from sub-equatorial Africa has exceptional thermotolerance but
decreased Hsp70 expression. Journal of Experimental Biology, 204, 1869–
1881.
Received 14 June 2015; accepted 29 October 2015
Handling Editor: David Gr
emillet

Supporting Information
Additional Supporting information may be found in the online
version of this article:
Figure S1. Raw and detrended data on maximum temperature at
one of our sites (Paluma, 5220A).
Table S1. Pairwise distance (in kilometres) between our survey
sites.

© 2015 The Authors. Functional Ecology © 2015 British Ecological Society, Functional Ecology

