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Ectothermic species are particularly sensitive to changes in temperature and
may adapt to changes in thermal environments through evolutionary shifts
in thermal physiology or thermoregulatory behaviour. Nevertheless, the her-
itability of thermal traits, which sets a limit on evolutionary potential,
remains largely unexplored. In this study, we captured brown anole lizards
(Anolis sagrei) from two populations that occur in contrasting thermal
environments. We raised offspring from these populations in a laboratory
common garden and compared the shape of their thermal performance
curves to test for genetic divergence in thermal physiology. Thermal
performance curves differed between populations in a common garden in
ways partially consistent with divergent patterns of natural selection experi-
enced by the source populations, implying that they had evolved in response
to selection. Next, we estimated the heritability of thermal performance
curves and of several traits related to thermoregulatory behaviour. We did
not detect significant heritability in most components of the thermal
performance curve or in several aspects of thermoregulatory behaviour,
suggesting that contemporary selection is unlikely to result in rapid evol-
ution. Our results indicate that the response to selection may be slow in
the brown anole and that evolutionary change is unlikely to keep pace
with current rates of environmental change.

1. Introduction

Anthropogenic climate change is resulting in rapid shifts in the thermal environ-
ments experienced by terrestrial ectotherms, many of which have limited ability
to disperse and may need to rely on in situ adaptation to avoid extinction [1-4].
When local thermal environments become suboptimal, evolutionary adaptation
in both thermal physiology and thermoregulatory behaviour may help
ameliorate the negative impacts of environmental change.

Evolutionary shifts in thermal physiology manifest at the organismal level
as changes in the shape of thermal performance curves. Thermal performance
curves describe the relationship between body temperature and performance of
an ecologically relevant task such as locomotion, digestive efficiency or fora-
ging rate [5-7]. To the extent that the internal body temperatures of
individuals covary with environmental temperatures, increases or decreases
in the mean and variance of environmental temperature should lead to modifi-
cations of thermal performance curves [8]. For example, a change in the
variance of body temperatures experienced by individuals should select for a
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shift in curve breadth, whereas a change in mean body temp-
erature should select for a shift in the temperature at which
performance is optimized [1,9].

When organisms thermoregulate, the covariance between
organismal body temperature and environmental tempera-
ture is diminished [10-13]. For ectotherms, this lack of
correspondence between body temperature and environ-
mental temperature occurs primarily because individuals
selectively use a narrow range of suitable microclimates
within a thermally heterogeneous habitat [14]. Individuals
that behaviourally thermoregulate are unlikely to experience
thermal extremes and may, therefore, buffer themselves from
selection on thermal physiology, a phenomenon known as
the ‘Bogert Effect’ [15-17]. Indeed, studies comparing
thermoregulating species distributed across elevational or
latitudinal gradients often find that thermal physiological
traits are invariant despite large differences in local environ-
mental temperatures [18,19]. In the context of climate change,
this suggests that behavioural compensation for changing
thermal environments can actually increase extinction risk
over the long term by inhibiting evolutionary adaptation in
thermal physiology [7,18]. Additionally, thermoregulatory
behaviour itself may evolve. For example, climate change
may favour individuals that are more efficient at locating
preferred microclimates, or those that spend more time
thermoregulating relative to foraging and other activities.
Thus, evolutionary change in thermoregulatory behaviour
may help maintain population viability even while constraining
evolutionary shifts in thermal physiology.

Previous studies have shown that both thermal physi-
ology and thermoregulatory behaviour can be targets of
selection in wild populations of small ectotherms, including
lizards [7,20,21], insects [22] and molluscs [23]. Using a
field experiment, Logan et al. [7] demonstrated that brown
anole lizards (Anolis sagrei) transplanted from an interior
forest habitat to a warmer and more thermally variable
open habitat experienced strong directional selection for
higher thermal optima and broader performance breadths.
Similarly, Gilbert & Miles [20] documented selection on ther-
moregulatory behaviour in a population of ornate tree lizards
(Urosaurus ornatus), in which individuals that preferred
higher body temperatures in a laboratory thermal gradient
were more likely to survive in nature. However, selection
will only result in evolution if phenotypic variation has an
additive genetic basis [4,24,25]. To date, there are very few
studies on the heritability of thermal traits in animals.
Pioneering studies that reported broad-sense heritability in
insects have suggested that thermal traits may have an addi-
tive genetic basis [26-28], but to our knowledge, no study
has quantified the narrow-sense heritability of a thermal
performance curve in any species, and only two studies
[29,30] have estimated broad- or narrow-sense heritability
for aspects of thermoregulatory behaviour.

For this study, we collected adult brown anoles from two
islands in The Bahamas at sites differing dramatically in their
thermal characteristics. Lizards from the island of Great
Exuma come from densely vegetated habitat with abundant
shade and have experienced a relatively cool, thermally
stable environment, whereas lizards from Eleuthera occupy
an exposed, sparsely vegetated peninsula and have experi-
enced warmer, more thermally variable conditions (table 1,
figure S1). Previously, Logan et al. [7] measured natural selec-
tion on components of the thermal performance curve for

sprint speed in these populations. In the cooler and more
thermally stable environment on Great Exuma, the thermal
performance curve was not under selection (table 1). How-
ever, when lizards from an interior forest environment on
Eleuthera (similar in its thermal properties to the environ-
ment on Great Exuma) were transplanted to the warmer
and more thermally variable peninsula, they underwent
strong viability selection for higher thermal optima and
broader performance breadths (table 1). Eleuthera parents
for the current breeding experiment were captured just
prior to this transplant study, whereas Exuma parents were
captured just after that study but at an adjacent site with simi-
lar habitat. Thus, our breeding populations would have
presumably experienced different local thermal environments
for many generations. To test the prediction that Great Exuma
and Eleuthera populations have genetically diverged in
response to their contrasting thermal environments in ways
congruent with previous estimates of selection, we bred
adults from these populations in a paternal half-sibling
design and raised their offspring in a laboratory common
garden environment, then assayed F; offspring for thermal
performance curves and aspects of thermoregulatory behav-
iour. Next, we analysed pedigrees for each population to
determine whether thermal performance curves and thermo-
regulatory behaviour have an additive genetic basis such that
they can respond rapidly to selection imposed by future
climate change.

2. Material and methods

(@) Common garden and breeding design
We collected adult brown anoles (A. sagrei) from each of two
islands in The Bahamas (Great Exuma: 23°29'N, 75°45'W;
Eleuthera: 24°50' N, 76°19' W). To reduce the potential for fertiliza-
tion using stored sperm [31], we collected adults between 25 and
30 January 2012, prior to the onset of the breeding season (April to
October). Individuals were transported to a breeding facility at the
University of Virginia, where they served as the parental gener-
ation for our breeding experiment. We maintained adults
individually in plastic cages (males: 40 x 23 x 32 cm; females:
30 x 20 x 20 cm; Lee’s Kritter Keeper, San Marcos, CA) contain-
ing a potted plant (Coleus) for oviposition, a carpet substrate, a
section of PVC pipe for perching and hiding (30 cm length,
2.5cm diameter), and a strip of fibreglass screen suspended
across the top of the cage for basking. We placed cages directly
beneath two ReptiSun 10.0 UVB bulbs (ZooMed, San Luis
Obispo, CA) and housed them at constant temperature (29°C
diurnal, 25°C nocturnal), relative humidity (65%) and photo-
period (12L:12D during simulated winter, 13 L:11D during
the breeding season). Three times per week, we offered adult
males 5-7 large (1/2 inch = 12.7 mm) crickets (Gryllus assimilis
and Gryllodes sigillatus; Ghann’s Cricket Farm, Augusta, GA),
and adult females 3—5 medium (3/8 inch = 9.5 mm) crickets. We
dusted crickets weekly with Fluker’s Reptile Vitamin and Calcium
supplements (Fluker’s Cricket Farms, Port Allen, LA) and sprayed
cage walls and potted plants twice daily with deionized water.
We paired each sire with two dams from the same population,
such that each female mated with only one male. This design
allowed us to estimate genetic variances using the phenotypes
of full-sib and paternal half-sib F; progeny. After isolating each
female for two to three months following capture to ensure that
they were not producing eggs from stored sperm, we introduced
females into the cages of males and allowed them to mate for 14
days before returning them to their original cages. Previous
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Table 1. A comparison of habitat structure, thermal environments, lizard body temperatures and selection gradients for components of the thermal performance  [JJEJi}

curve (TPC) measured at locations near the source populations for this common garden breeding experiment. These data are presented in depth by Logan et al. [7].

Exuma Eleuthera

habitat
operative environmental temperatures (7;)

mean daily T, 29.8 + 0.24 s.e.m.“C
fnax ‘daily T, ‘32‘.1 i 046 s.e.m.°C ‘
weekly range in mean daily T, 28.9-31.1°C

seasonal variance in mean weekly T, 0.5°C

summary of T,
lizard field-active body temperatures (T;)
mean T,

maximum T, » 36.4°C

summary of Ty,
selection gradients (/3) on TPC parameters
maximal performance (Ppay)

thermal optimum (7,,,)
performance breadth (7y,)
summary of natural selection

*Significant selection gradients (p << 0.05) are indicated.

studies have shown that, even when females are collected from the
wild at the peak of the breeding season, they shift to the fertiliza-
tion of eggs with sperm from captive mates within an average
time of less than three weeks [31]. To generate paternal half-
siblings, we introduced a second female into the cage of each
male a week after the removal of the first female, and again
allowed the pair to mate for 14 days. Four months after initial
mating, we paired the same individuals a second time to provide
females with additional sperm. The following year, we repeated
the same breeding protocol with the same sire-dam pairs to
increase the number of offspring in each family.

Each week, we checked each female’s potted plant for new
eggs, which we transplanted to individual plastic containers con-
taining moist vermiculite (1:1 deionized water to vermiculite by
mass). Egg containers were then placed in a Percival Intellus
136VL incubator set to maintain 28°C, 80% relative humidity,
and a 12 L: 12D photoperiod. We checked egg containers twice
daily for new hatchlings, which we assigned a unique toe-clip
for permanent identification and housed individually in cages
identical to those of adult females. We offered each hatchling
10-15 pinhead crickets (Acheta domestica) daily, dusted with
Fluker’s Reptile Vitamin and Calcium supplements. At three
months of age, we began offering each lizard 2-3 small (1/4
inch=6.4mm) crickets (G. sigillatus) three times per week
(dusted weekly). At 12 months of age, we began feeding each
lizard 5-7 large (1/2 inch =12.7 mm) crickets (G. sigillatus)
three times per week (dusted weekly). We waited until offspring
had grown to adulthood (minimum 18 months of age) before
phenotyping them for thermal performance curves and thermo-
regulatory behaviour. Because we had bred the parental
generation in two successive years, we phenotyped the resulting
F; cohorts in two separate years, but at similar body sizes.

(b) Thermal performance curves

We estimated the thermal sensitivity of sprint speed in 289 and
119 adult male F; offspring from Great Exuma (48 sires, 85
dams) and Eleuthera (35 sires, 56 dams) parents, respectively.

relatively dense vegetation, closed canopy

copler and more thermally »stable
329 4+ 0.24 s.e.}m.°C>

lower ﬁeld-a;tive body temperatures
0.23 4+ 0.15s.e.m.

‘0.02 i 013 s.e.m.

0.13 + 0.14 s.e.m.
no linear selection on TPC parameters

relatively sparse vegetation, open canopy

32.5 4+ 0.21 s.em.°C
362 + 039 s.em.°C
284-352°C

29°C

warmer and more thermally variable

34.4 4 0.21 s.e.m.°C
38.6°C
higher field-active body temperatures

0.19 4+ 0.23 s.e.m.
056 + 0.23s.em.*
0.49 + 0.20 s.e.m.*
selection for higher Topt and broader Ty, ‘

We heated or cooled lizards to each of six temperatures (15, 21,
27,32, 37 and 42°C, in a randomized order) in a Percival Intellus
136VL incubator. Each day, lizards were phenotyped at two temp-
eratures with a minimum of a 2 h break between trials (‘trial’ = a
set of runs at a given temperature). Each individual was encour-
aged to run along a wooden dowel rod (1 m long, 2.5cm in
diameter) positioned at a 20° angle to prevent hopping. The
dowel was demarcated every 10 cm and trials were filmed with
a fast-frame (60 frames per second (fps)) digital video camera.
Each lizard was run three times in quick succession at each temp-
erature, and body temperatures were confirmed at the start and
end of each trial using a cloacal thermometer. Runs that occurred
more than 30s after the lizard had been removed from the
incubator were not included in subsequent analyses.

Sprint videos were analysed in the motion-analysis software
program Kinovea (www.kinovea.org). Sprint speed was calcu-
lated using the frame-rate of the camera, and we recorded the
fastest sprint speed during each trial over any 10 cm segment
[7,32]. If the lizard could not run at least 10 cm at the coolest
and warmest temperatures, we scored that trial as a speed of
zero [7,32]. At the intermediate temperatures, if the lizard fell off
the dowel rod, hopped, or could not maintain coordination for
at least 10 cm, we discarded the trial and did not include it in
further analyses [7,32]. If these events occurred at the extreme
temperatures (15°C and 42°C), they were likely a result of
temperature stress and were scored as a sprint speed of zero.

We generated thermal performance curves following [7],
fitting the full set of asymmetric parabolic functions built into
the software program TableCurve 2.0 to the raw sprint data
[7,32-35]. We fitted both zero and non-zero intercept versions
of each function to each individual. We then chose the best
curve fit for each individual using AIC (if the curves differed
in AIC score by two or greater, we considered them significantly
different). If AIC could not distinguish between the best curves,
we chose the curve with the fewest parameters. If two curves did
not differ in AIC score or number of parameters, we chose the
curve with the highest * value. By solving each individual’s
curve at 0.1°C intervals, we extracted three values which describe
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the general shape of thermal performance curves: the thermal
optimum (body temperature at which performance is greatest,
Top), the maximal performance across all temperatures (Ppax),
and the performance breadth (the range of body temperatures
at which the lizard achieves at least 80% of maximal performance,
Tbr) [1]

We compared sprint speed at each temperature between
Great Exuma and Eleuthera populations using restricted maxi-
mum-likelihood mixed models that included ‘run order” (first,
second, or third sprint at a given temperature) and “population’
(Great Exuma or Eleuthera) as fixed effects with interactions, as
well as ‘individual” as a random effect (to account for repeated
measures). Additionally, we compared the means of individual
estimates of thermal optima, performance breadths, and maxi-
mal performances between populations using ANOVA. All
comparisons of thermal performance curves were conducted in
JMP Pro 13 (SAS Institute, Cary, NC, USA). Because we did
not measure lizards from Eleuthera in the second year of our
study, all comparisons between Eleuthera and Exuma are
based on data from the first year only.

(c) Thermoregulatory behaviour

We quantified variation in thermoregulatory behaviour for 156
F; adult male brown anoles produced from Great Exuma parents
(44 sires, 71 dams) using a laboratory thermal gradient. Each lane
of our thermal gradient was 1.2 m long by 0.25 m wide by 0.35 m
tall. We fixed a 60 W incandescent indoor floodlight bulb above
one end of each lane and put six frozen gel packs under the other
end. This generated a thermal gradient ranging from 20 to 48°C.
We taped 40 gauge, type T thermocouples to the cloacal surface
of each individual prior to introducing them to the gradient, then
allowed each individual to acclimate to the gradient for a period
of 10 min prior to taking body temperature measurements. The
thermocouples were connected to an OMEGA eight-channel
data acquisition module (TC-08, OMEGA Engineering, Inc., Nor-
walk, CT, USA), which recorded body temperatures every 10 s
for 90 min. The initial body temperature of each lizard when
introduced to the gradient was approximately 30°C. We quanti-
fied the mean, median, minimum, maximum and range of body
temperatures achieved in the thermal gradient as different esti-
mates of thermoregulatory behaviour for each individual. The
mean and median body temperatures chosen in a gradient can
be thought of as estimates of an individual’s thermal preference,
whereas the minimum, maximum and range of body tempera-
tures chosen in a gradient can collectively be thought of as
estimates of an individual’s thermoregulatory precision, its
desire to remain at a narrow versus broad range of temperatures,
or its tendency to endure very high or low body temperatures.

(d) Quantitative genetic analyses

We employed restricted maximum-likelihood “animal models” in
the software program ASReml 4 (VSN International Limited,
Hemel Hempstead, UK) to estimate the additive genetic var-
iances and heritabilities of the thermal sensitivity of sprint
speed (thermal performance curves) and thermoregulatory
behaviour in our study populations. All parameters were esti-
mated separately for each population. For thermal sensitivity of
sprint speed, we analysed the data in two ways. First, we ana-
lysed sprint speed at each trial temperature in separate animal
models. Each model included run (first, second or third sprint
for each individual at each test temperature) and year (2012 or
2013 cohort, Great Exuma only) as fixed effects, a pedigree-
linked random-effect of individual to estimate additive genetic
variances, and a second random-effect of individual to estimate
permanent environmental effects. Second, after verifying nor-
mality, we estimated variance components for the composite
traits (thermal optimum, maximal performance and performance

breadth) that describe the shape of the thermal performance
curve. We did not conduct more detailed multivariate or func-
tion-valued analyses due to low additive genetic variances
detected during univariate analyses (see Results). Models for
these composite traits included a fixed-effect of year (2012 or
2013 cohort, Great Exuma only) and a pedigree-linked random-
effect of individual. Finally, we implemented animal models in
ASReml for each aspect of thermoregulatory behaviour (mean,
median, minimum, maximum and range of body temperatures
chosen in a thermal gradient).

To determine statistical significance of variance components,
we used likelihood-ratio tests [36]. Significance of additive gen-
etic variance was determined by comparing a full model to one
in which genetic variance was fixed at zero (1 df), and signifi-
cance of permanent environmental variance was tested by
comparing a model that included both permanent environmental
variance and residual variance to one that included only residual
variance (1 df). For all models, we calculated heritability and
repeatability (where appropriate) and their standard errors (in
ASReml) by dividing the additive genetic variance or the total
individual variance (additive genetic variance plus permanent
environmental variance) by the total phenotypic variance. We
did not estimate genetic covariances due to the low additive
genetic variance underlying most traits (see Results).

3. Results

(a) Thermal performance curves

Thermal performance curves differed between laboratory-
reared offspring from each of our study populations
(figure 1). Eleuthera lizards sprinted faster than Great
Exuma lizards at 15°C (F; 310 = 17.53, p < 0.0001). By con-
trast, Great Exuma lizards outperformed those from
Eleuthera at 21°C (F; 293 = 7.28, p = 0.0074), 27°C (F1 299 =
59.65, p < 0.0001), 32°C (Fj 306 = 104.40, p < 0.0001), 37°C
(F1,307 = 18.03, p<0.0001) and 42°C (F1310=06.76, p=
0.0098). Additionally, lizards from Great Exuma had greater
maximal performance (Great Exuma mean = 097 ms !,
Eleuthera mean =0.84 ms ™ \; Fi68 =21.93, p < 0.0001) and
broader performance breadths (Great Exuma mean =
10.0°C, Eleuthera mean = 8.8°C; Fj 65 = 13.99, p = 0.0002)
than those from the Eleuthera population, whereas Eleuthera
lizards had a higher thermal optimum (Great Exuma mean =
34.7°C, Eleuthera mean = 36.0°C; Fj 65 = 12.97, p = 0.0004;
figure 2).

When we evaluated sprint speeds at each test temperature
as independent traits, most were not significantly heritable
(0 < h? < 0.06) for either population (table 2). However, for
Great Exuma, sprint speed was significantly heritable at
37°C (h*=0.124 + 0.077 s.em.), and for Eleuthera, sprint
speed was significantly heritable at 15°C (h* = 0.488 + 0.057
s.e.m.). Sprint speed was repeatable at every temperature in
both populations (significant effect of ‘individual’; lowest
and highest r? values, respectively, were 0.283 and 0.579;
mean 2= 0.477; table 2). The composite traits that describe
the shape of the thermal performance curve (maximal per-
formance, performance breadth and the thermal optimum)
were not significantly heritable for either population (table 2).

(b) Thermorequlatory behaviour

The mean, median, minimum, maximum and range of body
temperatures selected by Great Exuma lizards in a laboratory
thermal gradient were 32.7°C +0.34 s.e.m., 32.4°C +0.35
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Figure 1. Thermal performance curves differed between laboratory-reared
populations. Exuma individuals performed better across all test temperatures
except 15°C, where Eleuthera individuals performed better. (a) Standard
errors are too small to be visible. (b) The best-fit curves from which the
composite traits (thermal optimum, performance breadth and maximal
performance) were extracted. Two and three asterisks denote significance
to the thousandths (less than 0.009) and ten-thousandths (less than
0.0009) decimal places, respectively.

s.e.m., 29.2°C + 0.33 s.e.m., 36.6°C 4+ 0.45 s.e.m. and 7.36°C +
0.44 s.e.m., respectively. Of these traits, only the range was
significantly heritable (h* =041 + 0.21 s.e.m.; table 2).

4. Discussion

Consistent with the hypothesis that thermal performance
curves have genetically diverged in contrasting thermal
environments, captive-bred F; offspring from our two
source populations had thermal performance curves that dif-
fered in several characteristics. Specifically, they differed in
performance capacity at every body temperature measured
(figure 1), as well as in the composite variables that describe
the shape of the thermal performance curve (figure 2). Never-
theless, we did not detect significant heritability underlying
most of the thermal physiology and thermoregulatory
behaviour traits we measured, suggesting that these traits
lack sufficient additive genetic variance to respond rapidly
to contemporary selection.

Differences in thermal performance curves between our
two laboratory-reared populations were only partially con-
sistent with the contrasting selection gradients measured in
nature. For example, Logan et al. [7] found that anoles from
a thermally benign environment near our source population
on Great Exuma did not experience natural selection on
their thermal performance curves (table 1). By contrast,
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Figure 2. The composite traits that describe the shape of the thermal per-
formance curve differ among study populations. The Exuma population had a
lower thermal optimum (a), a higher performance breadth (b) and a higher
maximal performance (c). Boxes and whiskers range from the 25th to the
75th quartiles, and 10th to 90th percentiles, respectively. The line passing
through the box represents the median. Three asterisks denote significance
to the ten-thousandths (p << 0.0009) decimal place.

anoles from a cool interior location on Eleuthera that were
transplanted to the hotter and more thermally variable penin-
sula from which we sampled our source population
experienced higher mean body temperatures and underwent
directional selection favouring a higher thermal optimum
and a broader performance breadth [7]. Thus, the parental
generations for our breeding colonies should have experi-
enced a history of selection similar to those described above
and summarized in table 1. Consistent with these previous
field estimates of selection, Eleuthera offspring raised in a
laboratory common garden environment had a higher ther-
mal optimum for sprint speed. Conversely, Eleuthera
offspring raised in the laboratory had narrower performance
breadths, whereas previous field measurements revealed
directional selection for broader performance breadths fol-
lowing transplantation to this site. It should also be noted
that F; offspring from Eleuthera generally exhibited lower
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Table 2. Variance components (additive genetic = V,; permanent environmental = Vy; residual = V), heritabilities (h?) and repeatabilities (r), with s.e. in
parentheses, for running speed (v) at six body temperatures and for the composite variables describing the shape of the thermal performance curve (thermal
optimum = Tq,; maximal performance = Py,,,; performance breadth = Ty,). For clarity, variance components (and their s.e.) were multiplied by 10° for all
traits except Top and Ty, Statistical significance (p << 0.05) of variance components (as determined via likelihood-ratio tests) is indicated in italics.

population trait A Vee

Exuma v15°C 0.51 (0.53) 2.39 (0.62)
V21°C 0 15.52 (1.71)
V27°C 200 (3.28) 27.29 (4.28)
¢ o0 36.15 (4.03)
V37°C 8.70 (5.54) 27.70 (5.78)
v42°C 056 (5.57) 55.44 (8.24)
Topt 0.10 (0.76) na.
Pmax o 0 » » n.a.
Ty 0.74 (0.81) na.

Eleuthera wVsC 7190138 0
V21°C 144 (3.70) 10.56 (4.08)
e o0 1434 (2.87)
v32°C 0 16.15 (3.07)
V37°C 0 29.17 (5.18)
v42°C 0 11.29 (2.87)
Topt 0 n.a. ‘
Prnax 0 na.
Tbr 0 n.a.

sprint speeds across all temperatures relative to those from
Great Exuma, such that overall differences in performance
between populations may be driving differences in thermal
performance curves in a way that is independent from
thermal adaptation per se. It is also possible that differing be-
havioural responses to the laboratory environment underlie
differences in sprint performance and that this, again, is inde-
pendent of thermal adaptation. Lastly, we cannot rule out a
role for maternal effects given that our assays were conducted
on F; individuals from wild-caught parents [37].

Although our common garden experiment suggests that
thermal performance curves have diverged genetically
between these populations, we found little evidence of addi-
tive genetic variance underlying the thermal sensitivity of
sprint speed. At five of the six temperatures in our study,
we did not detect significant heritability for sprint speed in
either population, nor did we detect heritability for the com-
posite traits (thermal optimum, performance breadth,
maximal performance) that define the shape of the thermal
performance curve. Although these composite traits are diffi-
cult to measure with precision and resultant noise in those
data may have reduced our capacity to detect heritability,
sprint speed was repeatable at each test temperature in both
populations, suggesting that it should have been possible to
detect underlying additive genetic variance if it was present
at moderate magnitudes. Moreover, using the same F1 indi-
viduals that we included in this study, Cox et al. [36,38]
previously detected significant additive genetic variance
for body size, dewlap size and dewlap colouration, as well
as for composite traits such as growth trajectories. One
interpretation for the lack of additive genetic variance in
the present study is that strong selection in the past has led

A 4 4

6.04 (0.36) 0.057 (0.059) 0324 (0.038)
12.10 (0.76) 0 0.562 (0.033)
2131 (131) 0.040 (0.065) 0579 (0.032)
129.80 (1.86) 0o 0.548 (0.034)
33.95 (2.03) 0.124 (0.077) 0517 (0.034)
4833 (2.86) 0.005 (0.054) 0537 (0.033)

7.50 (10.08) 0.013 (0.100) na.

5314 (488 0  na

638 (0.94) 0104 (0.113) na.
753 (0.69) 0488 (0.057) 0488 (0.057)
11.98 (1.26) 0.060 (0.153) 0.501 (0.060)
119.38 (1.86) 0 0425 (0.059)
18.84 (1.80) 0 0462 (0.057)
28.85 (2.69) 0 0.502 (0.054)
28.61 (2.66) 0 0.283 (0.060)
1041 (1.50) 0 na.

35.7 (5.12) 0 na.

8.44 (1.21) 0 na.

to divergence between populations while simultaneously
eroding genetic variance for these traits.

As with our analyses of thermal performance curves, four
of the five behavioural thermoregulation traits that we
measured were not heritable, including the mean tempe-
rature achieved in a thermal gradient (an ecologically
important trait that is usually taken to approximate the “pre-
ferred temperature’ of an individual) [20,39,40]. In the context
of climate change, thermoregulatory behaviour is usually
only considered in its capacity to constrain the evolution of
thermal tolerance (by reducing the range of environmental
states experienced by individuals) [15,18], or in its ability to
mitigate the negative impacts of warming by allowing indi-
viduals to seek out thermal refugia [12,41,42]. Here, we
tested the idea that thermoregulatory behaviour itself may
have the capacity to evolve rapidly, an idea that has received
very little attention in the literature (but see [29], which also
found no detectable additive genetic variance underlying
one aspect of thermoregulatory behaviour).

Gilbert & Miles [20] previously documented strong natu-
ral selection favouring higher thermal preferences in a wild
population of ornate tree lizards (U. ornatus) from Arizona.
By contrast to the brown anoles studied by Logan et al. [7],
the tree lizard population was not transplanted to a novel
thermal environment, suggesting that selection on thermore-
gulatory behaviour may typically be strong even when
environments do not change. Thus, selection may be particu-
larly likely to erode genetic variance in traits related to
thermoregulatory behaviour (because selection should be
even stronger when environments change). Nevertheless, it
should be noted that we did detect relatively high heritability
for the range of body temperatures achieved in a thermal
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gradient, and our estimate of heritability for maximum body
temperature approached significance (table 3). With higher
sample sizes, therefore, we might have detected non-zero her-
itability for several aspects of thermoregulatory behaviour,
especially those that are associated with thermoregulatory
precision.

The lack of genetic variance underlying thermal physi-
ology and thermoregulatory behaviour in brown anoles
suggest that the most likely avenue of rapid, short-term
change in this trait is phenotypic plasticity [43]. Indeed,
brown anoles are invasive over large portions of the tropical
and subtropical Western hemisphere and have shown little
difficulty adjusting to novel thermal environments [44],
suggesting that rapid genetic adaptation may be unnecessary
for their continued survival under climate change. Never-
theless, the capacity for terrestrial ectotherms in general to
respond to environmental change through plasticity may be
limited [45], and the importance of acclimatization is likely
to be idiosyncratic and species-specific. Further work on
diverse taxa is needed to understand the extent to which
thermal performance curves and thermoregulatory behaviour
may be evolutionarily fixed in the short-term, and the extent
to which plasticity can reduce extinction probabilities. More-
over, the relative importance of evolutionary change in
thermal physiology versus thermoregulatory behaviour is a
promising area of future research [46].

Although we found that two laboratory-reared
populations of brown anoles from divergent thermal environ-
ments experiencing contrasting patterns of selection differ in
their thermal performance curves, we also found that neither
population appears to have sufficient standing genetic vari-
ation to evolve rapidly in response to climate change. The
extent to which this conclusion can be generalized to other
species, or beyond the laboratory common garden environ-
ment in which we measured heritability, remains to be
seen, but further research is clearly needed. Recent studies
(including our own; [7,20,32]) have emphasized the potential
role of evolutionary rescue in the face of climate change.
Nevertheless, our results suggest that, in at least in some
species, other avenues of resilience such as behavioural

Table 3. Variance components (additive genetic = l; residual = V) and

heritabilities (h%), with s.e. in parentheses, for thermorequlatory behaviour
(mean, median, minimum, maximum and range of body
temperatures achieved in a laboratory thermal gradient). Statistical
significance (p << 0.05) of additive genetic variance (as determined via
likelihood-ratio tests) is indicated in italics.

trait A Ve 4

mean 2.16 (3.08) 15.85 (3.40) 0.12 (0.17)
median 1.98 (3.24) 17.20 (3.61) 0.10 (0.17)
minimum 0.08 (2.97) 16.00 (3.35) 0.07 (0.17)
maximum 7.41 (6.56) 25.71 (6.53) 0.22 (0.19)
range 13.20 (7.46) 18.73 (6.46) 0.41 (0.21)

adjustments, plasticity and range shifts may be more
important.
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