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Global change, including habitat isolation and climate change, has both short- and long-term impacts on wildlife populations. For example, genetic drift and inbreeding result in genetic impoverishment in small, isolated populations, while species undergo range shifts or adaptive phenotypic change in response to shifts in environmental temperatures. In this study,
we utilize a model system in which Holocene landscape changes have occurred to examine long-term effects of population
isolation. To examine how isolation may constrain responses to climate change, we characterized ecophysiology across
land-bridge island populations of Erhard’s wall lizard Podarcis erhardii. We hypothesized that 1) small, isolated populations
that are likely genetically depauperate would exhibit lower phenotypic variability; and 2) populations would be adapted
to local microhabitat conditions. We compared a population at a low elevation site on the large island of Naxos with two
small populations on nearby islets to determine the effects of population fragmentation. We further compared the low
elevation Naxos population with two high elevation sites characterized by disparate microclimates to examine the effects of
microclimate. To assess the thermal biology and ecophysiological limits of the study species we measured operative body
temperatures (Te), field body temperatures (Tb), preferred temperatures (Tp), thermal tolerances (CTmax and CTmin), and
evaporative water loss (EWL). Our results indicate that small, isolated populations did not exhibit variation in thermal
biology or evaporative water loss, while EWL and thermoregulatory effort varied according to microhabitat characteristics. This study integrates fine-scale measurements with environmental data to provide a holistic view of the relationships
between ecophysiology, fragmentation, and microclimate. Our methods can be applied to other ectotherms to gain a better
understanding of potential impacts of global change on natural populations.

Global biodiversity is threatened by a number of widespread
processes, and yet much remains to be understood about
the interactions of multiple stressors in natural populations.
Two of the most widespread and severe wildlife stressors are
global climate change and habitat separation and isolation
(Pereira et al. 2010). While the impacts of each phenomenon on species and ecosystems have been widely studied and
quantified, very little is known regarding synergistic effects
(Stork et al. 2009).
Climate change can affect species both directly and
indirectly. During extreme weather events, ambient temperatures may exceed a species’ critical thermal maximum
(CTmax), the temperature beyond which death by overheating ensues. CTmax tends to be more rigid than other aspects
of thermal biology (Sinervo et al. 2010, Leal and Gunderson
2012, Araújo et al. 2013), placing constraints on adaptive
potential in the face of a shifting climate. Indirect effects of
climate change may be mediated through changes in habitat structure or composition, which in some cases decrease

thermal niche quality (Parmesan 2006). Mismatches between
the fundamental niche and altered conditions can constrict
a species’ potential activity period, which limits foraging or
reproductive activities (Ceia-Hasse et al. 2014, Lara-Resendiz
et al. 2015). This is especially relevant for ectotherms, which
thermoregulate behaviorally and retreat to thermal refugia
to avoid experiencing CTmax (Sinervo et al. 2010). Climate
change can further impact wildlife through shifts in water
availability (Lorenzon et al. 1999, Gunderson et al. 2011,
Carneiro et al. 2015). The effects of altered water regimes
are particularly important for ectotherms – especially in hot,
arid ecosystems.
Isolation of populations as a result of habitat fragmentation can also have numerous effects, as it results in genetic
impoverishment due to the combined effects of genetic
drift and inbreeding. This can lead to inbreeding depression, which further decreases fitness and resilience (Eldridge
et al. 1999, Frankham et al. 2002). Isolated populations may
therefore be vulnerable not only due to their small size, but
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also because the resulting genetic impoverishment undermines their capacity for evolutionary responses to environmental change (Willi et al. 2006, Remon et al. 2011). Island
species represent typical examples of such isolated populations. Wildlife adapts to insularity and deviates in numerous ways from mainland populations (Losos and Ricklefs
2009). These adaptations are likely linked to genetic diversity (Frankham et al. 2002, England et al. 2003), as island
size has been reported to correspond with genetic variability
(Frankham 1997, Hinten et al. 2003). Genetic erosion in
populations on very small islands likely corresponds with
reduced evolutionary potential (Frankham 1997), which
may be a significant disadvantage in times of environmental
change. However, this has been rarely tested in natural populations (Gunderson and Leal 2012).
Despite knowledge of the respective impacts of climate
change and habitat isolation, little is known about how these
two processes may interact. One direct interaction is the
inability of populations in isolated landscapes to migrate in
response to climate change (Davis and Shaw 2001, Opdam
and Wascher 2003), but more nuanced synergisms are likely,
and remain to be addressed. For example, non-fragmented
populations that are genetically more diverse have been
shown to exhibit greater resilience to climate change (Ehlers
et al. 2008), which could be due to greater population-level
variability in ecophysiological traits. Could genetic impoverishment resulting from population reduction and isolation
also reduce population-level phenotypic heterogeneity, and
thus impair population resilience against abrupt changes in
environmental conditions? Might losses of genetic diversity
also be tied to attenuation of plasticity (as seen in canalized
island populations, Aubret and Shine 2010), thus removing
an important buffer against climatic shifts? These types of
interactions are particularly relevant for ectotherms such as
reptiles, which are sensitive to environmental conditions and
also exhibit low dispersal relative to other terrestrial vertebrates (Kubisch et al. 2016a, b).
In this study, we take advantage of a naturally fragmented
system: the land-bridge islands that comprise the Cyclades
archipelago (Aegean Sea, Greece). The present-day Cyclades
formed over the last ∼18 000 years when rising sea levels
due to glacial melt fragmented the large ancestral landmass
(Perissoratis and Conispoliatis 2003, Kougioumoutzis et al.
2014). These islands are inhabited by relict populations of
once-contiguous reptile populations, which are now isolated
on the islands due to poor overwater dispersal. Thus, these
island reptiles constitute an excellent model system to investigate the potential long-term effects of population isolation and reduction (Newmark 1995, Foufopoulos and Ives
1999, Foufopoulos et al. 2011). Indeed, molecular analyses
by Hurston et al. (2009) have demonstrated that across the
Cyclades, widespread Erhard’s wall lizard Podarcis erhardii
populations are relicts from a single ancestral Holocene
population, and vary in their genetic diversity such that
those on small islets retain only a fraction of the diversity
found on nearby large islands.
We use the Cyclades island lizards as a model system
to examine the long-term impacts of isolation on thermal
biology, a characteristic critical to the survival of ectotherms in areas affected by climate change (Sinervo et al.
2010, Kubisch et al. 2016b). Since ectotherms are known
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to modulate activity in response to local microclimates, we
designed our study to test for interactions between population isolation and potential climatic effects. We integrate
behavioral observations and fine-scale measurements of
thermal biology to examine how population fragmentation
or local adaptation to microclimate might affect susceptibility to environmental change. P. erhardii communities were
selected that either varied in the size of their population (a
proxy for genetic diversity), or in the type of microclimate
inhabited. This study was designed to answer the following
questions: 1) what is the effect of small population size on
the variability displayed in the thermal biology of a population? More specifically, do populations that are large and
genetically diverse show increased variance in their thermal
biology, and thus greater potential resilience against altered
environmental conditions? 2) Do the environmental differences caused by elevation and aspect determine the thermal
and hydric physiology in lizards with comparable levels of
genetic diversity?

Material and methods
Study species and study sites
Podarcis erhardii is a small (snout–vent length, SVL, ∼75
mm) Lacertid lizard that occurs across a broad range of
habitats on the south Balkans (Lymberakis et al. 2009) and
on the central Aegean islands (Fig. 1; Valakos et al. 2008).
These diurnal lizards have a bimodal activity pattern during summer, exhibiting a mid-day period of inactivity, which
increases in duration with warmer conditions (Valakos
1990). Mating occurs in late spring through early summer
and females lay up to two clutches (clutch size 1–5 eggs;
Valakos 1990). Podarcis erhardii feeds on a wide variety of
arthropods (Adamopoulou et al. 1999) though more exotic
food sources may enhance its diet (Brock et al. 2014, Deem
and Hedman 2014).
We conducted this study on the large island of Naxos and
two satellite islets, all located in the Cyclades island cluster
(Aegean Sea, Greece). Three study sites are located on Naxos
proper and one each on two nearby islets (Fig. 2). The three

Figure 1. A male Podarcis erhardii photographed at a low elevation
site on the Cycladic island of Naxos (photograph by J.
Foufopoulos).

Naxos sites were chosen to span a range of microclimates
that vary in terms of elevation and aspect. Two high elevation sites, Naxos south-facing (NSF, 37°6.5′N, 25°32.0′E,
642 m a.s.l.) and Naxos north-facing (NNF, 37°6.2′N,
25°31.6′E; 631 m a.s.l.), are located in proximity (∼0.8
km apart) and at similar elevation, but situated on opposing slopes of the same valley. The NSF has few trees and
is characterized by relatively dry ‘phrygana’ (Mediterranean
dwarf bush), while the NNF is more heavily vegetated and
contains patches of oak forest. Due to the northern aspect,
the relative steepness of the slope (∼35%), and the shade
provided by the trees, this site is noticeably more humid
than the neighboring NSF. A third Naxos site (Naxos low
elevation, NLE; 37°3′N, 25°23.0′E; 25 m a.s.l.), located
on the west coast of the island, was selected to evaluate
altitudinal effects on thermal biology. This site is characterized by dry thermo-Mediterranean vegetation and borders
small agricultural fields. NLE exhibits very similar climatic
and ecological conditions to the two nearby offshore islet
sites, allowing us to investigate the effects of small population size on populations subject to a similar microclimate.
Aspronissi islet (ASP, 0.0102 km2, 8 m a.s.l.) is located  1
km off the western coast of Naxos (37°2.8′N, 25°21.1′E)
and is partially covered with halophytic shrubs. The second
islet, Ovriokastro (OVR, 0.22 km2, 23 m a.s.l.), is located
ca 8 km W NW of Naxos (37°9.07′N, 25°17.75′E) and is
covered with open phrygana scrubs.
All study sites are inhabited by the same wall lizard subspecies (P. erhardii naxensis). Islet populations were separated
from Naxos by Holocene sea level rise (Ovriokastro: 5600
years bp; Aspronissi: 6100 years bp). While Naxos harbors
an estimated population of 106 P. erhardii, Ovriokastro
harbors 2000–3000 and Aspronissi about 200 individuals (J.
Foufopoulos unpubl.). Recent genetic analyses by Hurston

et al. (2009) indicate that the Naxos population has much
higher genetic diversity relative to the smaller satellite islands.
For example, the population on Ovriokastro harbors 51%
lower allelic richness and 38% lower heterozygosity than the
Naxos population (Hurston et al. 2009).
The five study sites were sampled in spring/summer 2011
(0515 – 0715). Individual lizards were captured using either
nooses or live mealworm Tenebrio molitor baits attached to
a hook-less telescopic fishing pole. Individuals were marked
with unique toe-clips and transferred to plastic terraria where
they were provided with water and mealworms ad libitum.
Sex, reproductive status for females (gravid or non-gravid),
weight, SVL, tail length and tail condition (autotomized/
regenerated or intact) were recorded for each lizard. Eggs
that were laid by captive females were removed from enclosures, and each clutch was labeled with the mother’s unique
ID. Eggs were incubated and hatched in vermiculite-filled
cups in a styrofoam incubator, and offspring were retained
for an evaporative water loss heritability study. Prior to all
laboratory experiments, lizards were acclimated to captive
conditions for at least 24 h.
Thermal biology
To measure operative temperatures (Te) we followed established methodology (Dzialowski 2005, Sinervo et al. 2010,
Paranjpe et al. 2012) and used dual-probe HOBO loggers inserted into hollow ‘ectotherm models’ composed of
a 0.25  1.5  8 cm (wall thickness  diameter  length)
PVC pipe (roughly corresponding to the size of an adult
P. erhardii). The models were painted with a mottled green
and taupe pattern to match the likely reflectance of an adult
P. erhardii (Peterson et al. 1993, Font et al. 2009). Models
constructed according to this protocol were validated against

Figure 2. Map depicting the study region on and around Naxos Island, Greece in the northeast Aegean Sea. Study sites are indicated with
dark triangles. Codes correspond to sites as follows: ASP – Aspronissi; OVR – Ovriokastro; NLE – Naxos low elevation; NSF – Naxos high
elevation, south-facing; NNF – Naxos high elevation, north-facing.
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a similar Mediterranean Lacertid lizard Iberolacerta monticola with no significant differences between model and lizard
temperature readings. Goodness of fit was evaluated with a
simple linear regression of Tb against Te (a  1.04  1.14SE,
b  0.95  0.04, with a not statistically different from 0 and
b not statistically different from 1 and, R2  0.84) as well as
an analysis of individual deviations of Te from I. monticola
Tb (Δ  Tb – Te –0.458  0.070SE). We note that these
loggers are designed to represent a hypothetical lizard, since
they were not validated specifically against our focal species
P. erhardii. Calibrations with an African Lacertid revealed
similar high goodness of fit between Tb and Te (Kirchhof and
Sinervo pers. comm.) as does the fit for a Phrynosomatid
species in Mexico (Lara-Resendiz et al. 2015); therefore our
models represent typical arid environment lizards relatively
well.
Six data loggers, each with two probes for a total of
twelve models, were deployed at each site for at least 24 h
for each Te sample. Sampling locations were spatially stratified within sites, using the parallel terraces lined by manmade dry stone walls as guides. Orientation of strata varied
according to the spatial layout of the site. For example, at
NSF, the first Te sample was taken from a location at the
northernmost end of the site where lizards were observed,
the second from the northern-center of the site, the third
from the center of the site, the fourth from the southerncenter of the site, and the fifth from the southern end of
the site. In each sampling location, two of the loggers were
placed in continuous shade (in spaces within stone walls,
i.e. primary shelters used by P. erhardii lizards), two in
mixed sun and shade (e.g. at the margins of dry stone walls
or vegetation, where active lizards are generally found) and
two in the open sun (on typical basking surfaces). Temperature was recorded at 5-min intervals over a period of five
days for each site on Naxos. Temperature was recorded over
two sampling days for each of the islet sites, once in the
early summer and once in mid-late summer corresponding
to the highest period of lizard activity. Before analyzing Te
measurements, data files were manually trimmed to only
include daylight hours (sunrise to sunset), and data from
all twelve loggers were concatenated and treated as a single
dataset from each sampling day to avoid issues associated
with non-independence and spatial autocorrelation of
this type of sampling (Ackley et al. 2015). Summary statistics for each sampling day at each site were calculated
from these larger concatenated datasets. Air temperature
data extracted from the Naxos weather station records were
used as covariates in statistical analyses to account for daily
weather fluctuations and to isolate individual site patterns
in temperature.
Field body temperatures (Tb) were measured with a cloacal thermometer in the field within 20 s of capture. Substrate
temperature and air temperature (5 cm above the substrate)
were also measured contemporaneously. Each lizard’s behavior at capture was recorded, and categorized as basking,
hiding, or foraging, based on the individual’s exposure and
activity.
Preferred temperature (Tp) was determined in the laboratory for adult lizards from each of the five populations
following the methods of Paranjpe et al. (2012) and Paranjpe
et al. (2013). For females that were gravid upon capture, the
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measurements were repeated after oviposition; this paired
design allowed us to evaluate how reproductive status might
affect temperature preferences. For approximately eight
hours prior to the beginning of the experiment, lizards were
not fed to avoid possible confounding effects (Tosini et al.
1994). To measure Tp, a 0.8 mm thermocouple was inserted
5 mm into the cloaca and secured with a small piece of tape.
The thermocouple was plugged into a digital thermometer
that displayed continuous temperature readings. Lizards
were placed in a fiberboard corridor (1 m L  5 cm W  30
cm H). We used a 100 W incandescent light bulb at one
end, and ice packs at the other end of the corridor to create
a thermal gradient from 45°C to 15°C (Van Damme et al.
1986). Lizards were allowed to acclimate in the corridor for
30 min. Body temperature was then recorded every 2 min
for 1 h, and these measurements were averaged to obtain an
estimate of Tp. For the later calculation of thermal indices,
Tset was estimated as the 25th and 75th quartiles (Hertz et al.
1993, Lara-Resendiz et al. 2015).
Critical thermal tolerance (CTmin and CTmax) experiments
were conducted on 10–15 post-partum females from each
of the five study populations. These measurements provide
an estimate of the range of conditions physiologically tolerated by the animals (Kour and Hutchison 1970, Huey and
Stevenson 1979). Lizards were not fed for at least eight hours
prior to the experiment to avoid any effects of digestion on
performance (Tosini et al. 1994). Experimental methods for
measuring CTmin and CTmax were adapted from Leal and
Gunderson (2012). Each lizard was heated or cooled slowly
(using a 100 W light or a –15°C freezer respectively) from
resting temperature (generally 30–35°C), and flipped onto
its dorsum at regular temperature intervals. After the lizard
righted itself onto its abdomen, heat or cold were further
applied, and the process repeated until the lizard could no
longer right itself within 10 s. The maximum or minimum
temperature at which the righting response was achieved was
recorded as the CTmax or CTmin. At this point, the CTmax lizards were rapidly transferred to a container of cool water for
several seconds to lower their body temperature while CTmin
lizards were allowed to warm slowly at room temperature.
During the CTmax experiment, lizards’ body temperatures
were continuously monitored using a thermocouple and
digital thermometer as in the Tp experiment, whereas in the
CTmin experiment, a cloacal thermometer was used to take
instantaneous readings.
Thermoregulatory effectiveness
To examine the extent of thermoregulation across the
five study sites, we used E, a metric of thermoregulatory
effectiveness, calculated as

(

E = 1 − db d e

)

where db  Tp – Tb, and provides an index of thermoregulatory accuracy (smaller db indicates greater accuracy); and d e
 Tp – Te, which represents a measure of the thermal quality
of a habitat (small de indicates high thermal quality; Hertz
et al. 1993). These calculations assimilate the thermal niche
parameters Te, Tb and Tp, so that the index E can be compared across populations (Hertz et al. 1993). E can vary from
0 to 1, with thermoconforming populations and/or species

exhibiting lower values and thermoregulating ones exhibiting higher values.
Some inherent biases have been identified in the aforementioned model. A variety of different d e and db combinations may result in the same values of E. For that reason,
Hertz et al. (1993) proposed to directly examine db and d e
together with E to assess the real pattern of thermoregulation
in a given biotope. In light of this, we also used the complimentary method proposed by Blouin-Demers and Weatherhead (2001) according to which the difference between d e
and db provides an extra index to evaluate thermoregulation.
Positive values that arise from the latter difference indicate
active thermoregulators, negative values denote lizards that
avoid thermally benign habitats, and a value of zero indicates
thermoconformers. In other words, a larger difference ( d e
– db ) indicates a higher effectiveness of thermoregulation.
Water loss rates
Evaporative water loss (EWL) data were obtained from both
sexes but for different purposes: male EWL data were used
for among site comparisons, while female-offspring data
were used for a broad-sense heritability study. We quantified the ability of male lizards from four populations (NLE,
NSF, NNF and ASP) to conserve water in a standard environment. The OVR site was omitted from the experiment
because weather conditions at the end of the study season
precluded travel to this islet. Post-reproductive females and
their offspring were subject to EWL trials to test for heritability of this trait. Lizards were not fed for eight hours prior
to beginning the experiment to avoid confounding effects of
digestion or defecation. Lizards were initially weighed with
a digital balance (1 mg accuracy), then placed individually
in mesh-lid terraria lined with a single sheet of newspaper
(Dmi’el et al. 1997).
Trials were run for approximately seven hours, and box
positions were rotated twice during each trial to eliminate
location effects. Temperature and humidity were recorded
at the beginning, middle, and end of each trial using a
wall-mounted thermometer/hygrometer to account for
any covariant effects. At the end of the trial, each lizard
was reweighed, and the difference in weight was taken as
the EWL (Carneiro et al. 2015, 2016). EWL/hour was
then calculated based on the duration of each trial. If a
lizard defecated during the trial, it was reweighed and the
experiment was restarted.
Body surface area was estimated for each lizard by making
the simplifying assumption that the trunk was cylindershaped and the tail was cone-shaped. Cylinder surface area
was calculated using SVL as the length and mid-body girth as
the circumference. Similarly, cone surface area was estimated
using tail length as the height of the cone and pelvic girth as
the base circumference. The sum of these calculations was
used to estimate total surface area. Water loss per unit time
was then divided by surface area to obtain size-independent
EWL. This methodology however does not allow for a distinction between cutaneous and respiratory water loss; thus
we also make the implicit assumption that both aspects of
water loss scale with lizard body surface area.
To investigate the relationship between EWL and moisture availability, we measured water content of soil samples

collected in a standardized fashion from the three Naxos
sites. At each site, three 10  10 cm samples were randomly
selected within a three m radius of each other. Soil was collected until bedrock was encountered, generally at ∼5 cm
below the soil surface. Samples were weighed, air dried for
12–24 h, and then weighed again. Samples were repeatedly
weighed for several days to verify complete drying (i.e. no
additional weight change). Because all samples belonged to
the same soil type (sandy loam), were collected to the same
depth, and dried under identical conditions, moisture data
were directly compared across sites.
Data analysis
Unless otherwise noted, data were analyzed and test
assumptions verified using IBM SPSS Statistics ver. 20.
Non-parametric tests were used when data were non-normal
or did not meet parametric test assumptions.
We compared environmental conditions across sites by
creating general additive mixed models (GAMMs) using the
mgcv package in R (ver. 3.0.3, < www.r-project.org >) with
daytime mean, maximum and minimum Te (environmental
temperatures) measured by HOBO data loggers as dependent variables (modified from Ackley et al. 2015). Using an
additive model building procedure with GCV and as model
choice determinants, the best models for all three temperature
statistics included site as a fixed effect, and a zero-centered
date as well as the corresponding Naxos weather station
statistic (daily mean, maximum, or minimum temperature
respectively) as covariates. The GAMMs also included an
autoregressive structure (corAR1) to account for the interactive effects of site, model (HOBO data logger probe
ID), and date. Spatiotemporal autocorrelation, reported
as ϕ, varied between models: for mean Te, ϕ  0.58, for
max Te, ϕ  0.63, and for min Te, ϕ  0.57. Including the
autoregressive corAR1 structure allowed for a reduction in
autocorrelation as evidenced by a reduction in significant
linearity in autocorrelative function (acf ) plots. Diagnostic
graphs (Q-Q and residual plots) were used to verify that
there were no significant departures from normality and
homogeneity of variance in the models.
Data deposition
Data available from the Dryad Digital Repository: < http://
dx.doi.org/10.5061/dryad.kp140 > (Belasen et al. 2016).

Results
Variation in microclimate
Site significantly predicted mean Te, with the study areas
clustered into two distinct groups (GAMM, R2  0.302,
site effect: F4  17.01, p  1.92  10–12; Fig. 3): low elevation sites (NLE, ASP and OVR) were significantly warmer
than high elevation sites (NSF and NNF) (Tukey’s HSD
p  0.05 between sites from different clusters). Minimum
temperature was similarly different among sites with two
clusters, but the low elevation islet OVR clustered with
high elevation sites in this case (GAMM, R2  0.814, site
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effect: F4  29.98, p  2  10–16; Tukey’s HSD, p  0.05
between sites from different clusters; Fig. 3). No significant
differences were detected across sites for maximum temperatures (GAMM, R2  0.144, site effect: F4  6.028, p  0.001;
Tukey’s HSD  0.05 for all pairwise comparisons).
Field and preferred body temperatures
We assessed mean Tb across sites using a GLM approach that
included study site, sex of lizard (M/F), and activity (foraging, basking or hiding) as fixed effects, and lizard SVL (cm)
and Tsubstrate (°C) as covariates (Fig. 3). Variance of Tb across
populations was assessed using Levene’s test. Both site and
activity were highly significant predictors of mean Tb (GLM,
Site: F4,154  6.209, p  0.001; Activity: F2,154  5.686,
p  0.004, Table 1). Post hoc pairwise comparisons revealed
significantly higher marginal mean Tb in OVR lizards than
ASP or NLE (Bonferroni-corrected post hoc mean comparisons: p  0.004 and p  0.001, respectively). Post hoc tests
also revealed that foraging is associated with significantly
increased Tb relative to basking or hiding (Bonferronicorrected post hoc mean comparisons: p  0.001 for both
pairwise comparisons). Variance of Tb did not differ across
populations (Levene’s test, p  0.05).
Since no substantial association was found between
preferred temperature and body size in simple linear regressions (Tp vs SVL: b –0.074, p  0.1, R2  0.006; Tp versus mass: b  0.012, p  0.5, R2  0.0001), size was not
included as a covariate in statistical analyses of Tp. Across
populations, Tp did not vary in mean (ANOVA, p  0.705)
or variance (Levene’s test, p  0.05; Fig. 3). Given these
results, data were then pooled across the study sites to compare males against independently sampled non-gravid and
gravid females. We found no significant difference between
non-gravid females and males (Kruskal Wallis, p  0.05)
and consequently pooled these together to increase the
sample size of our groups and to examine whether gravid
females exhibit different preferred temperatures relative to
the remaining population. Gravid females preferred significantly lower temperatures ( 1.18°C) on average than
males and non-gravid females (independent samples t-test,
t174  2.795, p  0.006). Tp in females that were gravid
upon capture were re-measured following oviposition. A
comparison indicated that females preferred significantly
lower temperatures ( 1.19°C) while gravid (paired samples
t-test, t38 –3.346, p  0.002).
Effectiveness of thermoregulation

Figure 3. Thermal biology parameters measured at each of the five
study sites. Field body temperatures (Tb) of lizards were measured
within 20 s of field capture. Preferred temperatures (Tp) were estimated by taking the average of temperatures measured every two
minutes for one hour while lizards were allowed to thermoregulate
in a corridor containing a thermal gradient, and the set-point range
(Tset) was calculated as the 25th – 75th quartile of Tp. Operative
temperatures (Te) were measured by data loggers connected to lizard models placed in thermoregulatory sites used by lizards at each
study site. We note that Te values were not collected over the same
time period as Tb, and only daytime Tes were included in analyses.
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No differences were detected in thermoregulatory accuracy ( db ) between the sexes (independent samples t-test,
t249  1.51, p  0.05) or across sites (ANOVA, F4,163  2.430,
p  0.05). However, thermal quality varied significantly
across sites (ANOVA, F4, 79.38  20.987, p  0.0001), with
Naxos high elevation site (NNF) exhibiting significantly
lower quality (higher d e ) than all other sites, followed by
NSF and ASP that had similar mean de, while NLE showed
the higher thermal quality (Table 2). The effort among all
sites was constrained to a narrow range near one (all sites
ranged from 0.73–0.88), suggesting that lizards from all
populations are effective thermoregulators.

Table 1. Values for the thermal parameters and water loss rates. Operative (Te), body (Tb) and preferred temperatures (Tp), critical thermal
maximum (CTmax), critical thermal minimum (CTmin) and evaporative water loss (EWL): means  standard deviation. Sample size in parenthesis. For Tb, a mean for both non-gravid and gravid females is reported due to the difficulty in distinguishing reproductive status in the field.
EWL is the only trait that varies among sites, while the others are markedly consistent among populations.

Site
NLE
NSF
NNF
OVR
ASP
Sex
M
Fng
Fg
Activity
Basking
Foraging
Hiding

Te

Tb

Tp

CTmax

CTmin

EWL

25.27  1.55 (5)
21.37  1.76 (5)
21.74  1.62 (4)
26.52  1.79 (4)
26.43  1.35 (7)

33.47  0.83 (55)
33.87  0.77 (57)
34.09  1.23 (43)
34.46  0.64 (52)
32.74  0.88 (44)

34.35  0.23 (29)
34.17  0.31 (28)
34.23  0.26 (22)
34.37  0.28 (23)
34.64  0.22 (35)

43.97  0.37 (12)
44.39  0.37 (14)
44.09  0.45 (8)
43.75  0.41 (10)
43.76  0.41 (10)

11.51  0.54 (12)
12.61  0.61 (11)
12.62  0.59 (10)
12.21  0.79 (6)
12.57  0.56 (11)

0.32  0.14 (10)
0.14  0.17 (9)
0.69  0.21 (8)
–
0.31  0.14 (9)

–
–
–

33.79  0.20 (138)
33.19  0.24 (112)

34.52  0.31 (51)
34.65  0.35 (26)
33.92  0.49 (60)

–
–
–

33.33  0.41 (124)
34.67  0.55 (65)
32.47  0.85 (47)

The low thermal qualities (high mean de) at both
Naxos high elevation sites were not equally reflected in
thermoregulations effectiveness: NNF received the highest value (E  0.88) while NSF had a lower one (E  0.81)
(Table 2). The alternative index (Blouin-Demers and
Weatherhead 2001) highlighted the more effective thermoregulation in the two high elevation Naxos sites due to
higher d e – db values (Table 2).
Critical thermal tolerance
GLMs were used to compare CTmax and CTmin across populations. For these analyses, SVL was included as the covariate,
and site as a fixed effect. There were no significant differences
in CTmax mean (GLM, F5,48  2.922, p  0.05) or variance
(Levene’s test, p  0.05) across sites. A significant association
was detected between CTmax and SVL (GLM, F1,48  2.059,
p  0.05), with smaller lizards exhibiting higher CTmax
values. For CTmin there were no significant associations
with SVL (GLM, F1,44  2.161, p  0.1) nor any significant
differences between sites (GLM, F5,44  2.338, p  0.05;
Levene’s test, p  0.05). Marginally non-significant differences in CTmin between populations contributed to a significant site effect in the GLM (F4,44  2.730, p  0.041;
Tukey’s HSD, p  0.09 for NLE versus NNF and p  0.08
for NLE versus ASP).

Water loss rates: variation and heritability
Male EWL data were analyzed using a GLM, with site as a
fixed effect and mean trial temperature as a covariate. We
detected a significant effect of site on mean EWL (Fig. 3,
GLM, F3.31  7.188, p  0.001), while no difference was
detected in variance of EWL across sites (Levene’s test,
p  0.05). Post hoc tests showed that the NNF population
had the highest EWL rates across the four sites, while the
NSF population had the lowest (Tukey’s HSD, p  0.05). The
NLE and ASP populations were not significantly different.
NLE lizards also exhibited significantly higher EWL rates
than those of NSF lizards. Soil moisture data from the three
Naxos sites (NNF, NSF, NLE) revealed a parallel pattern
of differences (Kruskal Wallis, H2  11.431 p  0.003,
Fig. 4), with NSF having the lowest average soil moisture (0.06 g  0.05 SE), NLE having slightly higher soil
moisture (0.14 g  0.05 SE), though the difference was not

Table 2. Thermoregulatory indices (Hertz et al. 1993, Blouin-Demers
and Weatherhead 2001). Means  standard deviation are reported
for three indices: deviation of operative temperatures from the
preferred temperatures ( d e ), deviation of body temperatures
from preferred temperatures, ( db ) and effectiveness of thermoregulation (E). Both indices indicate differences in thermoregulatory
effort among populations.
Site

de

db

E

d e − db

NLE
NSF
NNF
OVR
ASP

5.30  0.14
7.39  0.17
8.52  0.16
6.76  0.17
7.48  0.18

1.03  0.21
1.39  0.22
1.05  0.16
0.87  0.14
1.97  0.31

0.80
0.81
0.88
0.87
0.73

4.27
6
7.47
5.89
5.51

Figure 4. Evaporative water loss (black, left y-axis) and soil moisture
(red, right y-axis) across sites. Bars represent marginal means ( 2
SE). Bars connected by the black line are not significantly different
at a  0.05 in the GLM analysis. The OVR population was
omitted from the EWL experiment because weather conditions
precluded additional travel to this islet, and ASP was omitted from
soil collections because travel was no longer permitted to this site
following archeological excavation.
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significant, and NNF having the highest (0.62 g  0.39 SE;
Mann Whitney U, U  25.00, p  0.01 for both significant pairwise comparisons).
EWL measurements for females showed no significant differences between sampling sites (Kruskal–Wallis,
H2  1.895, p  0.05). Consequently they were pooled for
a parent–offspring analysis testing for broad-sense heritability of EWL. Juvenile EWLs were averaged within each
clutch and a linear regression weighted according to clutch
size (ranging from 1–3 offspring) showed a marginally nonsignificant relationship between mother and offspring EWL
(h2  0.36, p  0.059, R2  0.248, n  29 juveniles across
15 clutches).

Discussion
In this study, we compared isolated insular lizard populations to investigate how environmental factors and population fragmentation may shape certain ecophysiological
features. First, by comparing the thermal parameters of
populations from a common genetic background living
in different microclimates, we investigated to what extent
prevailing conditions shape an organism’s thermal biology.
Furthermore, building on recent research (Hurston et al.
2009) that has shown that the small islet populations of
Podarcis erhardii have greatly reduced genetic diversity relative to the large Naxos population, we tested whether population size and isolation affect the mean values and variability
of ecophysiological traits, including thermoregulation and
water loss.
In this study, we use variance in thermal biology as a proxy
for population variability. Contrary to our expectations,
variance in the measured traits did not decline in smaller
populations. However, we found that microclimate differs
predictably among study sites based on site elevation, aspect
and insularity. Although Te differed according to elevation,
these microclimatic differences did not appear to correlate
with shifts in Tb across sites (Table 1, Fig. 3). This result
departs from previous studies demonstrating that the range
of Te influences the temperatures that animals achieve in the
field (Díaz 1997, Adamopoulou and Valakos 2005).
Previous studies have indicated that Tset or Tp is affected
by season, sex, age, reproduction, and body size (Andrews
et al. 1999, Carretero et al. 2005, Carretero 2008, Veríssimo
and Carretero 2009, Sagonas et al. 2013b). In this study,
though sites differed considerably among the study populations in terms of elevation, thermal quality, and moisture, no
impact was observed on Tp. This result contrasts with other
studies that reported habitat-induced differences in thermal
preferences (Sinervo and Adolph 1989, Van Damme et al.
1989, Sagonas et al. 2013a). Although sex did not contribute
to differences in Tp, reproductive status did. Gravid females
selected significantly lower temperatures than either males
or non-gravid females ( 1.19°C; Table 1). A proposed
explanation for this phenomenon is temperature sensitivity
during embryonic development, as improper thermoregulation during gestation can have lasting negative impacts on
offspring fitness (Burger 1989, Sinervo and Adolph 1989,
Mathies and Andrews 1997, Wapstra 2000, Paranjpe et al.
2013). Preference for lower temperatures in gravid females
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therefore may reduce recruitment and population stability in
the face of climate warming.
The overall conservativeness of Tb and Tp among the
study populations contributed to relatively high thermoregulatory accuracy in all Naxos sites, though a striking deviation
occurred in the two islet populations. Aspronissi lizards displayed the lowest accuracy ( db  1.97) among all examined
populations, whereas the nearby Ovriokastro population
exhibited the highest ( db  0.87). This discrepancy can be
attributed to lower Tbs on ASP relative to other populations
(Table 1). The very poor thermal quality on ASP apparently
prevents the lizards from achieving Tbs within their set-point
range.
Theory predicts that mean de describes relative thermal quality of microhabitats (Hertz et al. 1993). The most
thermally challenging sites (the ones with the highest mean
de) were NNF, NSF and ASP (Table 2). The low thermal
quality of the high elevation sites (NSF and NNF) is unsurprising. Though high elevation sites are exposed to strong
winds and higher precipitation levels (Ortega et al. 2016),
driving Te below Tp and thus inflating d e . However the high
d e of ASP, coupled with the relatively high value of OVR,
suggests that altitude is not the only parameter affecting the
thermal quality of a habitat. ASP is a very small islet that is
very exposed to the typical strong winds of the NE Aegean
during the summer season. The highest thermal quality was
detected in the Naxos low elevation site (NLE), a site that
combines protection from extreme climatic effects and high
availability of thermal shelters.
All populations demonstrated high thermoregulatory
effectiveness with E-values varying within a narrow range
(0.73–0.88, Table 2). Lizards from all sites appear to be
effective thermoregulators and thus are able to behaviorally buffer physiological performance (Angilletta 2001).
Ectotherms that live in challenging environments are
expected to put more effort into thermoregulation (Hertz
et al. 1993). According to our results, NNF and OVR
exceed all other sites with almost identical values (0.88
and 0.87 respectively), despite their quite different d e
values. Though NSF and ASP had lower thermal quality
than OVR, they both achieved lower E-values (Table 2).
The lizards on the small islet ASP appear to perform the
least effective thermoregulation among all populations
(E  0.73).
As disparate d e and db combinations may result in the
same E-values, this can mask the true thermoregulatory profile (Hertz et al. 1993). A complementary approach (sensu
Blouin-Demers and Weatherhead 2001) determining the
thermoregulatory extent based on the difference between
d e and db , provides a different view of thermoregulatory effectiveness in our study populations: NNF and NSF
achieved the highest values (and thus demonstrated more
effective thermoregulation) while OVR and ASP follow
with quite similar values (Table 2). The lowest thermoregulatory effectiveness (smaller d e – db ) was observed
in NLE, the site with the highest thermal quality. In other
words, all populations obey the general rule predicting that
lizards living in demanding habitats exert more thermoregulatory effort to achieve Tb-values close to their preferred
temperatures (Hertz et al. 1993, Blouin-Demers and Nadeau
2005, Sagonas et al. 2013b).

CTmax and CTmin did not differ across populations,
despite differences in the thermal environment as indicated
by Te (Table 1). While this finding departs from other studies (Leal and Gunderson 2012, Brusch et al. 2016), it may
be the result of the overall conservativeness of these traits.
Alternatively, the lack of differences among populations may
be attributable to low selection pressure resulting from the
buffering effects of active behavioral thermoregulation in P.
erhardii. Our results indicate a negative relationship between
CTmax and lizard size, suggesting that heat tolerance declines
in larger, likely older lizards, perhaps relating to age-related
senescence.
We detected significant differences in mean EWL across
populations, with increases in EWL rates paralleling rising
soil moisture across sites (Table 1, Fig. 4). This suggests that
differences in microclimate can shape physiological water
flux, which is a critical component of ectotherm biology
(Lorenzon et al. 1999). We detected the highest EWL rates
in the population at the mesic NNF site. While this pattern mirrors results from other studies (Dmi’el et al. 1997,
Gunderson et al. 2011, Carneiro et al. 2015, 2016), it is
not clear whether these intraspecific differences in EWL are
genetically determined or the result of labile adaptation to
local conditions. Our mother–offspring data suggest heritability of these differences. However, because this second
EWL experiment was performed on dam–progeny pairs,
the results remain confounded by both maternal effects
and dominance variation and as such reflect broad-sense
heritability (Lynch and Walsh 1998). These limitations notwithstanding, our results are indicative of at least a partial
genetically inherited component to this trait. Deeper genetic
studies of P. erhardii population structure on Naxos coupled
with similar ecophysiological experiments would lend insight
into genetic contributions to these phenotypic differences.
Climate in the Aegean Sea is expected to become both
warmer and drier (Giorgi and Lionello 2008). Given the
differences exhibited in EWL across our study sites, susceptibility to future aridification likely varies across populations.
Regardless of the mechanisms involved, it appears that site
characteristics that relate to moisture availability have an
important effect on reptile physiology. This dovetails with
paleoecological reconstructions of reptile extinctions on
these islands, which appear to have been driven by increasing Holocene desiccation (Foufopoulos et al. 2011). Future
studies aiming to assess reptile vulnerability to climate
change therefore should consider the interactions between
temperature and habitat moisture, and their effects on reptile
water physiology and thermal biology.
Our results did not indicate a direct effect of population
size reduction (a proxy for genetic impoverishment) on the
thermal ecology of P. erhardii, as the islet populations did not
exhibit reduced variability. This suggests that genetic impoverishment may not be as important in shaping thermal ecology of a population as other mechanisms. This result may be
explained by a conservative genetic infrastructure and resistance to directional selection (Hertz and Nevo 1981, but see
Scheers and Van Damme 2002), underlying physiological
constraints on thermal biology, or strong mediating effects
of behavioral plasticity that effectively eliminate selection for
physiological adaptation (Gunderson and Stillman 2015).
This is related to the ‘Bogert effect,’ whereby ectotherms with

limited behavioral thermoregulation may compensate with
higher plasticity in thermal tolerances (Bogert 1949). Since
our results indicate relatively high thermoregulatory effort
among populations in different microclimates while thermal
preferences remain consistent, we posit that the mechanism
underlying this common thermal profile may involve more
than physiological plasticity.
Regardless of the consistency in thermal preferences
among populations, genetic impoverishment in very small
populations is still likely to impact evolutionary potential,
as it ultimately reduces the variability on which selection
can act (Willi et al. 2006). This would be particularly relevant for the Aspronissi (ASP) population, which consists
only of a few hundred individuals. Genetic impoverishment
combined with a lack of historic selection pressure may
also result in canalization, or a decline in the propensity for
plasticity (Via et al. 1995, Aubret and Shine 2010), which
can have important implications for future adaptation to
climate shifts.
Overall, most aspects of P. erhardii thermal ecology
appear to be relatively rigid among populations, despite
environmental differences among habitats and genetic
differences among populations. The close reliance on ambient temperatures exhibited by ectotherms (Meiri et al. 2013)
renders these animals particularly susceptible to changes
in climate (Kearney et al. 2009, Buckley et al. 2015). The
impacts are likely to be especially severe for ectotherms living
in hot, arid systems, as the margin or ‘buffer zone’ between
environmental temperature and the CTmax reaches a critical
minimum (Sinervo et al. 2010, Gunderson and Leal 2012).
Our data suggest that aridification due to climate change
may be another critical factor to be considered in the fate
of ectotherm populations. In summary, our findings indicate that changes in habitat suitability driven by climate have
been and will continue to be significant in the survival of
native species in the area (Foufopoulos et al. 2011).
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