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Abstract

The thermal ecology of ectotherms has been studied for almost 2 centuries, but additional attention is current-
ly being paid to it, to understand how organisms deal with the environment in a climate change context. A con-
sensus is still far away due to the large number of factors involved and their complex interactions. In this con-
text, 3 analyses in lacertid lizards were carried out: (i) a meta-analysis, to test for differences between body and
air temperatures from 71 populations; (ii) a meta-analysis concerning correlations between body and air tem-
peratures from 60 populations; and (iii) a multimodel inference of thermoregulation effectiveness indices from
45 populations. The importance of different factors, including body size, habitat, insularity, altitude, climate and
season, was evaluated in all analyses to model the response variables. A strong seasonality effect was observed,
with a consistent pattern of less effective thermoregulation in summer compared to other seasons. Altitude was
the second most important factor, with a consistent higher thermoregulation effort in populations occurring at
high elevations (>1000 m above sea level). Other factors, such as insularity or body size, can also be important,
but did not exhibit a clear pattern. Finally, thermoregulation was less affected by climate and habitat type.
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INTRODUCTION

Temperature is a key environmental factor shaping
animal ecology and evolution of ectotherms due to its
effects on the performance of chemical reactions (Huey
& Stevenson 1979; Adolph & Porter 1993; Portner
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2002; Angilletta 2009). Environmental temperatures that
organisms experience are influenced by many factors,
such as altitude, latitude, habitat heterogeneity, weath-
er conditions and climate change, which can interact to
produce complex patterns (Diaz et al. 2006; Deutsch
et al. 2008; Sears et al. 2011; Graae et al. 2012). En-
vironmental temperatures determine lizard body tem-
perature by means of physiology and thermoregulatory
behavior, probably in a complex model concerning ther-
moregulation costs and benefits (Huey & Slatkin 1976;
Sears & Angilletta 2015). Lizards usually thermoregu-
late by adjusting activity periods (Hertz 1992; Adolph &
Porter 1993; Meiri et al. 2013), shifting between differ-
ent thermal microhabitats (Heath 1970; Bauwens et al.
1996; Sagonas et al. 2017) or adjusting their body pos-
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ture (Bauwens et al. 1996). The use of these strategies
depends on the balance between their costs and bene-
fits (Huey & Slatkin 1976; Blouin-Demers & Nadeau
2005).

Many factors affect thermoregulation degree in liz-
ards. Body size is inversely related to thermal iner-
tia, with larger individuals subjected to a higher risk of
overheating, which, in turn, affects thermoregulatory
behavior (Stevenson 1985; Olalla-Tarraga et al. 2006;
Kingsolver & Huey 2008). Habitat spatial configura-
tion where a specific population inhabits also affects
its thermoregulation degree, because habitat heteroge-
neity is inversely related to thermoregulation energetic
costs (Sears & Angilletta 2015; Sears et al. 2016; Bas-
son et al. 2017). Insularity may also play a key role in
thermoregulation because insular populations usual-
ly share traits, such as low predation pressure, scarci-
ty of food resources and weather unpredictability (Sa-
gonas et al. 2013b; Ortega et al. 2014). However, the
effect of insularity strongly depends on the location and
size of the island (e.g. Losos 2009). Furthermore, the al-
titude in which a population lives may have a great ef-
fect on their thermoregulation because environmental
temperatures and atmospheric oxygen decrease with in-
creasing altitude, whereas the intensity of solar radiation
increases (Hertz 1981; Sunday et al. 2014; Ortega et al.
2016¢). Finally, seasonality also strongly affects lizard
thermoregulation because different environmental con-
ditions lead to thermoregulatory behavior adaptations
(Huey & Pianka 1977; Christian & Bedford 1995; Diaz
& Cabezas-Diaz 2004).

Lacertid lizards are usually effective heliothermic
thermoregulators (Arnold 1987; Castilla ef al. 1999).
However, the degree of thermoregulation of a popula-
tion is affected by different factors that could potential-
ly change due to global warming (Chamaillé-Jammes et
al. 2006; Moreno-Rueda et al. 2012; Martin & Lopez
2013). Currently, little consensus on the relative impor-
tance of different factors affecting the lacertid lizard
thermoregulation is available (e.g. Castilla ef al. 1999;
Sagonas et al. 2013a,b; Ortega et al. 2014; Reguera et
al. 2014). In this context, the relevance of different fac-
tors (body size, habitat type, insularity, altitude, climate
and season) in dictating the thermoregulatory ability of
lacertid lizards and their possible interactions were eval-
uated herein.

As thermal inertia increases with body size, small-
er lizards (that heat and cool rapidly) would thermoreg-
ulate more effectively in thermally heterogeneous envi-
ronments. In addition, thermal inertia leads to increased

overheating risks in larger lizards, so they would ther-
moregulate less effectively under warm conditions.
Habitat heterogeneity reduces energetic thermoregula-
tion costs because lizards have many options of ther-
mal microhabitats to cool and heat themselves. Thus,
it is expected that more homogeneous habitats (such as
forests or sandy areas) would lead lizards to thermo-
regulate less effectively. The effect of insularity on liz-
ard thermoregulation is not well understood. As small
islands are normally subjected to high unpredictabili-
ty regarding weather conditions, the thermal ecology of
insular lizards could be more flexible than that of conti-
nental lizards. In addition, seasonality is known to dif-
ferently affect the thermoregulation effectiveness of
nearby islands, probably interacting with habitat hetero-
geneity (Ortega et al. 2014). Finally, because predation
pressure is often relaxed on islands, lizards could ex-
pend longer times in exposed microhabitats to heat or
cool themselves, increasing thermoregulation effective-
ness. Lacertid lizards are known to maintain high effec-
tive thermoregulation with altitude, probably by expend-
ing more time in thermoregulating activities (Gvozdik
2002). Due to the more extreme weather conditions on
mountains, it is also expected that thermoregulation ef-
fectiveness could interact with seasonality, with thermo-
regulation being less effective in summer.

Thus, the aim of the present study is to test the ex-
pected effects of these factors assessed in published
studies on lacertid lizards, to test the hypotheses relat-
ed to the expectations on each factor (see above). To
achieve this, meta-analysis (Hedges & Olkin 1985; Arn-
qvist & Wooster 1995; Hunter & Schmidt 2004) and
model selection (Burnham & Anderson 2002) approach-
es were combined. Specifically, a meta-partition ap-
proach was applied, because interest lay in modeling the
heterogeneity of effect sizes by different candidate mod-
erators (Martin-Vallejo 1995; Nakagawa & Santos 2012;
Ortega et al. 2016a). This approach allowed us not only
to test the hypothesis regarding the effect of each factor
on thermoregulation (and, if significant, to evaluate the
magnitude and direction of the effect) but also allowed
for comparisons concerning the relative importance of
each factor and significant interactions among factors.
Thus, this study also aimed to evaluate if the predicted
interactions between body size and habitat heterogene-
ity and/or season, insularity and season, and altitude and
season found on individual studies could be applied as
general rules for lacertids.

MATERIALS AND METHODS
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Data extraction

A search of published articles up to July 2016 was
carried out in scientific databases (Scopus, Web of
Knowledge and Google Scholar) using the following
keywords: “thermal biology,” “thermal ecology,” “ther-
moregulation,” “temperature regulation,” “Lacertidae,”
“lacertid lizards” and “lacertids.” In addition, “snowball
searching” (i.e. following up references cited in the pa-
pers) was performed.

Traditional publication bias (Hunter & Schmidt 2004)
does not affect studies on ectotherm thermal ecology, as
all temperature data are likely to be published. The only
bias is that some geographical areas are more thorough-
ly sampled than others (Koricheva et al. 2013; Fig. 1).
Nonetheless, publication bias was evaluated using fun-
nel plots (Light et al. 1994; Peters et al. 2008). First, all

Populations

20

Figure 1 Map of all the lacertid lizard populations whose ther-
moregulation data were included in the present study.

Meta-analysis of lacertid thermal ecology

publications reporting data on body temperatures of any
lacertid lizard were included, followed by removal of
those that did not provide complete information for data
analyses (see below).

Each population for which differences in thermal
ecology were published was used as a sampling unit,
considering spatial and temporal variations; that is, 2
populations at different altitudes, or data concerning 1
population studied during 2 seasons were considered as
2 different sampling units (see Electronic Supplementa-
ry Material 1).

Published studies on thermal ecology can be catego-
rized into 3 groups: (1) those reporting mean body tem-
peratures and, in some cases, mean air and substrate
temperatures, but without addressing the relationships
between these variables; (2) those addressing correla-
tions between body temperatures and air and/or sub-
strate temperatures; and (3) those addressing thermo-
regulation effectiveness (Hertz et al. 1993). For the first
type of publication, a meta-analysis was conducted us-
ing the standardized differences of the means between
body and air temperatures as effect size. Although the
differences between mean body and air temperatures do
not provide evidence for thermoregulation (see Heath
1964), many researchers have applied these data, includ-
ing recently (e.g. Martins et al. 2014). However, it is in-
teresting to understand the general patterns of different
variables affecting this effect size, as this has been tradi-
tionally a proxy for thermoregulation and is still in use
in macroecological research. For the second type of pub-
lication, another meta-analysis was conducted using the
correlation between body and air temperatures as effect
size, which is usually negatively related to thermoreg-
ulation ability. Again, a weak correlation between body
and air temperatures does not provide evidence for ther-
moregulation (Hertz et al.1993), but many studies have
used it as a proxy (e.g. Van Damme et al. 1990; Her-
czeg et al. 2004). Therefore, the results reported here-
in should be evaluated with caution and used only as a
guide to identify limitations and gaps from past studies.
Finally, most studies did not report a dispersion measure
for thermoregulation indices, precluding their use in the
meta-analysis.

A total of 82 publications were obtained reporting
body temperatures, correlation coefficients, appropri-
ate dispersion measure and lacertid lizard sample size,
of which 42 were included in the following meta-anal-
yses (Supplementary Material 1). Finally, the following
were retrieved: (1) 71 sampling units (populations, from
now on) for the analysis of differences of mean body
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and air temperatures, obtained from 39 publications; (2)
60 populations for the analysis of correlations between
body and air temperatures, obtained from 34 publica-
tions; and (3) 45 populations for the analysis of thermo-
regulation effectiveness, obtained from 21 publications
(see Supplementary Material 2).

Statistical analyses

Meta-partition was applied, allowing for modeling
the heterogeneity of an effect size by potential modera-
tors (Ortega et al. 2016a). The meta-partition algorithm
consists of 3 steps: (1) detection of the heterogeneity of
effect sizes under the assumption of a fixed-effect mod-
el; (2) if heterogeneity is found, partition by the moder-
ator that minimizes heterogeneity within a subset, while
maximizing it between subsets and, if the effect sizes of
the subset are still heterogeneous, steps 1 and 2 are re-
peated; and (3) integration of effect sizes of final sub-
sets, by a fixed-effect model if homogeneity is present,
and by a random-effects model if heterogeneity is de-
tected (see Fig. 2). Although several authors (Borenstein
et al. 2010) argue against changing from the fixed-ef-
fect model to the random-effects model when hetero-
geneity has not been explained, this is applied herein
to subgroups where the homogeneity test was signifi-
cant. This is only used to include the heterogeneity that
has not been explained in the calculation of effect sizes
and is not related to the assumptions of the random-ef-
fects model. By using a meta-partition approach, the im-
portance of moderators explaining the heterogeneity of
effect sizes can be assessed, as well as the direction of
these relations and the detection of interactions between
moderators (Ortega et al. 2016a).

Moderators known to affect ectotherm thermal ecolo-
gy and for which the category for a population is avail-
able in the literature were selected. Thus, 7 moderators
were selected for the meta-partition: (1) “body size”:
“small” (snout—vent length [SVL] <60 mm), “median”
(SVL 60-75 mm) or “large” (SVL >75 mm; where the
33 and 66 percentiles of the available data were used to
establish the cut-off points); (2) “preferred habitat” (the
habitat on which the population usually inhabits, ob-
tained from the literature): “sandy areas,” “rocky areas,”
“grasslands,” “open areas,” “scrublands” and “general-
ist” (prefer many types of habitats); (3) habitat (where
the study was conducted): “sandy areas,” “rocky areas,”
“scrublands,” “unknown,” “grasslands,” “forest” and
“rocky walls”; (4) “insularity”: “yes” or “no”; (5) “al-
titude”: “low-altitude” (<400 m), “mid-altitude” (400—
1000 m), and “high-altitude” (>1000 m); (6) “climate,”

ER N3

following the Koppen classification (Kottek et al. 2006);
and (7) “season”: “spring,” “summer,” “spring—sum-
mer” (the publication provides mixed results of both
seasons), “autumn,” “winter,” “annual” (the publica-
tion provides mixed results for the whole year or the en-
tire activity season) and “unknown.” In cases where the
information was not included in the original publica-
tion, the data was searched for in other publications. If a
range of values was provided, the means were calculat-
ed before categorizing the moderator.

LR N3

Two variables that can influence lacertid lizard ther-
moregulation were not included in the analysis: latitude
and phylogeny. Although latitude affects the thermal bi-
ology of other lizards (Huey ef al. 2009), this was not
included herein because the latitudinal variation in the
present dataset is low (Fig. 1), which, alongside a lim-
ited sample size would probable add more noise to the
results. In addition, phylogeny was also not taken into
account, as this study focused only on 1 family, and it
would probably also add noise to the results (see also
Huey & Pianka 2018). Nonetheless, the importance of
testing the effects of geography and phylogeny on lizard

I SAMPLE OF EFFECT SIZES

I STEP 1 I Homogeneity test )

STEP 2 Moderator that maximizes
QBetween> Qwithin

| S — |
| SUBSET 1 | | SUBSET 2 I

I STEP 1 IHomogeneity test >

Subset 1is Subset 2 is
heterogeneous homogeneous

Subset 1is large
enough to keep
partitioning

Subset 2 is small
for further
partitioning

Integration
with Fixed

Effect Model

STEP 2 I -
Integration

with Random
Effects Model

Figure 2 Summary of the meta-partition methodology: (1) step
1 is the assessment of heterogeneity with the homogeneity test
and the value of I, (2) step 2 is the selection of the best moder-
ator, according to the Logworth value with p-value correction,
and (3) step 3 is the integration of effect sizes in final subsets
(Ortega et al. 2016a).
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thermoregulation is noteworthy (Felsenstein 1985; Gar-
land et al. 2005). As studies reporting lizard thermoreg-
ulation indices are becoming more common, a further
meta-analysis testing the effects of those factors shall be
carried out.

Two effect sizes were applied: (1) standardized dif-
ferences between mean body temperatures and mean air
temperatures; and (2) correlation between body and air
temperatures. According to the former, the higher the
mean body temperature above the mean air temperature,
the greater the thermoregulatory ability of the popula-
tion. Although this estimate of effect size provides limit-
ed information, because it is only based on mean values
(Heath 1964), it is useful for comparisons between pop-
ulations. Comparisons address the relative influence of
environmental factors on the differences between body
and air temperatures between populations.

The Hedges’ d was used to calculate the difference
between mean body temperatures and mean air tempera-
tures (Hedges & Olkin 1985). The association between
body and air temperatures was measured in the origi-
nal publications by the correlation coefficient. Fisher’s
Z transformation of the correlation coefficient as the ef-
fect size for analyzing correlations was applied (Fisher
1921; Fleiss 1993). For populations where the correla-
tion coefficient was not reported, it was calculated from
the regression coefficient. Meta-analyses were conduct-
ed using the Metawin 2.0 (Rosenberg et al. 2000) and
JMP-12 (SAS Institute, Cary, NC, USA) software.

Multimodel inference

Thermoregulation effectiveness could not be subject-
ed to meta-analysis, as dispersion measures of thermo-
regulation indices are usually not provided (this data
was available only for 14 out of 45 populations). Thus,
these data were analyzed using a theoretical information
approach.

As a response variable, the thermoregulation effec-
tiveness index was used (Hertz et al. 1993), ranging be-
tween 0 and 1. The higher the value, the higher the ther-
moregulatory ability. The first step was to explore the
data, to select the explanatory variables and biological-
ly meaningful interactions observed to potentially af-
fect the response variable (Burnham & Anderson 2004;
Zuur et al. 2010). The results from both meta-analyses
were used, as well as data exploring thermoregulation
effectiveness, to decide the best explanatory variables to
include in the global model. Generalized linear mixed
models (GLMM) with Gaussian errors were applied for
the data analysis. The analysis was carried out using the

Meta-analysis of lacertid thermal ecology

Ime4 R package (Bates et al. 2016; R Core Team 2016).

Because the explanatory variables were carefully se-
lected based on the meta-analyses and data exploration
results, the set of models was restricted, and it was con-
sidered appropriate to select the top 2AIC, (a second-or-
der Akaike information criterion [AIC], required for
small samples; see Burnham & Anderson 2004) of the
models as the “top model set” (Burnham & Anderson
2004; Grueber et al. 2011). The arm package was used
to standardize parameters from the global model (Gel-
man & Su 2016) and the MuMIn R package was used to
obtain the model set (Barton 2016). As the aim was to
determine the averaged effect of the main factors affect-
ing thermoregulation effectiveness, the zero method for
model averaging was chosen (Nakagawa & Freckleton
2010).

RESULTS

Differences between mean body and air

temperatures

The data on mean body and air temperatures for the
71 lizard populations is highly heterogeneous for the
fixed-effect model (Q, = 2333.37, P < 0.00001), and
97% of the variability of effect sizes is intrinsic to the
studies themselves. The main moderator affecting effect
size is season (Q, = 241.92, Logworth = 1.10; where
Logworth = —log10[P-value]), with populations studied
in the winter and summer exhibiting a lower effect size
compared to populations studied during other seasons
(Fig. 3).

Lacertids studied in the winter (n = 1) and summer (n
= 26) exhibit a mean effect size (under the random ef-
fect model) of 1.8562 (95% CI: 1.4104/2.3019). How-
ever, this group is still heterogeneous (Q, = 869.77, P
< 0.00001; I’ = 97.02%), with the next partition by alti-
tude (Q, = 106.54, Logworth = 0.99), with the low-alti-
tude + mid-altitude group (i.c. below 1000 m above seca
level) on one side (n = 15) and the high-altitude group (>
1000 m above sea level) on the other (n = 12). The com-
plete meta-partition of this effect size is reported in the
Supplementary Material 2. Upon integration of the ef-
fect sizes, lacertids in the winter and summer living at
<1000 m above sea level display a common effect size
of 1.3454 (95% CI: 0.8504/1.8405), while lacertids in
summer living at >1000 m above sea level show a com-
mon effect size of 2.5075 (95% CI: 1.5918/3.4232). The
difference in effect sizes for lacertids studied during the
summer (and 1 population in winter) is considerable

© 2018 International Society of Zoological Sciences, Institute of Zoology/ 297

Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd



Z. Ortega and F. J. Martin-Vallejo

(Fig. 4).

Lacertids studied during other seasons (n = 44) ex-
hibit a mean effect size (under the random effect model)
of 0.0304 (95% CI: —0.0226/0.0834). Within this group,
effect sizes are highly heterogeneous (Q,, = 1221.68, P
< 0.00001; I* = 96.48%). The complete meta-partition
is provided in the Electronic Supplementary Material 2.
The meta-analysis revealed that season is the main fac-
tor affecting the differences between mean body tem-
peratures and mean air temperatures. Hence, the studies
for which temperatures from different seasons pooled
into in one common mean may include poor quality
data, and further partitions could, consequently, be con-
founded.

Correlations between body and air temperatures

The initial 60 population sample where correlations
between body and air are available is heterogeneous (Q,,
=803.36, P < 0.00001, I* = 92.65%) and the first parti-
tion is by the altitude moderator (Q; = 157.44, Logworth
= 3.52; Fig. 5). As in the first meta-analysis, the groups
resulting from the partition by altitude are high-altitude

Lacertids
(n=71)
Season
Winter Other
+ seasons
Summer

(n=27) (n=44)
Altitude Insularity
<1000 >1000 No Yes
(n=15) (n=12) (n=35) (n=9)

Thermoregulatio_

Figure 3 Summary tree of the first meta-analysis, exhibiting
the difference of the means between body temperatures and air
temperatures as the effect size of each population. Among the
proposed moderators, season was the most important in ex-
plaining the heterogeneity of the effect sizes of the 71 lacertid
populations with available data. See Supplementary Material 2
for the complete results of the meta-analysis.

and low-altitude + mid-altitude. The effect of altitude is
congruent with the first meta-analysis (Fig. 6).

For the 27 lizard populations inhabiting areas >1000
m above sea level, effect sizes are still heterogeneous
(O = 81.74, P < 0.00001, I = 68.19%). The next par-
tition is by body size (Q; = 19.26, Logworth = 1.90),
grouping medium body size (60—75 mm) on one side (n
= 11) and small (<60 mm) and large lizards (>75 mm)
on the other (n = 16; Fig. 5). Both groups are still het-
erogeneous, but, as in the first meta-analysis, it is better
to stop partitioning at this level, avoiding spurious re-
sults when the sample size is decreased and moderators
could confound the meta-partition. The integrated effect
size of the medium-sized lacertids living at >1000 m
above sea level is 0.2984 (95% CI: 0.1536/0.4432), and
that of the small-sized + large-sized is 0.4467 (95% CI:
0.3298/0.5636).

One outlier of the 33 populations living at <1000 m
above sea level was removed [the population of Zoo-
toca vivipara in Herczeg et al. 2004, whose effect size
is 2.1095 (see Fig A9 in the Electronic Supplementary
Material 2]. The effect sizes of the 32 remaining popula-
tions are still heterogeneous under the fixed-effect mod-
el (0, = 424.88, P < 0.00001, I = 92.70%), with the
next partition occurring by season (Qy = 122.33, Log-

5.507]
4.507

3.50]

2.507

Effect size (H)

1.507]

0.507

-0.507

I I
<1000 m.a.s.l. > 1000 m.a.s.l.

Figure 4 Influence of the altitude of the population on the ef-
fect size of the differences of means between body and air tem-
peratures (estimated using Hedge’s H) of the lacertid lizards
studied during summer (n = 26) and winter (n = 1).
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worth = 1.87). This partition forms 2 groups, lizards liv-
ing <1000 m above sea level studied during other sea-
sons (n = 25) on one side and those living at <1000 m
above sea level studied during the summer (n = 7; Fig. 5).
As in the first meta-analysis, the group comprising other
seasons must be evaluated with caution, because season
strongly affects lacertid thermoregulation, and the val-
ues within this group are mixed. The integrated effect
size of this group is 0.5925 (95% CI: 0.4595/0.7254).
Lacertids living at <1000 m above sea level and studied
during the summer exhibit an integrated effect size of
1.1066 (95% CI: 0.9546/1.2086).

Multimodel inference for thermoregulation
effectiveness

The following predictor variables were included,
based on the results of the previous meta-analyses, to
explain lizard thermoregulation effectiveness: (1) sea-
son (one factor with 3 levels: 1 = “spring,” 2 = “sum-
mer,” 3 = “others”); (2) altitude (a continuous variable,
in m above sea level; when a range for 1 population was
reported, the mean value of the range was used); (3) in-
sularity (factor with 2 levels: 1 = “yes,” 2 = “no”); and

Lacertids
(n=60)

Altitude

>1000 <1000
(n=27) (n=32)

Body size Season

[ ] [ 1

Medium Small Other Summer

+ seasons
Large
(n=16)

(n=5) (n=25) (n=7)

Difference between mean body and air tem
‘ Thermoregulation

Figure 5 Summary tree of the second meta-analysis, with cor-
relations between body temperatures and air temperatures as
effect size. Among the proposed moderators, altitude was the
most important in explaining the heterogeneity of the effect
sizes of the 60 lacertid populations with available data. See
Supplementary Material 2 for the complete results of the me-
ta-analysis.

Meta-analysis of lacertid thermal ecology

(4) body size (a continuous variable: the mean SVL re-
ported for each population, in mm).

Thus, the global model was:

E ~ size + season + altitude + insularity + season:alti-
tude + size:altitude.

The whole set of models included 26 models. The top
2AIC, models included 3 models, whose averaged pa-
rameters are provided in Table 1. The relative impor-
tance of the explanatory variables is: season > body size
> altitude > insularity. Season and body size appeared in
the 3 top models, with significant inverse relationships
with thermoregulation effectiveness (Fig. 7), while alti-
tude and insularity each appeared in 1 of the 3 top mod-
els each.

DISCUSSION

To the best of our knowledge, this is the first meta-an-
alytical, integrative study on the relative importance of
different factors, and their interactions, on animal ther-
mal ecology, precluding comparisons with other taxa.
The first remarkable result was the high heterogeneity of
effect sizes on the meta-partitions, with an * > 96% for
the initial datasets. This means that more than the 90%

2.50

L]
2.00

L]

—~ 1.507
N
Iy L] L] L]
N .
? 1004 g e
o °
£
w

L]

H
0004 *

-0.50

T T T T T T T
0 500 1000 1500 2000 2500 3000
Altitude

Figure 6 Influence of altitude on the effect size of the correla-
tion between body and air temperatures (estimated using Fish-
er’s Z) of the 60 lacertid lizard populations for which data are
currently available. The greater the correlation, the lesser the
degree of thermoregulation, and vice-versa. The black line is
the linear regression slope line and the grey lines are the 95%
confidence intervals.
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Table 1 The upper part of the table reports the averaged parameters of the top 2AIC, models for the effect of the proposed factors
on thermoregulaion effectiveness (E)

Estimate SE Adjusted SE Z P
(Intercept) 0.88556 0.04843 0.04988 17.755 <2e-16%**
Factor(Season) “Spring” —0.04823 0.05599 0.05770 0.836 0.40324
Factor(Season) “Others” —0.17380 0.05458 0.05625 3.090 0.00200%*
Size —0.10581 0.03874 0.03993 2.650 0.00805%*
Altitude —0.04067 0.03229 0.03329 1.222 0.22184
Factor(Insularity) “No” —0.03111 0.03412 0.03519 0.884 0.37667
Degrees of freedom logLik' AIC, DAICc Akaike weight
24 5 39.21 —66.89 0.00 0.49
234 6 40.09 —65.97 0.92 0.31
124 6 39.68 —65.14 1.75 0.20

FMaximum likelihood of the model. Coefficients are averaged based on their Akaike weights for each of the top models. The lower
part of the table provides information on the 3 top models and their weight in the averaged parameters.

Summer Other Spring
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0.90
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Thermoregulation effectiveness

0.40-
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Mean body size of the population (mm)
Figure 7 Scatterplot of the relation between body size (mean
snout—vent length of the population, in mm) and the thermo-
regulation effectiveness index for published Lacertidae data.
The scatterplot is paneled by season to illustrate the multimod-
el inference analysis findings. The linear regression slope is de-
picted for each season, alongside the 95% confidence interval.

of the variability of effect sizes is due to the heteroge-
neity concerning the responses of lizard populations or
studies, and not chance (Higgins & Thompson 2002).
This underscores the importance of understanding how

each factor explains the variability of effect sizes in eco-
logical meta-analyses. Instead of focusing on P-values,
it would be more interesting to address the sources of
heterogeneity in effect sizes (Nakagawa & Poulin 2012;
Nakagawa & Santos 2012; Lortie et al. 2013).

The first meta-partition revealed that season was the
main trait affecting the differences between body and air
temperatures, where lizard body temperatures are clos-
er to air temperatures in summer compared to the oth-
er seasons. Some published studies have addressed the
effect of seasonal changes on lacertid thermal ecology
(Diaz & Cabezas-Diaz 2004; Diaz et al. 2006; Ortega et
al. 2014; Ortega & Pérez-Mellado 2016), and some have
detected seasonal differences between preferred tem-
peratures (Diaz et al. 2006; Ortega et al. 2016b). Among
lizards studied in the summer, altitude was the most im-
portant variable explaining differences between body
and air temperatures, with a general trend for a great-
er increase of body temperatures above air temperatures
in populations inhabiting high elevations (above 1000
m above sea level). For populations studied during oth-
er seasons, both the small sample size and data mixing
hamper the understanding of the role of other variables.
Obviously, the smaller differences between body and air
temperatures in summer would be due to the habitat be-
ing thermally more suitable for lizards during this sea-
son. Similarly, higher differences in high altitude popu-
lations would be due to the harsher thermal conditions
at higher altitudes. The extent of thermoregulation abil-
ity has been negatively related to correlations between
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body and air temperatures (Hertz et al. 1993; Mitchell
& Angilletta 2009). The second meta-partition revealed
that the central variable affecting correlations between
body and air temperature was altitude, with lizards liv-
ing above 1000 m above sea level showing weaker cor-
relations and vice-versa. Body size was the most im-
portant factor affecting correlations between body and
air temperatures in lizards living at high elevations.
However, the pattern is not clear, because medium-sized
lacertids show weaker correlations and small and large
lacertids show stronger correlations. Lacertids inhabit-
ing lower altitudes were most affected by season, with
populations studied in summer displaying the highest
correlations between body and air temperatures. This
pattern is consistent with that found in the other me-
ta-partition: during summer, lacertids achieve body tem-
peratures closer to air temperatures in their habitats.

Results regarding thermoregulation effectiveness
highlight the roles of season and body size. Nonethe-
less, the effect of season on thermoregulation effective-
ness should be evaluated cautiously, due to the mixing
of data from different seasons and small sample size.
Body size seems to be positively related to thermoreg-
ulation effectiveness in summer and negatively in oth-
er seasons. Two interactions were detected, between al-
titude and season and between body size and altitude.
None were significant in the best models explaining
thermoregulation effectiveness, and none were the main
effect of altitude, but their appearance in the top model
set suggest some effect that deserves further research.

Previous studies (e.g. Blouim-Demers & Nadeau
2005) report that lizards, especially those living in ther-
mally challenging habitats, must thermoregulate effec-
tively. General conclusions of the present results con-
sistently support this fact as the most remarkable in
lacertid thermal ecology, with season (summer vs oth-
er seasons) and altitude as the main drivers of this phe-
nomenon. In addition to thermal habitat suitability, body
size seems to have a general effect on lacertid thermal
ecology, probably interacting with altitude. Hence, fu-
ture studies should focus on the interrelations of body
size, altitude and season in shaping lacertid lizard ther-
moregulation ability. It is, thus, recommended that re-
searchers always report study dates and control for the
effects of season, altitude and body size when studying
the effect of other variables on lacertid lizard thermo-
regulation. Otherwise, if researchers mix data from vari-
ous seasons or altitudes in thermal ecology studies with-
out accounting for it, results could be misleading.

As ectotherms, lizards are highly susceptible to cli-

Meta-analysis of lacertid thermal ecology

mate change impacts. It is predicted that almost one-
fifth of the lizard species will disappear up to 2080 due
to anthropogenic climate change (Sinervo ef al. 2010).
Regarding lacertids, as with basic thermal ecology re-
search, there is a strong geographical bias towards Eu-
ropean species (Winter et al. 2016), while the impact on
Asian and African lacertids is less known (see Martinez-
Freiria et al. 2013). Some European lizards are predict-
ed to expand their ranges in the carly stages of climate
warming (Araujo et al. 2006; Le Galliard et al. 2012).
Predicted range expansions may occur for lizards of
cold and humid areas, while those from the Mediterra-
nean basin could be more negatively impacted due to in-
creasing droughts (Foufopoulos ef al. 2010; Belasen et
al. 2017). The fact that all studied lacertid lizards pre-
sented body temperatures closet to their thermal pref-
erence, reflects the flexibility of their thermoregulatory
strategies and behavioral adaptations, which could com-
pensate for climate change, at least in the short term. In
addition, the mean thermoregulation effectiveness of
the 45 lacertids for which data is available is 0.78 (rang-
ing from 0.43 to 0.95). This indicates that lizards from
this family are effective thermoregulators, apt at buffer-
ing the impacts of climate change by means of behav-
ioral thermoregulation during the first stages of climate
warming (Ortega et al. 2016d). In any case, the results
presented herein highlight the importance of season and
elevation for lacertid lizard thermal ecology. Thus, spe-
cial attention should be paid to the impact of climate al-
terations on seasonality and mountain habitats. In ad-
dition, body size seems to interact with altitude, and is
predicted to decline with climate change (Gardner et al.
2011; Caruso et al. 2014). This fact prompts the need
for further understanding of how body size interacts
with altitude to model lacertid lizard thermoregulation
effectiveness, with the aim of improving the predictions
concerning these lizards under climate change condi-
tions, as well as possible conservation measures.
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