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Abstract
While most of the available studies on climate change effects on Lepidosauria focused on
changes in species distribution, none has focused on evaluating biogeographic and
phylogenetic patterns of these effects. Here, we aimed to test if some lepidosaurian clades
are more likely to be vulnerable than others and if their vulnerability corresponds with
zoogeographic-related climatic conditions. We measured Pagel’s λ and Blomberg’s K and
indicated a significant phylogenetic signal of lepidosaurians’ vulnerability to climate
change, which tends to increase towards more recent clades. We performed a parsimony
analysis of endemicity to determine the most climatically vulnerable zoogeographical
realms, considering local lepidosaurian vulnerability. We recovered that taxa occurring in
multiple zoogeographical realms are usually vulnerable across different geographic
regions. Thus, we indicated that the lepidosaurian vulnerability is not related to their
occurrence area, since most of the clades are shown to be vulnerable despite their
biogeographic distribution or local climate conditions. We conducted a meta-analysis
and showed that climate change is globally affecting taxa distribution, with no effects of
heterogeneity. Finally, we performed a panbiogeographical analysis and found that
Neotropical, Afrotropical, Australian, and Nearctic realms contain the highest number
of biotic convergence zones. Areas with high spatial concentration of diversity also
presented a greater number of vulnerable species, indicating that these areas can be
possible targets for conservation at a larger scale and may help to identify especially
diverse areas for conservation efforts at a small scale, focusing on buffering the effects of
climate change on local populations.
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1 Introduction

Climate change poses severe threats to the conservation of natural landscapes across
the globe and is cited as one of the main drivers of the current global biodiversity
crisis (Garcia et al. 2014; Ceballos et al. 2015). The Earth’s average surface temper-
ature has increased 1.1 °C from 1901 to 2018, and considering that current emissions
will not be reduced until the end of the century (“business-as-usual” scenario of
greenhouse gases emissions), future estimates indicate a potential increase of about
4.8 °C by 2100 (Field et al. 2014; IPCC 2018).

The vulnerability of an organism to environmental change depends on its exposure
to change, its sensitivity to this change, and its ability to recover or adapt to it
(Williams et al. 2012). Predicting the potential risks to biodiversity caused by climate
change has become an extremely active field of research (Bellard et al. 2012), and
some studies suggest that the trends of current global climate change could become
the most significant global threat to biodiversity over the next few decades (Pereira
et al. 2010; Cahill et al. 2012).

Lepidosauria, which includes lizards, snakes, amphisbaenians, and tuatara, is the most
diverse group of extant reptiles in terms of number of species and morphological, physiolog-
ical, and ecological traits (Jetz and Fine 2012). Because Lepidosauria are ectothermic, several
of their life history traits are likely to be influenced by environmental temperature variation
(Diele-Viegas and Rocha 2018), making them excellent models to evaluate potentzial effects
of climate change on terrestrial ectotherms (Chamaillé-Jammes et al. 2006).

Most of the species-level diversity of Lepidosauria is located in the tropics and
subtropics (Roll et al. 2017), where some species are already experiencing body
temperatures above their physiological optima, indicating a potentially higher vulner-
ability than species from cold environments (Huey 1982; Huey et al. 2009; Diele-
Viegas et al. 2018). However, temperate species are also likely to be vulnerable,
assuming that their physiological adaptations for living in cold environments may
hinder their ability to cope with hotter environments (Monasterio et al. 2013; Kubisch
et al. 2016).

While most of the available studies evaluating climate change effects on Lepidosauria
focused on changes in species distribution (Diele-Viegas and Rocha 2018), none has focused
on evaluating general biogeographic and phylogenetic effects on Lepidosauria with a
macroecological approach. Thus, there is still a lack of information regarding which group
or area around the globe is likely to be more severely affected by climate change.

Here, we aimed to evaluate if the effects of climate change on Lepidosauria around
the world follow a general phylogenetic or biogeographic pattern. The first hypothesis
posits phylogenetic conservatism, and in this scenario, we would expect to see that
some groups are more likely to be vulnerable to climate change than others, inde-
pendent from their biogeography. The second hypothesis posits that their vulnerability
corresponds with biogeography-related climatic conditions irrespective of relatedness
between species. Thus, we aim to test these hypotheses and to seek to determine (1)
the most climatically vulnerable areas around the world with regard to their local
Lepidosauria fauna; (2) the most climatically vulnerable lepidosaurian taxa; (3) the
general trends of the influences of climate change on lepidosaurian distribution at the
species level; and (4) the critical areas for conservation of the lepidosaurian species
evaluated by the studies addressed here.
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2 Methods

2.1 Searching for global trends

We focused our review on studies that aimed to evaluate the influences of recent changes in
climate on Lepidosauria. We conducted a literature search using online publication databases
(Periódicos CAPES, PubMed, Google Scholar, SciELO, Scopus, Web of Science, and Wiley
Online Library), using the following keywords: [Climate Change OR Global Warming OR
Climate Warming] AND [Lizard* OR Snake* OR Sphenodon OR Tuatara OR Lepidosauria
OR Squamata]. We also included studies identified by contacting authors and studies listed in
the references sections of the previously identified articles that were not captured by the search
in the literature databases. We excluded studies that focused on paleoclimatic changes since we
are focusing on the effects of current and future changes in climate change.

We extracted the following information from the analyzed articles: the impacts of climate
change on the evaluated species (negative, neutral, positive); collecting area to allow identi-
fication of zoogeographical realms [i.e., geographical entities delineated by considering an
animal’s global distribution and phylogenetic relationships, (Holt et al. 2013; Table S1)]; the
coordinates given by the studies (Table S2; Fig. S1); and the area under the curve (AUC)
values of the receiver operating characteristic (ROC) analysis published when the research
focused on species distributions (Table S3).

To evaluate the phylogenetic patterns of climate change effects on Lepidosauria, we
aggregated species into more comprehensive groups using a phylogeny supported by both
nuclear and mitochondrial data (Pyron et al. 2013): order (e.g., Sphenodontia), suborder (e.g.,
Serpentes), infraorder (e.g., Gekkota, Iguania, and Anguimorpha), and superfamily (e.g.,
Lacertoidea and Scincoidea). To evaluate the biogeographic patterns among the evaluated
taxa, we characterized their distribution using the most recent classification of zoogeographic
realms (Holt et al. 2013): Afrotropical, Australian, Madagascan, Nearctic, Neotropical, Oce-
anian, Oriental, Palearctic, Panamanian, Saharo-Arabian, and Sino-Japanese.

We considered a species vulnerable when 50% or more studies indicated negative effects of
climate change on the species (e.g., range contractions, inability to genetically, behaviorally or
physiologically cope with the changes in climate). Conversely, non-vulnerable species were
those for which more than 50% of the studies indicated neutral or positive effects of climate
change. For more comprehensive groups, they were considered to be “vulnerable” when more
than 50% of the evaluated species for that group were considered vulnerable and “non-
vulnerable” when less than 50% of the evaluated species were considered vulnerable. When
50% of the species were considered to be vulnerable, we considered this group as “vulnerable
or not.”

To test our phylogenetic hypothesis that vulnerability is conserved within the phylogeny,
we measured the phylogenetic signal of species’ responses to climate change both at the
species level and across different phylogenetic scales (Graham et al. 2018). We used the D
metric to measure the phylogenetic signal at the species level, which was designed to measure
phylogenetic signal on binary traits (Fritz and Purvis 2010). It can vary between 0, when the
trait is distributed as expected under a Brownian motion model of evolution, and 1, when the
trait is randomly distributed along the phylogeny (Fritz and Purvis 2010).

The phylogenetic scaling analysis was used to indicate if and how the phylogenetic signal
changes across different phylogenetic resolutions. The phylogenetic scaling approach assumes
that phylogenies represent hierarchically nested groups that end up in tips that normally
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represent the species. By grouping the species into higher hierarchical lineages or in other
words lowering the phylogenetic resolution of the tree, we can perform this phylogenetic
analysis on a different scale (see Graham et al. 2018, for a detailed discussion on the
subject). Thus, we can employ this approach to check if vulnerability to climate change is
conserved at other phylogenetic scales rather than the species level and therefore shed
some light on the origins of such vulnerability. To lower the phylogenetic resolution, we
grouped species according to their phylogenetic similarity, which was measured as the
pairwise branch length distance between tips. We set the number of groups to vary based
on a continuous set of decreasing phylogenetic resolution, from 350 (high phylogenetic
resolution) to 20 (low phylogenetic resolution) groups of the most phylogenetically similar
species. The lower bound was chosen based on a reasonable number of observations for
which the phylogenetic signal could still be measured. We defined the maximum number
of groups based on a number slightly higher than the number of genera in this study (n =
340). This upper bound establishes a safety margin as current groups could be split into
more groups in the future, although we highlight that such a change did not change the
general pattern of our findings in this analysis. We ended up with 67 trees across a gradient
of phylogenetic resolution, where the tips in these trees represented the defined groups of
species (or higher hierarchical lineages). We then calculated the percentage of vulnerable
species in each group and measured the phylogenetic signal of the percentage of vulner-
able species per group. Since these new vulnerability measures at the tip values were
continuous, we used both Pagel’s λ (Pagel 1999) and Blomberg’s K (Blomberg et al. 2003)
to measure phylogenetic signal. Pagel’s λ varies from 0, no phylogenetic signal, to 1, when
the trait is distributed as expected under Brownian motion. Values close to 0 in
Bloomberg’s K also indicate a randomly distributed trait along the phylogeny and 1 a
trait distributed as expected under Brownian motion. However, K values can sometimes go
above 1 when a trait is more conserved than expected under Brownian motion. All
phylogenetic analyses were carried out using the statistical software environment R (R
Core Team 2018).

2.2 Parsimony analysis of endemicity (PAE)

The PAE is a biogeographical tool designed to classify areas according to the shared
presence of taxa (Nihei 2006). We adapted this methodology to test our biogeographic
hypothesis and determine the most climatically vulnerable zoogeographical realms in
terms of local lepidosaurian vulnerability. If our hypothesis is correct, PAE results will
indicate a pattern in taxa vulnerability determined by the climatic conditions of the
realms. For example, tropical realms (e.g., Neotropical, Afrotropical, and Madagascan)
should present similar rates of taxa vulnerability, as should the subtropical and
temperate realms (e.g., Nearctic and Palaearctic), and the zoogeographical realms with
different climatic conditions should have different patterns from each other.

Since most of the evaluated families were subsampled, our assumptions were based on the
proportions among the analyzed species per family. The PAE analysis relies on the presence of
shared species between the predetermined areas (Morrone 2014), so we first associated the
presence/absence of evaluated families among the zoogeographical realms through a binary
matrix of presence (1) and absence (0) generated with Mesquite (Maddison and Maddison
2018). Then, we generated a PAE tree by using the implicit enumeration algorithm in the
phylogenetic software TNT (Goloboff et al. 2008).
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To associate the taxa vulnerability to parsimony of endemicity, we evaluated the vulnera-
bility of the families at the zoogeographical realms through a binary matrix. We inputted the
following codes into the matrix: (1) for “vulnerable” families, (0) for “non-vulnerable”
families, and (01) for “vulnerable or not” families. Then, we reconstructed these values over
the PAE cladogram and merged the families into more inclusive clades with the software
Mesquite (Maddison and Maddison 2018). The raw data resulting from this analysis (nexus,
matrices, and area cladogram) are available in Supplementary Data 1.

2.3 Meta-analysis

The extent to which a species’ distribution is correlated with climate variables may indicate its
sensitivity to future climate change (Sinervo et al. 2010). We conducted a meta-analysis to
evaluate if the current literature supports the hypothesis that lepidosaurians will change their
geographical distributions in response to climate change. To do so, we used the package
metafor (Viechtbauer 2010) in R (R Core Team 2018).

In species distribution modeling (SDM), a standard metric to describe how well the model
variables predict species’ distributions is the AUC of the ROC (Jiménez-Valverde 2012). Thus,
we obtained these values from 35 articles in which occurrence data of 577 species were
considered to fit climate variables using SDM. Since we aimed to evaluate the correlation
between species distribution and climate change, we converted the AUC values (a measure-
ment of model’s performance) into Pearson’s r (a measurement of correlation between
variables), based on (Salgado, 2018; Table S3). We measured how variable this value was
among taxa and zoogeographical realms, separated into vulnerable or not based on observed
climate responses (see above methods; e.g., vulnerable Iguania from Neotropical; non-
vulnerable Scincoidea from Australian).

Since most of the studies do not provide the sample size used in the AUC analysis, we
calculated the average r for these groups and determined the sample size by the number of
evaluated species in each group (Diele-Viegas and Rocha 2018). We treated the average r as
the fixed effect size (vulnerable/non-vulnerable for each taxon/zoogeographical realm). In
order to determine the strength of the effects of climate change on species distribution, we
tested for variation in Pearson’s r by describing and testing for significant heterogeneity of the
effect size (Q) and further testing for inconsistency among groups by measuring the variation
of the effect and the proportion of the true variation between the groups (I2), considering the
equation below (Higgins and Thompson 2002). Low values in each metric indicated little
variability among groups and consequently low heterogeneity and a strong effect of climate
change on species distribution.

I2 ¼ Q−df
Q

� �
� 100

2.4 Panbiogeography

We performed a panbiogeographical analysis to delimit the potential areas for conservation of
the evaluated lepidosaurians and identify poorly sampled areas by using the software Croizat
2.1.0 (Cavalcanti 2009). This analysis uses occurrence data to draw geographic distribution of
clades as tracks. When tracks of different clades overlap, it indicates a region of shared
distribution, called generalized track. Then, when these generalized tracks overlap or cross,
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it indicates nodes, which are regions where numerous clades are predicted to coexist or have
coexisted at some point in time and therefore might show a considerably high diversity (see
Croizat et al. 1974). Thus, generalized tracks and nodes represent potential areas of distribution
of groups of species, in an historical sense (Heads 2004). Therefore, these features can be
placed in localities without reported species occurrences.

We considered the distribution of the comprehensive groups rather than individual genera/species
and used the results to determine where the generalized tracks (i.e., areas where different clades co-
occur) overlap or cross forming the nodes (i.e., potential areas for conservation). We calculated the
generalized tracks considering the coordinates of the evaluated species given by the studies. We
considered a congruence value of 1.0, which indicates a complete congruence between the species
distribution. Then, we defined the biotic convergence zones, or potential areas for species conser-
vation, as the localities where two or more generalized tracks overlapped (Morrone 2004;
Echeverría-Londoño and Miranda-Esquivel 2011).

3 Results

We analyzed a total of 200 articles published from 2000 to January 2018 (Table S4). These
studies evaluated 1875 species, which represents 18% of lepidosaurian diversity (Uetz et al.
2018). From those, 1114 species were considered vulnerable to changes in climate (59.41%),
688 were considered non-vulnerable (36.69%), and 73 were not evaluated for vulnerability
(3.89%). Zootoca vivipara (Lacertilia: Lacertoidea) was the most studied species, with 14
studies indicating negative effects of climate change, eight studies indicating positive effects,
and two studies with no definite conclusions about this issue. All studies considered changes
on temperature and/or precipitation over time as climate change factors. Other climate change
factors, such as sea level rise, were not addressed by this literature.

Most of the lepidosaurian families were subsampled, with Typhlopidae (Serpentes) pre-
senting the smallest ratio (N = 4; 0.98%) of evaluated species related to the current known
diversity for the family (Uetz et al. 2018; Table 1). Besides Bipedidae (N = 3), Helodermatidae
(N = 2), Lanthanotidae (N = 1), Shinisauridae (N = 1), and Sphenodontidae (N = 1), which had
100% of species evaluated, Phrynosomatidae (N = 101; 63.5%) and Liolaemidae (N = 190;
61.9%) were the most well represented families among the studies (Table 1).

At the species level, vulnerability had weak phylogenetic signal among the evaluated
species (D = 0.75). However, our analysis revealed that the strength of the phylogenetic signal
for both Pagel’s λ and Bloomberg’s K increased when considering higher-level phylogenetic
relationships (e.g., Gekkota, Scincoidea; Fig. 1). There is a clear trend of increasing vulner-
ability among most recent clades (Fig. 2), when excluding Sphenodontia. Besides being the
most basal clade, Sphenodontia is represented by only one (vulnerable) species, and thus, it has
the highest vulnerability ratio among the analyzed groups (1:1).

3.1 Global trends of lepidosaurian vulnerability

Most zoogeographical realms were not sampled homogenously (Fig. S1), except the Neotrop-
ical, Panamanian, and Australian realms. Nearctic and Palaearctic realms lack studies focused
on northern species, where there are up to 200 known species (Uetz et al. 2018), mainly in
Canada, Russia, Kazakhstan, and Mongolia. The Afrotropical realm lacks studies focusing on
Central Africa species, which reaches up to 485 known species (Uetz et al. 2018), mainly in
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Angola, Congo, and Zambia. Studies in the Saharo-Arabian realm encompass only 144 from
more than 650 known species within the realm, while those on the Oriental realm lack species
from Pakistan and the Indi-Pacific islands, which host more than 1370 species (Uetz et al.
2018). Finally, the Sino-Japanese realm lacks studies on species from Central Asia and Japan,
which host more than 520 species (Uetz et al. 2018).

Table 1 Ratio of evaluated species to the current number of species per family

Taxa Family NES TNS %

Anguimorpha Anguidae 13 79 16.46
Anguimorpha Anniellidae 3 6 50.00
Anguimorpha Diploglossidae 2 52 3.85
Anguimorpha Helodermatidae 2 2 100.00
Anguimorpha Lanthanotidae 1 1 100.00
Anguimorpha Shinisauridae 1 1 100.00
Anguimorpha Varanidae 22 80 27.50
Gekkota Diplodactylidae 26 151 17.22
Gekkota Eublepharidae 10 38 26.32
Gekkota Gekkonidae 61 1217 5.01
Gekkota Phyllodactylidae 30 148 20.27
Gekkota Pygopodidae 5 46 10.87
Gekkota Sphaerodactylidae 21 219 9.59
Iguania Agamidae 90 498 18.07
Iguania Carphodactylidae 10 30 33.33
Iguania Chamaeleonidae 40 212 18.87
Iguania Cordylidae 12 68 17.65
Iguania Corytophanidae 3 10 30.00
Iguania Crotaphytidae 5 12 41.67
Iguania Dactyloidae 98 427 22.95
Iguania Hoplocercidae 1 19 5.26
Iguania Iguanidae 14 44 31.82
Iguania Leiocephalidae 5 31 16.13
Iguania Leiosauridae 7 33 21.21
Iguania Liolaemidae 190 307 61.89
Iguania Opluridae 3 8 37.50
Iguania Phrynosomatidae 101 159 63.52
Iguania Polychrotidae 1 8 12.50
Iguania Tropiduridae 27 137 19.71
Lacertoidea Amphisbaenidae 6 175 3.43
Lacertoidea Bipedidae 3 3 100.00
Lacertoidea Gymnophthalmidae 17 249 6.83
Lacertoidea Lacertidae 117 334 35.03
Lacertoidea Teiidae 67 160 41.88
Lacertoidea Trogonophidae 2 6 33.33
Scincoidea Gerrhosauridae 4 37 10.81
Scincoidea Scincidae 464 1660 27.95
Scincoidea Xantusiidae 1 35 2.86
Serpentes Boidae 14 62 22.58
Serpentes Colubridae 131 1935 6.77
Serpentes Elapidae 97 371 26.15
Serpentes Lamprophiidae 13 322 4.04
Serpentes Leptotyphlopidae 3 139 2.16
Serpentes Pythonidae 13 40 32.50
Serpentes Typhlopidae 4 410 0.98
Serpentes Viperidae 42 347 12.10
Sphenodontia Sphenodontidae 1 1 100.00

NES number of evaluated species, TNS total number of species based on Uetz et al. (2018)

Climatic Change (2020) 159:581–599 587



Although most of the evaluated species were from Australian, Neotropical, and Nearctic
realms, the ratio of vulnerable species was comparatively higher for the Sino-Japanese,
Afrotropical, and Nearctic realms (Table 2). All zoogeographical realms had at least 50% of
the evaluated species considered to be vulnerable to climate change, except for Oceanian and
Madagascan realms (Fig. 3). Most of the taxa occur in multiple zoogeographical realms and
are usually vulnerable across different geographic regions (Fig. 3). Thus, our parsimony
analysis of endemicity indicated that the lepidosaurian vulnerability is not related to the

Fig. 1 Pagel’s λ and Bloomberg’s K phylogenetic signals across different taxonomic groups of Lepidosauria.
The blue line is the average tendency and gray shadow is the standard deviation

Fig. 2 Vulnerability of
Lepidosauria plotted against Pyron
et al. (2008) simplified cladogram.
Branch color represents proportion
of vulnerable species per clade,
from 0.44 (blue) to 1.00 (red)
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occurrence area of the comprehensive groups, since most of the clades are shown to be
vulnerable despite their biogeographic distribution (Fig. 3). Oceanian was the only realm with
no taxa evaluated as vulnerable to climate change, while in the Madagascan realm, only
Iguania was considered vulnerable (Fig. 3).

Our meta-analysis demonstrated the strength of the climate change effects on species
distribution of the evaluated taxa along the zoogeographical realms (I2 = 0, p < 0.001), with
no effect size heterogeneity (Q(df) = 5.645, p = 0.99). Both vulnerable and non-vulnerable
Australian scincoideans had substantial effects on the analysis, followed by vulnerable Aus-
tralian Serpentes and Palearctic lacertoideans (Fig. 4). Three non-vulnerable and seven
vulnerable taxa presented confidence intervals reaching the neutral effect on the analysis
(Fig. 4), indicating that these groups showed no effect of climate change on their species
distribution. However, analyses of most of the groups resulted in robust and precise statistical
findings that corroborate that species distribution is changing due to climate change, for both
vulnerable and non-vulnerable species.

Fig. 3 Taxa vulnerability associated with parsimony analysis of endemicity. Stars represent the vulnerable taxa
along the zoogeographical realms, pentagons are the non-vulnerable taxa along the realms, and squares are taxa
that did not occur in this realm. We considered a taxon vulnerable if more than 50% of the evaluated species for
that taxon was considered vulnerable by the evaluated studies
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Finally, our panbiogeographical analysis demonstrated that Afrotropical, Australian, Neo-
tropical, and Nearctic realms encompass the highest number of biotic convergence zones, with
most of the nodes comprising five or six taxa (Fig. 5). In contrast, the Oriental, Oceanian,
Saharo-Arabian, and Sino-Japanese realms showed the lowest number of biotic convergence
zones, with most of their nodes comprising only three taxa.

4 Discussion

Despite covering all zoogeographical realms, current literature on the impacts of climate
change on Lepidosauria represents only 18% of known biodiversity, thus underrepresenting
some groups and zoogeographical realms (Table 2). The Madagascan realm, for example, is

Fig. 4 Association between taxa distribution and climate change by zoogeographical realms. RE model (black
diamond) = Random effects. The x-axis represents the absolute statistics of the meta-analysis, varying from − 1
(low significant changes on species distribution) to 3 (high significant changes in species distributions). The
vertical dotted line represents the null effect. The size of the squares represents the size of the group effect in the
analysis
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known for its exceptional diversity of endemic squamates, supporting over 420 species of
Gekkota (N = 121), Iguania (N = 101), Serpentes (N = 101), and Scincoidea (N = 99). In fact,
the Madagascar realm boasts over 90% endemic species and genera (Raxworthy et al. 2003;
Glaw and Vences 2007; Uetz et al. 2018). However, only 29 species from the Madagascan
realm were evaluated among the studies, which represents around 7% of its total diversity.
Also, the Oceanian realm hosts around 460 species of Anguimorpha (N = 10), Gekkota (N =
100), Iguania (N = 16), Scincoidea (N = 203), and Serpentes (N = 131), but only 13 species
were evaluated among the studies, representing around 2.8% of local diversity (Uetz et al.
2018). These are also the only zoogeographical realms composed completely of island
territories, demonstrating their sensitivity to other climate change factors than temperature
and precipitation, such as sea level rise and erosion (Nurse et al. 2014).

Besides the scarcity of data, it is also important to highlight a possible publishing bias in
sampling efforts among the studies. The researchers could have focused their analyses on
species with a prior expectation of high vulnerability to climate change, in order to make
recommendations for future research. This could have led to a tendency to recover negative
rather than positive effects of climate change on the evaluated species. Although this is a real
possibility, it does not invalidate the results obtained by the researchers and consequently those
recovered in the present study, since the species were evaluated with robust methods widely
used in the literature, which recovered results with high confidence levels. Therefore, the
interpretation of our results was made with caution, not because of this possible bias, but
because our sampling only covers 18% of known lepidosaurian diversity.

Fig. 5 Potential areas for conservation of the lepidosaurians evaluated in the present study. The size of the circles
is related to the number of taxa co-occurring in that area. Zoogeographical realms are identified by colors
(adapted from Holt et al., 2013)
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4.1 What trends have shown

The data indicate that most of the evaluated species, totaling at least 9% of the world’s
Lepidosauria diversity, are likely to be negatively affected by climate change in the next few
decades (2050–2080; Uetz et al. 2018). Using the phylogeny proposed by Pyron et al. (2013),
we identify a relationship between phylogeny and vulnerability among lepidosaurians, with an
increase in vulnerability in more recent clades (i.e., Anguimorpha + Iguania). Gekkota, the
sister group to all remaining squamates, seems to be less vulnerable, while Scincoidea,
Lacertoidea, and Serpentes show intermediate values and Anguimorpha and Iguania the
highest vulnerabilities (Fig. 2). The exception to the pattern is Sphenodontia, which shows
100% vulnerability. Considering that there is only one extant species, this may be caused by
the low diversity of this clade. Gekkota is a mainly nocturnal taxon, so its lower vulnerability
may indicate that nocturnal species will be more robust to climate variation. Although these
species are thermoconformers, usually implying high vulnerability to climate change (Huey
et al. 2009), they are not likely to be affected by the predicted rise in temperature in the same
way as other taxa.

The observed tendency of increasing phylogenetic signal in lower phylogenetic resolution
groups may indicate that more conserved characteristics are more likely to drive vulnerability
to climate change than more derived ones. Over deep time scales, local-scale ecological factors
(e.g., microhabitat usage) are more important to clade diversification in lower phylogenetic
resolutions of squamate reptiles, such as families, than large-scale factors (Bars-Closel et al.
2017). Thus, the indirect effects of climate change at regional and local levels, such as habitat
fragmentation, increased predation, and decreased resource availability, could perhaps be more
predictive of vulnerability to climate change at lower taxonomic resolutions than evolutionary
history. Further studies are needed to test this hypothesis.

Most zoogeographical realms had at least three clades with more than 50% of the evaluated
species considered vulnerable to global warming. Sensitivity to changes in environmental
temperature is primarily associated with their dependence on external temperatures to regulate
their body temperatures (Huey 1982). These animals may overheat when ambient temperatures
increase beyond their critical limits, making their ecological and physiological processes
unfeasible (Sinervo et al. 2010, 2018). However, this sensitivity may be overestimated, since
other biological aspects of lepidosaurians may act as a buffer to the effects of climate change,
such as genomic and phenotypic plasticity, behavioral and physiological adaptation, heritabil-
ity and hormonal profiles variations, many of which have only begun to be studied in more
recent years (e.g., Muñoz et al. 2014; Rodríguez et al. 2017; Dupoué et al. 2018).

The three most vulnerable realms (Afrotropical, Nearctic, and Sino-Japanese) had utterly
different climatic characteristics, from tropical to subtropical and temperate regions. Besides
refuting our hypothesis that species vulnerability corresponds with biogeography-related
climatic conditions, this also refutes the classic hypothesis that tropical forest ectotherms
should be more impacted by warming than species from higher latitudes, at least for
Lepidosauria (Tewksbury et al. 2008; Huey et al. 2012).

The two least vulnerable realms (Madagascan and Oceanian) also had the lowest number of
evaluated species. Besides being composed of island territories, both Madagascan and Ocea-
nian realms are known for their great diversity of squamates, of which several species are
endemic. Endemic species with narrow distribution ranges, such as those from island envi-
ronments, are usually considered highly vulnerable to climate change, since local or regional
changes may impact their entire distribution (Parmesan 2006; Bonino et al. 2015; Davis et al.
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2015), Thus, the vulnerability level recorded for these realms among the evaluated studies may
be underestimated. Studies encompassing more species are needed to confirm whether
lepidosaurians from the Madagascan and Oceanian realms are indeed less vulnerable to
climate change than those from other highly diverse realms, such as the Afrotropical and
Neotropical.

The topology of the area cladogram (Fig. 3) shows similarities between the taxonomic
composition of evaluated zoogeographical realms and potentially indicates the biogeographic
history of the lepidosaurians based on their recent distribution (Morrone, 2014). Different
realms sharing families and less inclusive lineages indicate that these regions were related in
the past and subsequently became isolated (vicariance) or that dispersal events might have
separated the previous species distribution into two independent geographic regions. Thus, one
clade could be exposed to different climatic conditions due to biogeographic events implying
that a single species could be more vulnerable in one area and less so in another, especially
when dealing with dispersal events that can necessarily happen within a generation time
(Queiroz 2005). However, our area cladogram showed a close relationship between histori-
cally distant zoogeographical realms (e.g., Oceanian and the Americas [Neotropical, Panama-
nian, and Nearctic]). This could reflect a bias regarding species vulnerability, which indicate a
need for a more robust dataset to reconstruct the historical distribution patterns among
lepidosaurians and relate them to climate change. Although the origin of Lepidosauria is
estimated to have occurred during the Triassic, the recent lineages analyzed here emerged
much later during the Cenozoic. Therefore, the topology shown in Fig. 3 cannot be explained
by paleobiogeographical patterns of landmass movement (Hipsley et al. 2009), suggesting that
dispersal events might have played a significant role in shaping the current distribution of
Lepidosauria.

As mentioned above, lepidosaurians will be negatively affected by climate change, and
species from all zoogeographical realms might be negatively affected in the near future. This
may indicate that adaptability to local climate is not affected by the historical distribution of
lepidosaurian families. It is possible that lepidosaurians in the past were able to adapt to natural
climate change occurring over long timespans but are likely to be endangered now due to rapid
temperature variation.

Our meta-analysis indicates that climate change is affecting the geographical distribution of
taxa on a global scale, with no effects of heterogeneity of the effect size. This corroborates the
results from Sinervo et al. (2010), which derived global extinction projections for a large
dataset comprising 34 families around the world. Currently, most of the studies on expansions
or contractions of species distributions have focused on a restricted number of species (e.g.,
Kubisch et al. 2016; Park et al. 2017; Pontes-da-Silva et al. 2018) or on a restricted area (e.g.,
Aragón et al. 2010; Cabrelli et al. 2014; El-Gabbas et al. 2016). These studies also reinforce
the results of the comprehensive approach developed by Sinervo et al. (2010). Recent studies
are employing more complex models, which include environmental, biological, and ecological
parameters to increase the degree of refinement and reliability of the predictions, as predicted
by Huey et al., 2010; e.g., Dupoué et al. 2017; Flesch et al. 2017; Carlo et al. 2018). Despite
these advances, there is still no consensus regarding the best model to make an accurate
prediction of future changes on species distribution due to climate variation (Warren et al.
2014; Araújo et al. 2019). Thus, evaluations on species distribution modeling should be
interpreted with caution.

Australian scincoideans demonstrated the most significant change in their geographical
distribution due to global warming compared to the other taxa. This may be due to the high
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number of species (169 vulnerable, 146 non-vulnerable) evaluated by a single study (Cabrelli
and Hughes 2015), in which the authors found low divergence among the methods used to
calculate the ROC. This also explains the size of the effect of both vulnerable and non-
vulnerable Australian scincoideans in the analysis.

We observed that the effects of vulnerable and non-vulnerable taxa on the meta-analysis
differed markedly among the zoogeographical realms. This may be due to the substantial
differences between the number of evaluated species for each taxa and realm by the different
studies (e.g., Cabrelli and Hughes 2015; Srinivasulu and Srinivaslu, 2016). Also, the level of
significance of the vulnerable taxa was generally lower than those from non-vulnerable taxa,
which may indicate that the degree of vulnerability of the species must be better evaluated and
interpreted with caution.

Our results show that areas with higher potential for conservation due to the high spatial
concentration of diversity, such as Afrotropical and Nearctic regions, also presented a greater
number of vulnerable species. Although we identify several areas around the globe that
represent biotic convergence zones, our spatial resolution is not precise since we searched
for a general pattern around the globe. Planning policies and management strategies for species
conservation in these areas are needed to preserve the habitat of vulnerable species and will
require refinement of the analysis at a local scale (Martínez-Freiría et al. 2013). However, the
decision-making process focused on buffering the effects of climate change on natural
populations also requires that factors other than species vulnerability be considered (Guisan
et al. 2013). For example, Popescu et al. (2013) used a modeling approach to identify a
conservation priority area for Romanian herpetofauna based on the species distribution
dynamics in a climate change scenario. Martínez-Freiría et al. (2013) identified altitude and
latitude as geographical factors related to species richness in a climate change scenario and
concluded that high altitudes and/or latitudes are most species-rich in Moroccan endemic
reptiles. However, both studies focused on a local scale.

Although several studies have focused on the assessment of reptile extinction risk around
the globe (e.g., Sinervo et al. 2010; Meiri et al. 2013; Böhm et al. 2016), macroecological
analyses on this subject are still rare due to the paucity of available data (Tingley et al. 2016).
Thus, this study represents the first effort to determine the priority areas for large-scale
conservation of lepidosaurians identified as vulnerable (or not) to climate change in the
literature. This was accomplished by a meta-analysis of all available studies on this topic up
to January 2018. Future studies are needed to validate our macroecological results and thus
improve the planning policies and management strategies for species conservation around the
globe.

5 Conclusions

We conclude that there is a relationship between phylogeny and vulnerability among higher
hierarchical lineages of Lepidosauria, with an increase in vulnerability in more recent clades.
This trend is probably due to conserved characteristics in deep phylogenetic history. Also,
species from environments with different climatic characteristics are equally vulnerable,
indicating that a species’ vulnerability does not correspond with biogeographic-related climatic
conditions.

Lacking studies focusing on species from several areas, most of the zoogeographical realms
were not sampled homogenously. Some of them can be considered subsampled in relation to
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the known local diversity. Areas with higher potential for conservation, due to the high spatial
concentration of diversity, also presented a greater number of vulnerable species. This
indicates that these areas are possible targets for conservation at a larger scale and may help
to identify especially diverse areas for conservation efforts at a small scale aimed to buffer the
effects of climate change on local populations.

5.1 Trends for future studies

& Evaluations of species distribution modeling should be made more carefully, and the
degree of species vulnerability should be better described and interpreted with caution.

& The lack of research on Madagascan and Oceanian realms, both island environments with
a high degree of endemicity, is likely to result in underestimates of their vulnerability to
climate change. Thus, future studies should focus on assessing species’ vulnerability to
climate change in these environments, aiming to decrease this sampling bias in comparison
to other zoogeographical realms.

& The investigation of potential areas for lepidosaurian conservation on a broad zoogeo-
graphical scenario, considering the current global status of species vulnerability and
phylogenetic diversity on different areas, should improve the knowledge about biodiver-
sity and conservation of this group.

& Further studies are needed to test the hypothesis that the indirect effects of climate change at
local scales are more effective in dictating the pathway of evolutionary process than the direct
effect of temperature variation among less inclusive taxonomic levels of Lepidosauria.

& The influence of climate change on the majority of the lepidosaurian species remains
unknown. Thus, further studies are needed on those areas with a lack of data, such as
Canada, Russia, Congo, and the Middle East, to homogenize sampling and reinforce the
patterns of climate change effects on Lepidosauria among the zoogeographical realms.
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