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The tropical island nation of Sri Lanka has a rich terrestrial and aquatic reptilian fauna.
However, like most other tropical countries, the threat of climate change to its reptile
diversity has not been adequately addressed, in order to manage and mitigate the
extinction threats that climate change poses. To address this shortfall, a review of the
international literature regarding climate change impacts on reptiles was undertaken
with specific reference to national requirements, focusing on predicted changes in air
temperature, rainfall, water temperature, and sea level. This global information base was
then used to specify a national program of research and environmental management
for tropical countries, which is urgently needed to address the shortcomings in policy-
relevant data, its availability and access so that the risks of extinction to reptiles can
be clarified and mitigated. Specifically, after highlighting how climate change affects the
various eco-physiological features of reptiles, we propose research gaps and various
recommendations to address them. It is envisaged that these assessments will also be
relevant to the conservation of reptilian biodiversity in other countries with tropical and
subtropical climatic regimes

Keywords: extinction, point endemic, range restricted, temperature, climate warming, reptiles

INTRODUCTION

Climate change now looms as one of the greatest threats to global biodiversity as well as a
formidable force of global environmental change (Evans, 2019; Kellogg, 2019). It is already
exerting substantial adverse impacts on different hierarchies of the biosphere. As the atmospheric
concentrations of carbon dioxide and other greenhouse gases continue to increase, it is predicted
that climate change will cause distributional shifts, phenological modifications, and altered
interactions in biological communities. In addition, climate change is expected to accentuate species
extinction rates and lead to impairment of ecosystem functions in the coming decades (Ackerman,
1980; Pounds et al., 1999; Walther et al., 2002; Thomas et al., 2004; Brondizio et al., 2019).

The scientific community is constantly evaluating the vulnerability of organisms and ecosystems
to climate change and formulating mitigation and response strategies that maybe implemented
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to minimize the compounding effects of climate change (Lee and
Jetz, 2008). This is particularly true for tropical island nations like
Sri Lanka; ranked as one of the world’s biodiversity hotspots due
to its rich reptile diversity—with 235 described species, of which
63.4% are endemic (de Silva and Ukuwela, 2017; Karunarathna
et al,, 2019). Moreover, reptiles as a phylogenetic group have
been relatively neglected in biodiversity conservation studies in
general, relative to mammals, birds and amphibians, and are
clearly in need of greater priority (Gumbs et al., 2018) in relation
to climate change impacts.

Key approaches which have been identified as holding promise
include the identification of resilient landscapes and climate
refugia for native wildlife, carbon-neutral and alternative-energy
initiatives, green infrastructure and low-impact development,
landscape-scale conservation planning, and sustainable use of
natural resources and energy sources (Bickford et al., 2010).
However, financial and human resources available for such
initiatives are severely limited within a global economy based
on immediate monetary gains coupled with conservative socio-
political views in both developing and developed nations.
Together with many other issues, these factors give rise
to low national and international priorities for biodiversity
conservation. Given these current economic and political
constraints, the most significant challenges for conservation
authorities and natural resource managers in the near future
are; (i) the identification of species and ecosystems which
are most vulnerable to climate change, (ii) assessing species
responses to climate change, and (iii) the prioritization of
planned conservation actions and responses.

In the 2008 Review of The IUCN Red List of Threatened
Species, Foden et al. (2008) introduced the major characteristics
that increase an organism’s susceptibility to future climate change
(but see also review by Bellard et al., 2012). These characteristics
of vulnerable species are broadly classified as follows: (1) a
highly specialized set of niche dimensions such as unique
habitat/resource needs or micro-environmental conditions; (2)
narrow environmental tolerances or thresholds; (3) life histories
that depend on environmental cues/triggers which are disrupted
by climate change; (4) obligatory mutualistic and other forms
of symbiotic interspecific interactions which are likely to be
disrupted by climate change; (5) poor ability to disperse to or
colonize suitable new habitats; and (6) species with a high site
fidelity (adapted from Foden et al., 2008).

Several tropical species share one or more of the above features
pointing to their enhanced vulnerability to climate change-
induced threats. Moreover, numerous studies based on both
long-term field surveys and bioclimatic modeling have suggested
that tropical ecosystems are likely to be severely impacted by
climate change (Hughes, 2000). However, the impacts of climate
change on tropical biota remain relatively understudied, and
most existing studies focus on south and central American
tropical biomes. In contrast, South-Asian tropical biomes have
only attracted minimal attention in the climate change literature,
and this is particularly the case for the rich biodiverse Indian
Oceanic tropical island nation of Sri Lanka. With respect to
reptilian diversity in Sri Lanka, nine chelonian species in six
families (five marine turtles, three freshwater terrapins, and one

land tortoise) are recognized, of which one species (red eared
terrapin, Trachemys scripta) has been introduced through the
pet trade (Karunarathna et al, 2017). Two species of native
crocodile and 118 lizard species are found in the country, and
of these, 96 species are endemic to Sri Lanka. Among the
118 lizard species, the species-rich families are the Gekkonidae
(59 species), Scincidae (32 species), and the Agamidae (21
species) with six endemic genera (Ceratophora, Chalcidoseps,
Cophotis, Lankascincus, Lyriocephalus, and Nessia). Furthermore,
106 snake species occur in the island of which 51 species are
endemic, including the genus Aspidura (de Silva and Ukuwela,
2017; see Figure 1 and Table 1).

In this review, we outline the likely main effects of climate
change on reptiles in tropical Sri Lanka with specific reference to
changes in air temperatures, rainfall patterns, water temperatures,
and sea levels. We also identify the current research gaps and
the requirements for future research which are needed to better
characterize the most vulnerable reptilian species. As this study
provides a body of information to better identify the most
vulnerable species of reptiles, it is envisaged as being of benefit
to wildlife managers in their choice of the most appropriate
management strategies to mitigate climate change impacts for the
conservation of reptiles in tropical and sub tropical countries.

Furthermore, such a review for the island of Sri Lanka with
its geographic location, small land area, and rich biodiversity is
likely to be relevant to other tropical and subtropical regions such
as Costa Rica, Caribbean Islands, Southern Florida and Florida
Keys, south and central Pacific islands, and the Indo-Malayan
region, which have also been identified as areas that need critical
conservation planning in the face of climate change. For example,
Day (2009) highlighted a range of challenges linked to the
scarcity of biodiversity data for the understanding of the impacts
of climate change on biodiversity in the Caribbean Islands,
which are needed for the development of more effective species
conservation action strategies. Thus, a review of the potential
impact of climate change on reptiles in tropical countries may
initiate some national-level actions while drawing attention from
the international scientific community. In the absence of peer-
reviewed eco-physiological studies on Sri Lankan herpetofauna,
we synthesized all the scientific literature used in Angilletta
(2009); Dayananda et al. (2016), and Noble et al. (2017) in order
to articulate the comprehensive and critical views of the reptilian
eco-physiological knowledge gaps and future research needs in
relation to current and future climate change scenarios.

CLIMATE CHANGE IMPACTS ON THE
ECO-PHYSIOLOGY OF REPTILES

Effects of Changes in Rainfall and

Monsoonal Patterns

In Sri Lanka, the monsoon system has already been observed
to have changed appreciably and seasonal rainfall anomalies
are already evident (Zubair et al., 2008; Burt and Weerasinghe,
2014). A decrease in the frequency of rainfall, drier periods
than previously and increases in the intensity of extreme rainfall
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FIGURE 1 | Climatically restricted and threatened reptile species in Sri Lanka. (A) Ceratophora erdeleni-a critically endangered and endemic lizard species restricted
to the 80 km? land area in Rakwana hill zone. (B) Geochelone elegans—a near threatened land tortoise that is found in Dry and Intermediate zone. (C) Aspidura
brachyorrhos—a vulnerable and represent an endemic genus of non-venomous snake species that is found in Central Heighland zone. (D) Calodactylodes
ilingworthorum-a vulnerable and endemic gecko found in Uva Savannah zone (please refer to the reptile zone map in Figure 2A).

events are now evident, including an increased frequency of
flooding; these trends are expected to continue and intensify.
Moisture regimes, including factors of soil hydrology, humidity,
and the hydrologic characteristics of wetlands and aquatic
habitats, are crucial environmental factors that govern the
embryonic development of reptiles. Water exchange by eggs
with the surrounding environment is particularly important
during the incubation process (Warner et al., 2011). For example,
freshwater turtles select well-drained, moist soil for their egg-
laying in close proximity to wetlands. Similarly, crocodiles and
alligators nest adjacent to large, permanent water bodies. With
the observed trends in climate change, many areas of the
world that are rich in reptile fauna, including Sri Lanka, are
getting drier and moisture-stressed (Bickford et al., 2010). As
a result, oviparous reptiles can be expected to suffer from egg
dehydration which can in turn lead to decreased hatching success
and small hatchling size; small-sized juveniles can subsequently
suffer increased predation and can be weak in their abilities for
dispersal and general motility (Angilletta, 2009). Dehydration-
induced physiological stressors during embryonic development
may well have adverse, long-term fitness consequences, such
as slow growth and development (Ackerman, 1991; Miller
and Packard, 1992; Belinsky et al, 2004). Thus, among the
Sri Lankan herpetofauna, the following species are identified as
likely to suffer from similar climate-driven adversities; the two
species of terrapins (native Melanochelys trijuga and endemic
Lissemys ceylonensis), the two species of crocodiles (Crocodylus
palustris and Crocodylus porosus) and 13 species of snakes
(Amphiesma stolatum, Aspidura brachyorrhos, Aspidura copei,
Aspidura ceylonensis, Aspidura deraniyagalae, Aspidura desilvai,
Aspidura drummondhayi, Aspidura guentheri, Aspidura ravanai,

Aspidura trachyprocta, Atretium schistosum, Fowlea asperrimus,
and Fowlea piscator) (Karunarathna et al., 2019).

Effects of Air Temperature Increments
One of the most direct and predictable effects of climate change
is an increase in mean air temperature which has also been
clearly identified as a major threat to reptiles in coming years
(Stocker et al., 2013). Being poikilotherms, reptiles are sensitive
to changes in their thermal landscape, thus rising atmospheric
temperature may lead to changes in reptilian metabolism (Aratjo
et al,, 2006; Tewksbury et al., 2008; Sinervo et al., 2010). Reptiles
depend on external environmental temperatures to optimize their
body temperature (T}), and then their physiological performance
and behavioral activities (Huey et al., 2012) such as locomotion,
digestion, growth, and reproduction are strongly influenced by
environmental temperatures (Huey and Bennett, 1987; Huey and
Kingsolver, 1989; Hoffmann et al, 2013). Continued climate
warming is thus expected to further push environmental thermal
regimes beyond the optimal range to which many reptiles have
become adapted. Moreover, recent studies have verified that
climate change poses a serious threat to reptile populations
(Aratjo et al., 2006; Tewksbury et al,, 2008; Sinervo et al,
2010; Huey et al,, 2012). Changes in environmental temperature
can alter the body temperature (T}) of reptiles and thus their
physiological performance, which is closely linked to their
vulnerability to extinction (Pounds et al., 1999; Root et al., 2003;
Thomas et al., 2004; Araujo et al.,, 2006; Wake, 2007; Bickford
etal., 2010; Huey et al,, 2010, 2012; Vitt and Caldwell, 2013).
Many tropical reptile species are known to exist close to their
physiological thermal optima. Moreover, tropical environments
confer a greater degree of temporal thermal stability. Therefore,
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TABLE 1 | Reptile families in Sri Lanka with their geographical distributional zones (please refer to the reptile zones map in Figure 2A), number of species and current
conservation status (CR = Critically Endangered, EN = Endangered and VU = Vulnerable; After Ministry of Mahaweli Development and Environment, 2019).

Total IUCN Status Reptiles Zones
2
0
3 T kS
£ S - - o - Q <
o = = ] = = o s
8 £ £ % s > T ¢ §
g £ T 3 2 2 0 € § 5 3
Families 7] w CR EN VU [a] o 4 4 = P4 o n =]
Crocodylidae 2 0 0 1 0 2 0 0 0 0 2 0 2 1
Geoemydidae 1 0 0 0 0 1 1 1 1 1 1 0 1 1
Cheloniidae 4 0 0 4 0 0 0 0 0 4 0 0 0 0
Dermochelidae 1 0 1 0 0 0 0 0 0 1 0 0 0 0
Testudinidae 1 0 0 0 0 1 0 0 0 0 1 0 1 1
Trionychidae 1 1 0 0 0 1 0 1 1 0 1 0 1 1
Emydidae 1 0 0 0 0 0 0 0 1 0 0 0 1 0
Agamidae 22 19 5 8 2 8 10 9 7 3 3 7 5 6
Chameleonidae 1 0 0 1 0 1 0 0 0 0 1 0 0 0
Gekkonidae 62 52 24 14 9 20 15 10 16 8 7 10 9 12
Lacertidae 2 0 0 0 0 2 0 0 0 0 2 0 0 2
Scincidae 34 29 2 7 4 16 7 10 14 0 10 4 6 8
Varanidae 2 0 0 0 0 2 1 2 2 0 2 1 2 2
Acrochordidae 1 0 0 0 1 1 0 0 1 0 1 0 1 0
Erycidae 1 0 0 0 0 1 0 0 0 0 1 0 1 1
Pythonidae 1 0 0 0 0 1 1 1 1 0 1 1 1 1
Cylindrophiidae 1 1 0 0 1 1 1 1 1 0 0 1 0 1
Colubridae 47 26 3 7 8 29 25 26 31 0 15 18 19 24
Homalopsidae 3 0 0 1 0 3 0 0 1 0 2 0 1 0
Elapidae 20 2 0 1 0 4 3 3 2 15 3 2 3 3
Gerrhopilidae 2 2 1 1 0 0 2 0 2 0 0 0 0 1
Typhlopidae 8 6 2 2 0 7 2 2 2 0 5 0 1 2
Uropeltidae 18 18 3 8 1 7 5 3 5 0 3 1 0 6
Viperidae 6 3 0 1 1 4 3 3 4 0 3 4 3 3
Total species 242 159 41 56 27 112 76 72 92 32 64 49 58 76

tropical species are likely to be more vulnerable to climate-
change-induced temperature changes than more temperate
species. A confirmatory example is provided by Sinervo et al.
(2010), which showed in their recent surveys of 48 Mexican lizard
species at 200 sites that 12% of local populations have gone extinct
since 1975, and by 2080 39% of local lizard populations and
20% of worldwide lizard species are predicted to go extinct due
to climate change.

The capacity of reptiles to perform physiological and
behavioral functions at different body temperatures is described
by their thermal performance curve (Huey et al., 2012). It
falls within critical limits (Aradjo et al., 2006; Huey et al,
2009, 2012; Sinervo et al., 2010) and performance reaches a
maximum within an optimal body temperature region. If their
body temperature increases above the optimal body temperature
then their performance drops rapidly. Body temperatures
higher than the optima are known to create physiological
stress, reduced performance and increased disease susceptibility,
ultimately leading to population declines and extinctions (Root

et al,, 2003; Huey et al, 2010; Sinervo et al., 2010). Due to
projected temperature increases of 1.1-6.4°C by the year 2100,
the metabolic rates of ectotherms could increase by 10-75%
(Bickford et al., 2010). Such increases in metabolic rates, coupled
with reduced foraging time, could be expected to negatively affect
population growth rates (Bickford et al., 2010).

However, it is true that some reptiles do inhabit environments
that are cooler than their optimum average temperatures
(Deutsch et al., 2008), and they may actually benefit from rising
temperatures (Araujo et al,, 2006). For example, in common
lizards, Lacerta vivipara positive correlations have been found
between rising summer temperatures and body size, clutch size
and total reproductive effort (Chamaille-Jammes et al., 2006).
In side-blotched lizards (Uta stansburiana) higher night-time
temperatures increased reproductive success, hatchling size and
hatchling survival (Clarke and Zani, 2012). Some species maybe
able to buffer small temperature changes, but large temperature
increases may force many species to shift their distributions to
cooler climates. For example, open-habitat species may be forced
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FIGURE 2 | Sri Lanka climatic zone maps. (A) Nine distinctive reptile zones (Ministry of Mahaweli Development and Environment, 2019) and (B) Five distinctive
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to invade closed forest environments (Huey et al., 2009). In
Spain, changes in the distributions of reptiles were associated
with increases in temperature, and 22 reptile species shifted
pole-wards by an average of 15.2 km from 1940-1975 to
1991-2005, which is equivalent to approximately 0.5 km/year
(Moreno-Rueda et al., 2012).

Nevertheless, many reptile species are unlikely to cope with
changing climates because of habitat fragmentation and natural
barriers to species movements. For example, in Europe 98% of
reptiles may experience range contractions by 2050, if they have
no dispersal capacity (Aratdjo et al., 2006). Furthermore, based
on mean annual dispersal distance to favorable habitats under
current conditions, future distribution (under climate change
scenarios), it is predicted that up to 41% of the Australian
arid zone gecko’s (Gehyra variegata) current population would
fail to colonize in their favorable microclimates by 2070
(Duckett et al., 2013).

With specific regard to Sri Lanka (also in tropical and
subtropical regions) the degree of habitat fragmentation is much
more severe in its southwestern region where much of the

wilderness remains as forest fragments which are smaller than
100 km?, mainly due to infrastructure development, particularly
road construction and industrial agriculture. In fact southwest
Sri Lanka together with the Western Ghats of India is said to
support the highest human population density among the world’s
biodiversity hotspots (Cincotta et al., 2000). If warming trends
continue in tropical countries unabated, then the inhabitants of
the lowland habitats will be forced to migrate to higher elevations
in search of the optimal conditions. The lack of landscape-scale
connectivity in southwestern Sri Lanka is expected to appreciably
impede such species’ movements.

The magnitude of the effects of warming on reptiles will
depend on physiological and/or behavioral plasticity and their
evolutionary adaptive capacities (Williams et al., 2008; Chevin
et al., 2010; Hoffmann, 2010; Hoffmann et al., 2013; Monasterio
et al, 2013). Most reptiles are able to control their body
temperature precisely via behavioral and postural adjustments
(Huey et al., 2003; Leal and Gunderson, 2012). Phenotypic
plasticity is a significant factor in organisms in response to
fluctuating environmental conditions (Walther et al., 2002;
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Parmesan and Yohe, 2003; Root et al., 2003; Berteaux et al., 2004).
However, in organisms where changes in traits are simply a result
of phenotypic plasticity, such changes occur much faster than
evolutionary genetic changes, and are thus likely to have a more
immediate and direct influence on responses to climate change
(Williams et al., 2008; Chevin et al., 2010). Although behavioral
thermoregulation is widespread in reptiles, unfortunately, so far
we have a very limited understanding of how reptiles respond to
temperature changes via evolutionary genetic changes.

Increased air temperature regimes are also expected to
alter “reptiles” interactions with predators, with such changes
being already evident. For example, they can be exposed
to new predators when birds change their hunting grounds
as a consequence of rising air temperatures (Low, 2007).
Furthermore, brief exposure to temperatures above the critical
thermal maximum (CT),,4x) can cause the death of an individual
which is unable to prevent its overheating; hatchlings will need to
move between hotter and cooler surfaces more often, potentially
exposing them to predators (Webb and Whiting, 2005) and
lowering their chance of survival (Dayananda and Webb, 2017).
Furthermore, high environmental temperatures may restrict
an individual’s ability to perform important activities such as
foraging, defense or mating (Sinervo et al., 2010).

Effects of Climate Warming During
Embryonic Development

In oviparous reptiles, temperature plays an important role during
embryonic development and incubation temperature can affect
the offspring in a variety of ways (Angilletta, 2009). Increases in
air temperatures cause higher temperatures inside lizard nests
(Dayananda et al., 2016) and recent research has predicted
significant declines in lizard populations over the next century
(Sinervo et al., 2010). Thus, one of the most significant impacts
of climate change on reptiles is expected to be derived from the
effects of warming during their embryonic development.

The effect of the thermal environment during embryonic
development has been examined in a wide variety of reptilian
taxa. For example, laboratory studies indicate that in oviparous
reptiles, incubation temperature directly affects a range of factors,
including the duration of incubation, embryo survival and the
size, shape, behavior, sex, and performance of hatchlings (Janzen,
1994; Downes and Shine, 1999; Du and Ji, 2003; Deeming, 2004;
Parker and Andrews, 2007). These experimental information can
be integrated into forecasts of species survival and geographical
distribution under projected climate warming regimes.

However, these effects appear to vary between species. For
example, in wall lizards (Podarcis muralis) higher incubation
temperatures produced smaller and lighter hatchlings which ran
more slowly than hatchlings from eggs that were incubated at
cooler temperatures (Brana and Ji, 2000). In general, hotter
incubation temperatures increase locomotor performance in
some turtles and lizards (but not in others-see Booth et al.,
2000) and increases in locomotor performance would generally
be expected to increase the ability of hatchlings to escape
from predators (Janzen, 1993). For example, in chelonians,
increases in incubation temperature increased the swimming

performance and body size of Apalone mutica (Janzen, 1993);
similarly, in Pelodiscus sinensis (Du and Ji, 2003) and Chelonia
mydas (Booth et al., 2004), Saproscincus mustelina, Lampropholis
delicata (Downes and Shine, 1999) but also actual decreases in
P. muralis (Van Damme et al., 1992), Nannoscincus maccoyi
(Downes and Shine, 1999), Takydromus wolteri (Chen et al.,
2003), and Takydromus septentrionalis (Du and Ji, 2006).

Incubation temperature can also influence the growth rate
of hatchling reptiles. There is a general trend for post-hatching
growth rates to increase at higher incubation temperatures
(Hutton, 1987; Webb and Cooper-Preston, 1989; Spotila et al.,
1994; Roosenburg and Kelley, 1996; Demuth, 2001; Ji et al., 2003;
Booth et al., 2004; Nelson et al., 2004; Andrews, 2008).

The gender of oviparous reptiles is determined by the
environmental temperature during incubation and cannot be
predicted by zygotic genotype [temperature-dependent sex
determination (TSD)]. The following three patterns of TSD
can be observed in reptiles: (a) species with TSD Ia [male-
female (MF)] produce males at low temperatures and females
at high temperatures; (b) species with TSD Ib [female-male
(FM)] produce females at low temperatures and males at high
temperatures, and (c) species with TSD II [female-male-female
(FMF)] produce females at low and high temperatures and males
at intermediate temperatures. TSD Ia has been reported for
turtles, TSD Ib for tuatara, lizards and crocodilians and TSD II for
turtles, lizards, and crocodilians (Valenzuela, 2004). Therefore,
changes in the climate are expected to result in appreciable
differences in the hatchling sex ratio, which can then alter the
operational sex ratio. In the longer term, these trends can result in
dramatic changes in the population sex ratio and can ultimately
drive a population to become either male or female limited.
Such changes can consequently have negative impacts on mate
selection strategies. Cumulatively, these impacts are expected to
lead to reduced recruitments in the population, gradually leading
to declining numbers.

However, this picture is complicated as it is not entirely clear
that all reptiles possess TSD and additionally, TSD and GSD
are not necessarily mutually exclusive (Holleley et al., 2015). For
example, incubation temperature does not affect the sex ratio of
the Chinese soft-shelled turtle P. sinensis (Ji et al., 2003), and the
Brisbane river turtle Emydura signata also possesses GSD (Booth
et al., 2004). In essence, TSD has been found in all crocodilians,
tuatara, and it is prevalent in the turtles but less frequent in
lizards (Valenzuela, 2001, 2004; Nelson et al., 2004). Furthermore,
TSD differs in occurrence between families of reptiles. For
example, many turtles exhibit TSD, whereas no example has
been reported from the families Trionychilidae and Chelidae.
In lizards, TSD is common in the Agamidae and Gekkonidae,
but reports are absent for the Teiidae, Phrynosomatidae, and
Polychrotidae (Valenzuela, 2004). Theoretically, TSD species with
larger clutches deposit their eggs at various depths in the nest and
eggs at the top are exposed to the high temperature than those at
the bottom of the nest; hence, these more prolific species will have
different sex ratios within the same nest (Georges et al., 2004).

Incubation temperature is also known to affect the “lizards”
behavior and survival. For example, larger side-blotched lizards
(U. stansburiana) and tree lizard (Urosaurus ornatus) hatchlings
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had a higher probability of survival compared to their smaller
counterparts (Ferguson and Fox, 1984; Miles, 2004) and higher
incubation temperatures decrease the survival of the velvet gecko
(Dayananda et al., 2016). Furthermore, at higher temperatures
Yucatan banded geckos (Coleonyx elegans) were less active than
individuals from low incubation temperature regimes, in relation
to their anti-predator behaviors (Trnik et al,, 2011). Learning
ability of hatchlings has also been demonstrated to be affected
by incubation temperature; in Velvet gecko (Amalosia lesueurii)
eggs incubated at elevated temperatures hatchlings showed
reduced learning abilities and associated lower survival rates in
the wild (Dayananda and Webb, 2017; Dayananda et al., 2017b).

Also, a strong link has been established between incubation
temperature and the critical thermal tolerance limits in hatchlings
of the velvet gecko. Hatchlings from high-temperature incubators
had a lower critical thermal maximum (38.7°C) and a higher
critical thermal minimum (6.2°C) compared to hatchlings
from cold-temperature incubators (Dayananda et al., 2017a).
Decreased thermal tolerance may also reduce the time available
for hatchlings to forage by forcing them to remain inside
shelters for longer periods and also species living in thermally
stressful environments at high environmental temperatures can
force body temperatures to reach the critical thermal maximum
(Sinervo et al., 2010).

Effects of Sea Level and Temperature

Increase on Aquatic Reptiles

Water temperature is one of the most important factors which
directly affects fitness, reproductive traits and geographical
distributions of aquatic reptiles (Elsworth et al., 2003; Pike et al.,
2006; Mazaris et al., 2008). For example, water temperature
has been correlated with nesting dates in Loggerhead Sea turtle
Caretta caretta, and the extent of its nesting season decreased
by about 43 days due to warmer sea surface temperatures (Pike
et al., 2006). Furthermore, over the last 17 years, leatherback
turtle (Dermochelys coriacea) populations in the North Atlantic
have moved their northern boundary distribution by 330 km
(McMahon and Hays, 2006).

The geographical distributions of aquatic reptile also clearly
depend on the availability of their prey and changes to their
foraging areas and availabilities of food resources can also be
dependent on rising water temperatures/mean annual sea surface
temperature (Witt et al., 2007). For example, redistribution
or/and decreasing prey populations has affected (a) the growth
and reproductive output and also the duration of the interval
between breeding seasons in Green turtles (C. mydas) (Broderick
et al.,, 2003), and (b) the nesting abundance of Loggerhead turtle
(C. caretta) (Chaloupka et al., 2008).

Similar observations have also been made in freshwater
reptiles. For instance, semi-aquatic snakes such as Garter snakes
and water snakes tend to shift their foraging grounds as the
seasons progresses (Southwood and Avens, 2010). With the
predicted climate change, the seasonal shifts can become more
abrupt and the length of the growing season can also change.
These climatic modification can be expected to also impact
the life histories of reptilian prey, and thereby, will induce

changes in both spatial and temporal distribution of suitable
foraging grounds.

Sea levels are projected to rise by a further 0.5-2.0 m by
2100 (Nicholls et al., 2011) with a current mean sea level rise of
3.6 mm year~ ! (IPCC, 2019) which directly links with the global
temperature increment of increase (Vermeer and Rahmstorf,
2009). Rising sea levels have already led to the intrusion of
saltwater upstream, increasing the salinity of freshwater wetlands
in Northern Australia (Mulrennan and Woodroffe, 1998), and
this effect will continue to negatively impact the freshwater
reptiles in many regions as sea levels continue to rise. For
example, the Roti Island snake-necked turtle (Chelodina mccordi)
has been predicted to disappear due to rising water levels
on the low-lying islands this species inhabits (Bickford et al.,
2010). Increasing salinity in freshwater habitats has already
influenced the distribution of the American alligator (Alligator
mississippiensis) and has led to reduced growth rates and survival
in the American crocodile (Crocodylus acutus) (Mazzotti and
Brandt, 1994; Mazaris et al., 2009). Furthermore, increasing
salinity in freshwater habitats in Southern Sri Lanka has already
influenced the Estuarine crocodile (C. porosus) in its distribution,
population reductions and increased level of human-crocodile
conflict (Amarasinghe et al., 2015). Rising sea levels also threaten
other coastal and brackish-water habitats such as sand dunes,
coastal grasslands and scrublands, and tidal marshes. Reptiles
specialized for these unique ecosystems (e.g., Diamond-backed
terrapins) may also lose their critical habitats due to rising sea
levels (Bickford et al., 2010).

With specific reference to Sri Lanka there are five species of
marine turtles that employ its coastal zone for nesting. Among
them, Leatherback Turtle (D. coriacea), Loggerhead Turtle
(C. caretta), and Olive Ridley Turtle (Lepidochelys olivacea) are
already classified as Vulnerable and the Green Turtle (C. mydas)
is classified as Endangered. The Hawksbill Turtle (Eretmochelys
imbricata) is classified as Critically Endangered but how rising
sea levels may affect them has not been ascertained to date
(Supplementary Table 1 highlighting all reptile families and
species in Sri Lanka with their geographical distributional zones
and IUCN Red List status). However, in the Caribbean islands
up to 32% of the total current beach area which is important
nesting ground for both Hawksbill (E. imbricata) and Loggerhead
(C. caretta) turtles could be lost if sea levels rise by 0.5 m (Fish
etal., 2005). Itis also predicted that in the northwestern Hawaiian
islands up to 40% of the Green turtle’s (C. mydas) nesting beaches
could be lost following a 0.9 m sea level rise (Baker et al., 2006).
In the northern Great Barrier Reef in Australia up to 38% of
available nesting area will be lost by the largest green turtle
population in the World due to the projected sea-level rises
(Fuentes et al., 2010). Generally, rising sea level predominantly
affects the availability of nesting sites for sea turtles, with females
needing to find alternative nesting sites along neighboring
coastlines. Coastal erosion may limit the number of alternative
nesting sites with the outcome of several females choosing the
same location which is similar to a communal nesting behavior.
This higher nest density can increase the risk of nest destruction
by other nesting females which also leads to the increasing
embryo mortality and reduced overall reproductive success
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(Mazaris et al., 2009; Fuentes et al., 2010). Thus it is clear from
these international studies that all marine turtles in Sri Lanka
are potentially vulnerable to rising sea levels and that increased
coastal erosion may significantly reduce their nest sites, increase
embryonic mortality and thereby reduce their reproductive
success, ultimately causing their populations to decline.

Moreover, reptilian pathogen densities, distributions and
population dynamics can be indirectly influenced by the
environmental factors mediated by climate disruption. For
example, due to enhanced rainfall, two tick species Aponomma
hydrosauri and Amblyomma limbatum have changed their
boundary positions and the density of ticks on lizards in regions
flanking the boundary zone has increased for A. hydrosauri and
decreased for A. limbatum (Bull and Burzacott, 2001).

REPTILIAN BIODIVERSITY RESEARCH
GAPS AND FUTURE REQUIREMENTS IN
SRI LANKA UNDER CLIMATE CHANGE

Human-induced pressures on national biodiversity continue
unabated, and it is increasingly important that conservation
efforts are prioritized to maximize conservation returns in
a world of limited human and financial resources. As such,
conservation scientists continue to evaluate the vulnerability of
organisms to climate change to support the implementation of
evidence-based management strategies to mitigate the impacts
of climate change in order to conserve threatened species
(Lee and Jetz, 2008).

By assessing the biodiversity impacts of both state and non-
state actors, we can identify their contributions to biodiversity
conservation efforts (Mair et al., 2021). However, the assessment
of a species’ response to ongoing climate warming, and the
conservation actions required to mitigate the impacts, are among
the most significant and controversial challenges for ecologists in
the future. Specifically, efficient conservation planning and the
desired actions needed to abate threats to species loss is hampered
by key biodiversity knowledge gaps (Hoveka et al., 2020). For
reptiles in particular, to better predict which species are at risk,
accurate data is are required on species exposure to thermal
stressors in the environment, their sensitivity to such stressors,
and their ability to adapt to such stressors (Williams et al., 2008).

This is especially true for the Indian Oceanic tropical
island nation of Sri Lanka, where gaps in our knowledge of
species distribution under current and future climate change
scenarios are still limited. To avert the impacts of climate
change on this rich reptilian fauna requires a collaborative
effort of government working closely with civil society and local
communities to ensure that biodiversity is properly conserved
and sustainably utilized. To achieve this, we propose that
targeted conservation actions for Sri Lankan reptiles under the
climate change scenarios should be geared toward identifying
Environmentally Sensitive Areas (ESA), in order to conserve
significant Sri Lankan ecosystems that are outside protected
areas and using reptiles as an indicator taxon. This can be
achieved by conducting research studies on climate change
impacts on ecosystems and reptiles, e.g., (a) identification of

indicator species for long term population monitoring and
research priorities, (b) modeling impacts of climate change on
reptiles, their changing distribution patterns, and boundary shifts
of climatic zones, (c) lifecycle studies on their sex ratios, and
(d) ex situ conservation) (Figure 2). Additionally, an enhanced
reptile protection can be achieved by developing mechanisms to
establish and improve the skills of conservationist throughout the
country and by partnering with local communities in sustainable
management strategies in the agriculture and tourism sectors of
the economy. Addressing the insufficient level of protection for
reptiles will represent a significant contribution toward tackling
the Leopoldean shortfall in Sri Lanka (see Hoveka et al., 2020
for further details). Key research gaps that need to be prioritized
include those described below.

Tracking Shifts in Species Distribution

Under Climate Change Scenarios
Environmental niche models (ENM:s) have become popular tools
for forecasting the potential impacts of future climate change on
the geographical distributions of species (Sillero, 2011). These
models are used first to analyze the geographic distribution
of a species’ niche resulting from existing climatic conditions
and then to generate projections of future range shifts under
climate change. This is achieved by correlating the records of a
“species” occurrences with a set of environmental variables under
a range of climate change scenarios (Aratjo and Pearson, 2005;
Bezeng et al., 2017).

The main advantages of ENMs are their relatively low data
requirements and capacity for rapid analysis, which can provide
the baseline information on the status of species that may
require immediate e conservation actions. Thus ENMs have been
used to assess species vulnerability to climate change across
numerous taxonomic groups, and in many regions of the world
(Aratjo and Luoto, 2007).

Current and future climate data, including 19 Bioclimatic
variables layers, is available for such ENM modeling in
various databases such as WorldClim (Fick and Hijmans,
2017). Unfortunately, in Sri Lanka the availability of “species”
occurrences (i.e., presence/absence) data is not publicly available
for research due to personnel authorships and access restrictions
by the relevant governmental organizations which are responsible
for the preparation of the [UCN Red List. Due to these constraints
on data access, ENMs are still new to tropical countries and
are yet to be employed in order to investigate the impact
of climate change on organisms, especially ectotherms (but
see Bezeng et al, 2017). Additionally, ENM approaches are
still limited in handling other forms of species data (e.g., life
history traits), which are fundamental to enhancing the predictive
accuracy (but see Huang et al., 2020). Amidst these challenges,
ENMs hold huge potential as a conservation tool for wildlife
management in tropical regions (see review by Cayuela et al,
2009 and references therein). Specifically, many megadiverse
countries in Latin American have successfully used ENM
approaches to model the range shifts of various species across
different biogeographic realms in order to identify pre-emptive
conservation management strategies to avoid extinction from
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climate related causes (Urbina-Cardona et al., 2019). Particularly,
the adoption of ENM approaches that incorporate both climate
and eco-physiological data for reptiles (as shown in section
“Climate Change Impacts on the Eco-physiology of Reptiles”)
will help improve prediction of a species’ potential for range
shifts under climate change scenarios. The obvious first step that
Sri Lankan researchers could take is to establish an open access
biodiversity and species occurrence data repository. One regional
example for consideration in tropical and subtropical countries
is the Atlas of Living Australia', which provides biodiversity data
from multiple sources and makes it freely available online for all
researchers to use in their investigations.

Physiological Sensitivity of Adults to
Elevated Temperatures

The increases in environmental temperature are the most direct
outcome of climate change. It is well established that such
increases alter body temperature of reptiles and consequently
their physiological performance and vulnerability (Huey et al.,
2012). The complete thermal performance or fitness curve of
an organism provides robust understanding of their sensitivity
and response to temperature. Thus measurement of the
temperature at which performance is maximized (Topt), the
critical thermal maximum (CT,,,) and the critical thermal
minimum (CT,,;,) values provide critical information on how
tropical and subtropical reptiles will respond to increased
environmental temperature and allows assessment of their
physiological consequences. The thermal tolerance limits CT},4y
and CT,, constitute the endpoints of thermal performance
curves which are generally associated with loss of the righting
response (LRR) (Lutterschmidt and Hutchison, 1997a). It
provides critically important information on how an organism’s
physiology, distribution and ecology are influenced by climate
(Lutterschmidt and Hutchison, 1997b).

Performance curves illustrate the ability of reptiles to perform
a specific activity at different body temperatures (Huey et al.,
2012). Common traits for performance curves include locomotor
speed, endurance, prey capture ability, development time,
reproductive rate, growth rate, and net energy gain (Huey
and Stevenson, 1979; Hertz et al., 1988; Huey et al, 1990,
2012; Angilletta et al., 2002). Among these traits, locomotion
is the most frequently measured indicator of performance
(Waldschmidt and Tracy, 1983; Huey and Kingsolver, 1989; Rall
and Woledge, 1990; Adolph and Porter, 1993; Swoap et al., 1993;
Hawkins, 1995; Kubisch et al., 2011; Woolrich-Pifia et al., 2012;
Aidam et al., 2013). Studies on lizards suggest that locomotor
performance, which is tightly linked to an individual’s body
temperature, influences fitness (Irschick and Garland, 2001).
Thus, analysis of reptile performance is a useful proxy for
studying their relationship between environmental temperature,
physiological adaptations, their ecological relevance and relates
to their evolutionary traits (Huey and Stevenson, 1979; Huey
and Bennett, 1987; Huey and Kingsolver, 1989). Lizards living in
lowland forests and open habitats are at high risk from climate
warming and they are already experiencing body temperature

'www.ala.org.au/

at or above their optimal body temperature (Huey et al., 2009).
Hence, performance experiments on tropical lizards, particularly
those living in the dry zone (see Figure 2) and also along the
latitudinal gradient is highly desirable to understand their current
physiological adaptations for the following reasons:

(i) There are no studies to date on reptile performance
so far conducted with Sri Lankan species which would
inform on their thermal requirements and behavioral
thermoregulation capacities;

(ii) Although Sri Lanka publishes consecutive national Red
Lists, the impacts of climate change on species is not
well-considered or evaluated (see Foden et al., 2008). For
example, the ability of IUCN criteria to detect risks imposed
by potentially slow-acting threats such as climate change
is very limited as a criterion to detect rates of population
decline over periods of 5 years.
As it is well documented that tropical lizards are highly
vulnerable to climate change (Huey et al., 2009; Sinervo
etal, 2010), it is imperative that the most threatened reptile
taxa in Sri Lanka are identified in order to establish science-
based conservation initiatives and management actions
before populations go locally extinct.

(iii)

Physiological Sensitivity of Embryos to
Elevated Temperatures

Climate warming is also predicted to cause higher temperatures
inside reptilian nests (Dayananda et al., 2016). Predicting
the vulnerability of oviparous reptiles to climate warming
therefore, also requires knowledge of how increases in incubation
temperature affect sensitive life stages, particularly embryos
(Booth et al, 2000; Valenzuela, 2001; Huey et al, 2012;
Urban et al., 2014). Thermal environments during embryonic
development have been examined in a wide variety of reptilian
taxa, and incubation experiments suggest that incubation
temperatures are able to affect incubation length as well
as embryo survival, size, shape, behavior and sex, and the
performance of hatchlings (Deeming, 2004). Additionally,
thermal sensitivity of oviparous embryos depends on their upper
thermal limits, and increased thermal stress beyond these upper
limits will lead to cardiac arrest of embryos (Angilletta et al.,
2013). Therefore, we propose the following two steps to better
predict the physiological sensitivity of reptilian embryos under
climate change scenarios;

(a) An understanding is required of the correlation between
nest temperature and environmental temperature, particularly
for species which lay their eggs in open nests, inside crevices
or underneath rocks and which lay their eggs communally
(e.g., Calodactylodes illingworthorum and Cnemaspis species).
These eggs are particularly vulnerable to heatwaves that are
predicted to increase in frequency and duration in future. Strong
positive linear correlation between air temperatures and nest
temperatures demonstrate that those hotter air temperatures will
produce hotter nests in the future (Dayananda et al., 2016).

(b) Programmable incubators to be employed that can be
set at natural nest temperatures and the predicted future nest
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temperatures, to incubate lizard eggs in order to measure
and compare morphology, physiology, performance and sex of
resulting hatchlings.

(c) Investigations of the physiological and biochemical
adaptations of embryos leading to their heat tolerance by
analysis of heat shock proteins (HSPs), particularly HSP70.
It is well known that HSPs are upregulated when organisms
are exposed to extreme temperatures (Feder and Hofmann,
1999; Serensen, 2010). However, production of HSPs reduce the
rates of synthesis of other proteins and can lead to decreasing
fecundity, developmental and survival rates of hatchlings (Feder
and Hofmann, 1999). For example, high incubation temperatures
associated with overexpression of HSP70 during embryonic
development of hatchling turtles led to their decreased heat
tolerance (Gao et al., 2014).

Maternal Sensitivity and Responses to
Climate Change

Gravid female reptiles can protect their embryos against the
higher nest temperatures by laying eggs earlier, digging deeper
nests, or choosing cooler/shadier nest sites (Doody et al., 2006).
Information is required on how gravid females actually do
respond to higher environmental temperatures during their
nesting period and also their plasticity in nesting behaviors. In
particular, these studies are important for marine turtles and
dry zone lizards because they are already identified as the most
vulnerable groups in the future (Figure 2).

CONCLUDING REMARKS

Based on the eco-physiological studies which have already been
conducted in other parts of the world, it is reasonable to
assume that tropical reptiles will face a range of detrimental
effects of climate change with declining population sizes, and
altered community structures and ultimately extinctions. Thus,
particularly for Sri Lanka, we need to establish and conduct
a set of comprehensive studies to explore how future climate
change is most likely to affect the persistence of reptiles, given
the current deficit of information required to predict species-
specific vulnerabilities to climate change. Furthermore, longer-
term studies are also necessary to determine whether warming
will contribute to local extinctions, as has occurred elsewhere
(Sinervo et al., 2010). This recommended research program will
accordingly increase our understanding of the potential impacts
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