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Local extinction risk of three species of lizard from Patagonia
as a result of global warming
E.L. Kubisch, V. Corbaldn, N.R. Ibargiiengoytia, and B. Sinervo

Abstract: Recently, Sinervo et al. (2010, Science, 328: 894-899) reported declines of lizard biodiversity due to local warming
trends and altered thermal niches. Herein, we applied the Sinervo et al. (2010) physiological model to predict the local extinction
risk of three species of lizard from Patagonia. Whereas the previous model used a single equation (for the extinctions of Blue
Spiny Lizard (Sceloporus serrifer Cope, 1866) in the Yucatan Peninsula) relating environmental temperatures (T,) to hours of
restriction (i.e., the period when lizards are forced into retreat sites because environmental temperatures are too high), we
measured habitat-specific equations for the T, values of each species. We analyzed the vulnerability of Darwin’s Ground Gecko
(Homonota darwinii Boulenger, 1885), Bariloche Lizard (Liolaemus pictus (Duméril and Bibron, 1837)), and Mountain Slope Lizard
(Liolaemus elongatus Koslowsky, 1896) to climate change considering thermal physiological constraints on activity during the
reproductive period. While Sinervo et al. (2010) predicted that the Phyllodactylidae family will not suffer from impacts of climate
change, our physiological model predicted that 20% of the H. darwinii populations could become extinct by 2080. The physio-
logical model also predicted that 15% of L. pictus populations and 26.5% of L. elongatus populations could become extinct by 2080.
The most vulnerable populations are those located near the northern and eastern boundaries of their distributions.
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Résumé : Sinervo et al. (2010, Science, 328: 894-899) ont récemment fait état de diminutions de la biodiversité des 1ézards en
raison de tendances de réchauffement locales et de la modification de niches thermiques. Nous avons appliqué le modéle
physiologique de Sinervo et al. (2010) pour prédire le risque de disparition locale de trois espéces de 1ézards de Patagonie. Alors
que le modele précédent utilisait une seule équation (pour les disparitions du 1ézard bleu épineux (Sceloporus serrifer Cope, 1866)
dans la péninsule du Yucatan) reliant les températures ambiantes (T.) aux heures de restriction (c.-a-d. 1a période durant laquelle
les 1ézards sont forcés de demeurer dans des sites de retrait parce que les températures ambiantes sont trop élevées), nous avons
mesuré des équations propres a I’habitat pour les valeurs de T, de chaque espece. Nous avons analysé la vulnérabilité du gecko
de Darwin (Homonota darwinii Boulenger, 1885) et des 1ézards Liolaemus pictus (Duméril and Bibron, 1837) et Liolaemus elongatus
Koslowsky, 1896 aux changements climatiques en considérant les contraintes physiologiques thermiques sur I’activité durant la
période de reproduction. Alors que Sinervo et al. (2010) prédisaient que le climat n’aura pas d’impacts sur la famille des
phyllodactylidés, notre modele physiologique prédit que 20 % des populations de H. darwinii pourraient disparaitre d’ici 2080. Le
modele physiologique prédit également que 15 % des populations de L. pictus et 26,5 % des populations de L. elongatus pourraient
disparaitre d’ici 2080. Les populations les plus vulnérables sont celles qui sont situées pres des limites nord et est de leur aire de
répartition. [Traduit par la Rédaction)]

Mots-clés : Liolaemus, Homonota, réchauffement planétaire, risque de disparition, modele physiologique, changement climatique.

expected to drive local population extinctions (Huey et al. 2010).
Projections of species’ distributions for future climate change sce-
narios predicted that 15%-37% of species, which cover some 20% of
the Earth’s terrestrial surface, will be committed to extinction by
2050 (Thomas et al. 2004). Recent studies estimated that since
1975, 4% of local lizard populations have gone extinct worldwide

Introduction

Climate change to date has affected animal and plant popula-
tions in their phenology (Walther et al. 2002; Menzel et al. 2006;
Parmesan 2006; Cleland et al. 2007), morphology (Harley et al.
2006; Tryjanowski et al. 2006; Yom-Tov et al. 2006; Musolin and

Saulich 2012), physiology (Musolin and Saulich 2012; Oswald and
Arnold 2012), behavior (Musolin and Saulich 2012), ecological in-
teractions (Walther et al. 2002; Schweiger et al. 2008; Cornelissen
2011), and distribution (Walther et al. 2002; Parmesan 2006;
Musolin and Saulich 2012). The incremental warming rate in the
coming decades is expected to be about five times greater than
that experienced during the 20th century (Meehl et al. 2007). In
addition, the higher frequency of extreme weather events, such as
heat waves (Schér et al. 2004; Diffenbaugh and Ashfaq 2010), is

as a result of climate change; by 2080, rates of local population
extinction are projected to reach 39% worldwide (Sinervo et al.
2010). Those global extinction projections for lizards were vali-
dated by surveying populations across the period of warming
from 1975 to 2010 and on four continents, including recorded
population extinctions of three liolaemid species in South America,
specifically the Lutz’s Tree Iguana (Liolaemus lutzae Mertens, 1938),
Liolaemus fittkaui Laurent, 1986, and the Dark Lizard (Phymaturus
tenebrosus Lobo and Quinteros, 2005) (Sinervo et al. 2010).
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Lizards typically control body temperature (T;,) within relatively
narrow ranges through behavioral thermoregulation (Huey et al.
2003; Bartholomew 2005; Kearney et al. 2009), being able to
buffer the impacts of local warming only if there is sufficient
heterogeneity in the thermal environment (Kearney et al. 2009;
Clusella-Trullas and Chown 2011). In contrast, the possibilities for
thermal microhabitat selection will be constrained if all available
microhabitats have a similar “operative temperature” (T,), which
represents the availability of thermal microenvironments for thermo-
regulation and the body temperatures that a non-thermoregulating
lizard might experience in their natural environment (Porter et al.
1973; Bakken 1992). The heterogeneity of thermal microenviron-
ments is particularly limited in nocturnal and crepuscular lizards
(Kearney and Porter 2004), in lizards that live under the canopy of
forested areas (Hertz 1992), and in lizards that live in very open
habitats where most soil surfaces are fully exposed to solar radia-
tion (Grant and Dunham 1988; Kearney et al. 2009).

Nocturnal and forest lizards thermoregulate mainly by adjust-
ing the timing of activity, rather than by moving to different
microenvironments (Bustard 1967; Huey 1982). In open habitats
with homogenous environments, lizards became inactive, shel-
tering in cooler microenvironments by going underground or in-
side crevices, when the temperatures exceed a threshold that
might impair locomotor function and overall performance
(Tewksbury et al. 2008; Sinervo et al. 2010). When lizards enter
thermal refuges to avoid high temperatures and overheating and
restrict hours of activity, foraging time is reduced, which may
consequently limit growth and reproduction and thus increase
the risk of local extinction (Sinervo et al. 2010; Ceia-Hasse et al.
2014; Lara-Resendiz et al. 2015).

It is also noteworthy that the measured contemporary extinc-
tion risk of local populations of viviparous lizards is double that of
oviparous lizards, in a comparison across 48 species of Mexican
phrynosomatids (Sinervo et al. 2010). In the case of viviparity,
reduced opportunities for thermoregulation are hypothesized to
threaten embryonic development in utero and affect offspring
performance (Beuchat 1986; Shine 2005). According to predictions
under current climate warming, viviparous Liolaemus Wiegmann,
1834 could experience not only range contraction but fragmenta-
tion, leaving populations more isolated and more vulnerable to
extinctions in the coming decades (Pincheira-Donoso et al. 2013).
In addition, based on evidence for irreversible parity mode (Shine
2005) or if the species do not adapt rapidly enough to global warm-
ing (Chevin et al. 2010; Huey et al. 2010; Sinervo et al. 2010), the
cold-climate viviparous species would experience major extinction
risk in the short and long terms (Pincheira-Donoso et al. 2013).

Patagonia has been considered an area of high endemism of
vertebrate species (Lamoreux et al. 2006), particularly lizards. Ap-
proximately 45% of Argentinian lizards are endemic to Patagonia;
however, their representation within the network of protected
areas is very low (Chébez et al. 2005; Corbaldn et al. 2011; Chehébar
et al. 2013). Lizards, as ectotherms, represent an appealing biolog-
ical model to predict the impact of global warming because they
cannot produce appreciable physiological heat and are particu-
larly sensitive to thermal variation (Camargo et al. 2010).

Herein, we applied the model of Sinervo et al. (2010) to predict
the local extinction risk of three species of lizard from Patagonia
and discuss vulnerability of these species to climate change con-
sidering thermal physiology, locomotor performance, and repro-
duction. The three species have been chosen to be representative
of different environments, habits, and reproductive modes. The
three species are sympatric in parts of their ranges in the transi-
tion environment from the most arid steppe in the northeastern
Patagonia, Argentina, to the west austral rain forest, which
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crosses the Andes to the Pacific Coast of Chile. The southernmost
nocturnal oviparous gecko, Darwin’s Ground Gecko (Homonota
darwinii Boulenger, 1885), is widely distributed in rocky outcrops
in the Patagonian steppe. Homonota darwinii shelters during the
day under small flat rocks and shows an ambush strategy and
generalist feeding habit (Kun et al. 2010). Homonota darwinii is
thigmothermic and a thermoconformer (Ibargiiengoytia et al.
2007), and shows a low variance among populations in the upper
thermal limit (panting threshold) and a high variance in lower
thermal tolerances (critical minimum temperature) (Weeks and
Espinoza 2013). This species is oviparous and reproduces annually
or biennially, mating occurs from October to December, and it
oviposits one egg in spring, with hatching during summer
(Ibargtiengoytia and Casalins 2007). The diurnal and viviparous
Mountain Slope Lizard (Liolaemus elongatus Koslowsky, 1896) can be
found sympatric with H. darwinii on the rocky outcrops of the
steppe and is also sympatric with the Bariloche Lizard (Liolaemus
pictus (Duméril and Bibron, 1837)) in the transitional forest
(Ibargiiengoytia 2004). The third species (L. pictus) is also a diurnal,
viviparous, and insectivorous lizard, but this species is represen-
tative of the Austral forest, where they are common. They are
heliothermic and can be found in bushes, on logs, or in leaf litter.
Liolaemus pictus and L. elongatus show prolonged female reproduc-
tive cycles that last from 1 to 3 years, the mating season occurs in
the spring, and litters of 3-7 young are produced from late January
to early March (Ibargliengoytia and Cussac 1996, 1998).

We hypothesized that H. darwinii could be the species most
affected by global warming because it is a thermoconformer, has
the lowest preferred body temperature (T,..¢) (Aguilar and Cruz
2010), and low variability in the upper thermal limit (Weeks and
Espinoza 2013). However, the nocturnal habit may counteract the
current effects of global warming. Besides, the two Liolaemus spe-
cies would be more vulnerable because they are viviparous and we
expect that L. elongates, occurring in the more open habitat, will be
more affected and change its distribution toward the transition
forest where they live in sympatry with L. pictus.

Materials and methods

Species

Homonota darwinii (Gekkota, Phyllodactylidae) is a small gecko,
with mean maximum snout-vent length (SVL) of 55 mm (Cei
1986). This lizard inhabits from southern Mendoza to southern
Santa Cruz provinces (32°S-52°S, 63°W-73°W; Cei 1986, 1993;
Scolaro 2005), showing the southernmost distribution of the
geckos of the world (Cei 1986; Scolaro 2005). Liolaemus pictus (Igua-
nia, Liolaemidae) is a medium-sized lizard (SVL 23-75 mm), with a
relatively long and slender body. They live at moderate to high
altitudes (529-1600 m) in the Andean-Patagonian forests of Chile
and Argentina. This species is distributed in western Neuquén,
Chubut, and Rio Negro provinces of Argentina, in the continental
Chile between Vilches Alto (35°35’S, 71°05'W) and the Futaleufu
National Reserve (43°15'S, 71°47'W), and in insular Chile in the
islands of the archipelago of Chiloe and Mocha Island (Veloso and
Navarro 1988; Pincheira-Donoso and Nuilez 2005; Elgueta et al.
2006; Vera-Escalona et al. 2010). Liolaemus elongatus (Iguania, Liol-
aemidae) is a large and insectivorous lizard (SVL 23-90 mm). It is
distributed from Neuquén to Chubut, western and south-central
regions of Rio Negro Province, Argentina (Minoli et al. 2013).

Species’ data record

The geographic distribution database of species H. darwinii,
L. pictus, and L. elongatus was obtained from museum specimens,
published literature, and fieldwork performed during this study
(for details refer to the supplementary material).! We used

1Supplementary material is available with the article through the journal Web site at http://nrcresearchpress.com/doi/suppl/10.1139/cjz-2015-0024.
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Table 1. Mean of preferred body temperature (T,,.¢), set-point range of Ty, and maximum (VT,,,,) and minimum
(VT ,,in) Voluntary temperatures of Darwin’s Ground Geckos (Homonota darwinii), Bariloche Lizards (Liolaemus pictus),
and Mountain Slope Lizards (Liolaemus elongatus) from different localities.

Mean Set-point VT, VT..«

Species Site Tprer (°C)  Tange (°C)  (°C) (°C) Source

Homonota darwini Ingeniero Jacobacci 28.5 27.2-29.8 24.6 32.8 This work
La Payunia Natural Reserve 28.5 28.4-29.8  25.5 30.0 This work

Liolaemus pictus Cerro Chalhuaco 36.7 34.3-38.2  28.8 411 Gutiérrez et al. 2010
Bariloche Playa Melipal 36.7 34.6-38.1  25.8 40.7 Gutiérrez et al. 2010
Los Alerces National Park 36.4 35.4-37.9 31.3 39.6 This work

Liolaemus elongatus  Ingeniero Jacobacci 36.4 35.0-38.1  28.7 41.0 This work
Laguna Blanca National Park  36.1 35.0-37.5  28.6 39.2 This work
Bariloche Playa Melipal 35.9 35.2-37.0 295 38.7 This work

gazetteers from the geographic information system of the Insti-
tuto Geografico Nacional de la Republica Argentina (http://
www.ign.gob.ar/) and the Secretaria de Energia de la Nacién
(http:/[www.energia.gov.ar/home/) to georeference localities of each
specimen of H. darwinii (n = 150), L. pictus (n = 132), and L. elongatus
(n = 151). Any questionable or inaccurate record, or those sepa-
rated by 1 km or less from the next point (defined as one popula-
tion; Peterson et al. 2004; Sinervo et al. 2010), were discarded.

Preferred body temperature (T, and interpopulation
comparisons

To analyze intraspecific variation, we obtained multiple records
of T},,..¢in the laboratory of (i) 13 individuals of H. darwinii captured
in Ingeniero Jacobacci, Rio Negro (between 40°50'S-41°32'S and
69°12"W-69°55'W; December 2010), and one specimen from the
Natural Reserve La Payunia, Malargiie, Mendoza (36°13'49"S,
69°22'48"W; 1673 m above sea level (asl); November 2011);
(i) 15 individuals of L. pictus from Los Alerces National Park, Chubut
(42°43'S, 71°45'W; 525 m asl; December 2011), and (iii) 22 individ-
uals of L. elongatus from Ingeniero Jacobacci, Rio Negro (between
40°50'S-41°32'S and 69°12'W-69°55'W; December 2010), 10 indi-
viduals from Laguna Blanca National Park, Neuquén (39°01'14"S,
70°24'45"W; January 2015), and 6 individuals from San Carlos de
Bariloche, Rio Negro (41°10'S, 71°25'W; January 2015). Additional
data of T,,.r was obtained from the literature when authors used
comparable methods with those used in the present study
(Table 1).

Preferred body temperatures were measured the day after cap-
ture. Liolaemus pictus and L. elongatus lizards were placed individu-
ally in an open-top terrarium (100 cm x 20 cm x 17 cm) with a
thermal gradient (20-50 °C) produced by a lamp overhead (75 W)
in one end of the terrarium. The T, experiments of the noctur-
nal H. darwinii were conducted overnight with individuals placed
in a thermal gradient heated by Flexwatt® heat-tape at one end of
the terrarium (covered with aluminium foil tape). Lizard body
temperatures were measured every minute for 2 h using ultrathin
(1 mm) catheter thermocouples located approximately 10 mm in-
side the cloaca and fastened to the base of the lizard’s tail and
connected to an eight-channel data logger (Measurement Com-
puting 1.2 kHz Data Acquisition Device). For each individual, we
estimated the mean and range of T, We also estimated the
set-point temperature range as the central 50% of all body temper-
atures selected in the laboratory and the mean of the upper bound

of Tj,,.¢ OF maximum voluntary temperature (VT,,,,)-

Environmental temperature (T,), construction, and
validation of thermal models with animals

Thermal models were designed to carefully quantify the avail-
ability of T, (Bakken et al. 1985; Hertz 1992; Bakken and Angilletta
2014). The T, was used to determine the availability of spatial and
temporal heterogeneity of thermal microenvironments for ther-
moregulation (Kearney et al. 2009) and to analyze the possibilities
that lizards have to achieve temperatures within the optimal

physiological temperature range (Bakken et al. 1985; Bakken 1992;
Dzialowski 2005; Williams et al. 2008).

We built hollow copper models (0.7 cm x 5 cm section) to esti-
mate T, of H. darwinii and sealed PVC dull gray (18%) models
(1.5 cm x 8 cm section) to mimic the Ty, of L. pictus and L. elongatus.
Each model was connected to a thermocouple and closed at the
ends with silicone (Fastix®). For thermal model validation, we
used an adult specimen of each species from San Carlos de Bariloche
(H. darwinii—male: SVL = 41.70 mm, mass = 1.6 g; L. pictus—male:
SVL =64 mm, mass =8 g; L. elongatus—female: SVL =70 mm, mass =
12 g). Each specimen was placed in an open terrarium (15 cm x
15 cm) with sand substrate. An ultrathin thermocouple was
inserted into the cloaca attached to the base of the tail. Copper and
PVC models were placed in the terrarium with the live lizard
under variable thermal situations using an infrared lamp placed
at 40 cm height. To discard any difference related to heat ex-
change between the model and the live lizards (Bakken and
Angilletta 2014), we recorded the temperatures of the models and
lizards simultaneously every minute during at least 2 h and the fit
was tested using Pearson’s product moment correlation (H. darwinii:
R=0.984,n=143; L. pictus: R=0.914, n =11 211; L. elongatus: R=0.966,
n=172; P < 0.001). The criteria to choose the models relied on (i) the
best-fitting model for heating and cooling phases, as well as dur-
ing the stabilized phase, and (ii) when results were similar, we
preferred the PVC model to standardize with Sinervo et al. (2010),
thus allowing comparisons with several species and families
around the world.

Furthermore, we have recalibrated the PVC model outdoors to
confirm the steady temperature of the model with live animals set
on their natural environment (Pearson’s product moment corre-
lation—L. pictus: R = 0.863, n =1478; L. elongatus: R = 0.871, n = 1478;
P < 0.001). The model and the organism displayed the same equi-
librium temperature under natural conditions. The mean differ-
ence between lizard and model was 0.17 (SD = 0.16) for L. pictus and
0.31(SD = 1.99) for L. elongatus.

Estimations of activity hours and restriction hours (h,)

To record the microenvironmental model temperatures (T,),
84 thermal models connected to data loggers (HOBOTEMP® H8,
four-channel external) were deployed at the extremes of the dis-
tribution of each species in different potential microenviron-
ments such as sun, shade, under rocks, or other shelters (see
Tables 2, 3, 4). Our primary goal was to simultaneously instrument
as many sites as possible across each species’ range. We also took
into account the macroenvironments used by each species: open
forest or rocky for L. elongatus; open forest, closed forest, high
rocky outcrops, and lakeshore for L. pictus (Tables 3, 4). For H. darwinii,
models were placed only in rocky outcrop environments, charac-
teristic for the species (Table 2).

For each site, we estimated the restriction hours (h,), considered
to be hours that the lizards would be in their shelters due to
temperatures exceeding their thermal preferences (Sinervo et al.
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Table 2. Locality and environment type where thermal models were deployed for Darwin’s Ground Geckos (Homonota darwinii).

Local activity hours

Local h,

General activity

General h,

Mean + SE Median Mean * SE Median (mean * SE) hours (mean * SE)

Time interval Nearest weather station

No.of Time of

environment models logger

Type of

(lat., long.)

(min)
25

Site

8.41+0.29 12.20

San Carlos de Bariloche 3.05%0.26 2.60

(41.15°S, 71.16°W)

9 Nov. 2010-

4

San Carlos de Bariloche, Rio Negro (Ea Rocky

25 Mar. 2011

El Céndor; 41.0937°S, 71.1320°W;
843 m above sea level (asl))

12.34+10.44 7.83

5.78%0.34 6.33

Madryn

22 Nov. 2010- 20

22 Apr. 2011

4

Telsen, Chubut (Aguada La Escondida; Rocky

(43.2°S, 65.26°W)

42.4659°S, 66.2134°W; 278 m asl)

3.95+£0.37 3.25 8.0910.29 7.67

Puerto Deseado

27 Nov. 2010- 20

3 Mar. 2011

4

Rocky

Monumento Natural Bosques

(47.73°S, 65.91°W)

Petrificados, Santa Cruz (47.7489°S,

68.1743°W; 161 m asl)

4.06£0.34 9.87+0.18

5.57%1.57 5.13

3.07¥1.24 2.20

Malargiie

7-11 Nov. 2011 2

4

La Payunia Natural Reserve, Mendoza Rocky

(35.5°S, 69.58°W)

(Cerro Fortunoso; 36.2267°S,

69.3766°W; 1670 m asl)

12.33+0.35 12.00

7.4910.29 8.00

Malargiie

30 Nov. 2010- 20

9 Mar. 2011

4

Rocky

Malargiie, Mendoza (Observatorio

(35.5°S, 69.58°W)

Pierre Auger; 35.4638°S, 69.5848°W;

1412 m asl)

7.50+0.30 6.85

7.14%0.57 8.30

Maquinchao

6

1 Dec. 2011~
8 Feb. 2012

Note: The mean * SE and median values of restriction hours (h,) and of activity hours during a 24 h period are also shown.

2

Rocky

Ingeniero Jacobacci, Rio Negro

(41.24°S, 68.69°W)

(41.4354°S, 69.7531°W; 967 m asl)
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2010). Hours of restriction were calculated as the daily number of
hours when the temperature of at least 50% of the models ex-
ceeded the mean VT, .., which correspond to the upper bound of
Tprer(Te > VT,,,,) and is considered to be the threshold for activity
restriction. We used a more exigent threshold, VT, .., because we
consider that lizards could still be active in the range of T}, in
contrast with the Sinervo et al. (2010) methodology that consider
the threshold when T, exceeded mean T, For example, h, for
H. darwinii were considered to be those occurring when
T. > 31.4 °C; for L. pictus, h. = T, > 40.6 °C; for L. elongatus, h, =
T, > 39.6 °C.

In addition, we estimated the activity hours, considered to be
the hours that the lizards are outside of their shelters, performing
behaviors related to basking, foraging, reproduction, and disper-
sal (Ibargiiengoytia and Cussac 2002; Ibargiiengoytia 2005). Activ-
ity hours were estimated as the daily hours that at least one model
registered a T, higher than the lowest activity temperature and
lower than the VT, ., (lowest activity T < T, < VT,.,). We assumed
that the activity minimum temperatures are 25 °C for thermoreg-
ulatory species (Sinervo et al. 2010) and 20 °C for thermoconform-
ers or nocturnal species. These activity minimum temperatures
are coincident with the reported minimum body temperature
for L. pictus and L. elongatus in their natural environments
(Ibargiiengoytia and Cussac 2002; Ibargiiengoytia 2005; Gutiérrez
et al. 2010). Therefore, the daily activity hours were considered to
be those when the T, was higher than 20 °C and lower than 31.4 °C
for H. darwinii, higher than 25 °C and lower than 40.6 °C for L. pictus,
and higher than 25 °C and lower than 39.6 °C for L. elongatus.
For the two diurnal species of Liolaemus, the calculation of activity
hours and h, was conducted from 0900 to 1900. Homonota darwinii,
even though it is predominantly nocturnal, feed on diurnal larvae
of moth and ants under rocks (Kun et al. 2010); consequently, we
consider h, estimated during a 24 h period.

Relationship between hours of restriction (h,) and
maximum air temperature (T,,.,)

To obtain a general function to predict extinctions (sensu
Sinervo et al. 2010), we collected daily maximum temperatures
(Trmay) from http:/fwww.tutiempo.net/ (validated for select weather
stations with data from http://www.noaa.gov/) of the nearest
weather station to each data-logger site to compute the functional
relationship between h, and activity time. Linear regression was
performed on the hours that T, were above VT, ., (h,) as a function
of the difference between the maximum daily temperature and
the mean maximum voluntary temperature (T, — VT,,.x) of each
site and each species:

(1) h, when T, > VT, ., = slope x (T

max

— VT, + intercept

Physiological model for local extinction risk

We used global climate surfaces from http://www.worldclim.org/
(Hijmans et al. 2005) for the years 1975, interpolated 2010 (between
1975 and 2020), 2050, 2080 (IPCC IVth climate assessment with A2
scenario; IPCC 2007) to derive T, at a given latitude and longitude
(10 arc-minute resolution) in the corresponding breeding season
months (December and January), which is considered to be the most
critical period for the analysis of the population vulnerability to
climate change (Sinervo et al. 2010). These 2 months were deter-
mined to be the most critical based on extensive sensitivity analysis
of Mexican phrynosomatid lizards. In brief, we performed a
goodness-of-fit test using all possible (consecutive) 2-month periods
and all possible 3-month periods in the prediction of the observed
extinctions of Mexican Sceloporus lizard species (for more details see
the supporting online material associated with Sinervo et al. 2010).
Using h,. during the 2 months of reproduction had the best-fitting 2
thatrelated observed extinctions and predicted extinctions using the
physiological model of extinction risk.
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Table 3. Locality and environment type where thermal models were deployed for Bariloche Lizards (Liolaemus pictus).

General activity
Local h, Local activity hours  General h,. hours
Type of No.of Time of Time interval Nearest weather station
Site environment models logger (min) (lat., long.) Mean + SE Median Mean + SE Median Mean * SE Median Mean + SE Median
Puerto Blest, Rio Negro High altitude, 8 22 Nov.—- 6 San Carlos de Bariloche 1.15+0.20 0.15 2.89+0.37 2.90
(La Heladera; 41.0138°S, rocky 25 Dec. 2011 (41.15°S, 71.16°W)
71.8473°W; 904 m above
sea level (asl))
Puerto Blest, Rio Negro Closed forest 4 22 Nov. 2011- 6 San Carlos de Bariloche 0.00+0.00 0.00 0.59+0.24 0.00
(Puerto Cascada los 5 Jan. 2012 (41.15°S, 71.16°W)
Céantaros; 41.0229°S,
71.8171°W; 788 m asl)
Puerto Blest, Rio Negro Lakeshore 4 22 Nov. 2011- 6 San Carlos de Bariloche 0.00+0.00 0.00 2.06+0.34 2.07
(41.0229°S, 71.8171°W; 5 Jan. 2012 (41.15°S, 71.16°W)
788 m asl)
San Carlos de Bariloche, Rio Open forest 8 18 Nov. 2011- 2 San Carlos de Bariloche 1.25+0.22 0.00 3.8310.28 3.73
Negro (Lago Moreno; 14 Jan. 2012 (41.15°S, 71.16°W)
41.1099°S, 71.4768°W; 0.991£0.09 0.00 2.39%0.13 2.12
800 m asl)
San Carlos de Bariloche, Rio Open forest 4 26 Nov.— 4 San Carlos de Bariloche 1.85+0.43 1.20 3.03£0.42 2.47
Negro (Cerro Challhuaco; 15 Dec. 2011 (41.15°S, 71.16°W)
41.2628°S, 71.2999°W;
1546 m asl)
San Carlos de Bariloche, Rio Closed forest 4 23 Dec. 2011- 6 San Carlos de Bariloche 0.37+0.04 0.48 1.85£0.19 193
Negro (Cerro Challhuaco; 24 Jan. 2012 (41.15°S, 71.16°W)
41.2661°S, 71.2866°W;
1476 m asl)
San Carlos de Bariloche, Rio High altitude, 4 23 Dec. 2011- 6 San Carlos de Bariloche 2.45+0.29 3.27 1.47£0.18 110
Negro (Cerro Challhuaco; rocky 24 Jan. 2012 (41.15°S, 71.16°W)
41.2723°S, 71.2739°W;
1435 m asl)
Los Alerces, Chubut Logsonthe 4 310ct. 2011- 6 Esquel 4.88+0.35 5.33 2.6010.18 2.13 4.88+0.35 5.33 2.60+0.18 2.13
National Park (Puerto lakeshore 27 Jan. 2012 (42.93°S, 71.15°W)

Chucao; 42.7304°S,
71.7595°W; 528 m asl)

Note: The mean + SE and median values of restriction hours (h,) and of activity hours during a 24 h period are also shown.
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Table 4. Locality and environment type where thermal models were deployed for Mountain Slope Lizards (Liolaemus elongatus).

General activity

hours

General h,.

Local activity hours

Local h,

Time interval Nearest weather station

No. of Time of

environment models logger

Type of

Mean * SE Median Mean = SE Median Mean + SE Median Mean + SE Median

(lat., long.)

(min)

Site

2.27

2.4610.21

0.68

San Carlos de Bariloche 1.50+0.21

(41.15°S, 71.16°W)

2

18 Nov. 2011-
14 Jan. 2012

8

San Carlos de Bariloche, Open forest

Rio Negro (Moreno
Lake; 41.1099°S,

71.4768°W; 800 m

above sea level (asl))

1.00

1.56%0.14

1.93

2.25%0.19

0.73+0.13 0.47

San Carlos de Bariloche 2.61+0.38 1.07

(41.15°S, 71.16°W)

2

18 Nov. 2011-
14 Jan. 2012

8

San Carlos de Bariloche, Rocky

Rio Negro (41.1233°S,

71.4427°W; 815 m asl)

0.73+0.13 0.47

San Carlos de Bariloche 2.97+0.29 3.80

(41.15°S, 71.16°W)

6

23 Dec. 2011-
24 Jan. 2012

San Carlos de Bariloche, High altitude, 4

rocky

Rio Negro (Challhuaco;
41.2723°S, 71.2739°W;

1435 m asl)

2.86£0.33 2.15 3.27+0.42 2.25 2.8610.33 2.15

3.27+0.42 2.25

Maquinchao

6

1 Dec. 2011~
8 Feb. 2012

Ingeniero Jacobacci, Rio Rocky

(41.24°S, 68.69°W)

Negro (41.4354°S,

69.7531°W; 967 m asl)

Note: The mean + SE and median values of restriction hours (h,) and of activity hours during a 24 h period are also shown.
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We used the R program (R Core Development Team 2013) to
generate a structural regression model to predict the year of ex-
tinction of populations of lizards. Given the georeferenced data-
base, VT .« Tmax Of global surfaces, and eq. 1 for each species, we
first estimated the assumed physiological limit defined by the
highest h, recorded across the species’ range, which we termed
“critical h.”. This differed from the value used by Sinervo et al.
(2010), which was the upper 95% confidence limit for h, across
the lizard families and by Ceia-Hasse et al. (2014). Here we assume
that our refined measurement of T, across the species’ range and
VT,,.x Mmore accurately assesses this key limit that is assumed
under the notion of a physiological limit defining the species’
distribution. If h, (h, = slope X (T,,.x = VT max) + intercept) exceeds
critical h, for each species as estimated with the 1975 WORLDCLIM
data for T,,,,, the population at the site was assumed to go extinct
for the additional time periods under consideration (2010, 2050,
2080). In a test of the ability of this simple model to predict ob-
served extinctions (Sinervo et al. 2010, 2011), we recorded an R? =
0.72, which indicated that the model captures a large fraction of
the variation in local population extinction among sites and
across eight lizard families.

Results

Preferred body temperature (T,,.g in the laboratory
The mean T, set-point range of T, and mean of maxi-
mum (VT,,,,) and minimum (VT,;,,) voluntary temperatures of
H. darwinii, L. pictus, and L. elongatus estimated at different locali-

ties are shown in Table 1.

Predicting population extinctions

From eq. 1, we obtained general equations to predict population
extinctions of each species. We generated a pooled regression
estimate across all sites (Figs. 1a-1c), which gives a generic T, rela-
tionship for each species. This regression relates h,. to T, at the
weather station near each deployment of T, models, and VT, for
each species. Considering the georeferenced distribution points,
the VT, ... Tmax Of global surfaces, and eq. 1 for each species, we
estimated the maximum observed h, across the entire species’
distribution. We assumed that if a population exceeded this value
(in future time points), then it was predicted to be too high to
support a viable population according to the physiological model
(sensu Sinervo et al. 2010). We estimated that 9 populations (6%) of
H. darwinii have become extinct by 2010, 21 populations (14%) will
become extinct by 2050, and 30 populations (20%) will become
extinct by 2080 (Fig. 2A). We estimated that 2 populations (1.5%) of
L. pictus have become extinct by 2010, 8 populations (6%) will be-
come extinct by 2050, and 20 populations (15%) will become ex-
tinct by 2080 (Fig. 2B). We estimate that 4 populations (2.6%) of
L. elongatus have become extinct by 2010, 13 populations (8.6%) will
become extinct by 2050, and 40 populations (26.5%) will become
extinct by 2080 (Fig. 2C).

We tested whether the overall extinction risk of the thermocon-
former (H. darwinii) was significantly different than the overall
risk of extinction of the two heliotherms (L. pictus and L. elongatus)
by computing a x? of predicted extinct versus persistent popula-
tions of each of the two types in the years 2010, 2050, and 2080.
Whereas the risk of extinction of H. darwinii is higher in 2010
(X[Zﬂ =5.06, P < 0.01), this difference in risk rapidly disappears by
2050 (X7, =191, P < 0.01) and 2080 (X7; = 1.73, P < 0.01).

Discussion

While Sinervo et al. (2010) predicts that the Phyllodactylidae
family will not suffer impacts from climate change, our physio-
logical model predicted that 20% of the H. darwinii populations
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Fig. 1. Linear regressions of the hours of restriction (h,; number of
hours per day where the operative temperature (T,) exceeded the
maximum voluntary temperature (VT,,,,) (i.e., T. > VT,.,)) as a
function of the difference between maximum daily temperature
(Trax) and VT .. (i-€., Tpax — VT may), POOled across all sites, for

(a) Darwin’s Ground Geckos (Homonota darwinii), (b) Bariloche Lizards
(Liolaemus pictus), and (c) Mountain Slope Lizards (Liolaemus elongatus).
The regression lines and 95% confidence intervals are shown.
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could become extinct by 2080. The physiological model also pre-
dicted that the 15% of L. pictus populations and 26.5% of L. elongatus
populations could become extinct by 2080. The most-at-risk spe-
cies corresponded to L. elongatus and H. darwinii that inhabit the
arid steppe environments of Patagonia, in contrast to L. pictus that
lives in the transition forest of cordilleran cypress (Austrocedrus
chilensis (D.Don) Pic. Serm. & Bizzarri) and in the Austral southern
beech (Notophagus Blume) forest. In addition, the prediction
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showed that the first populations to disappear were those located
in the northern and eastern boundaries of the species’ distributions.

In temperate environments, low night-time temperatures con-
strain the spread of nocturnal species to higher latitudes and
elevations, explaining why nocturnal lizards inhabit warmer en-
vironments than diurnal ones (Meiri et al. 2013). Analyses con-
ducted here indicate that the long-term extinction risk (e.g., 2050
and 2080) of H. darwinii, which is predominantly a thermocon-
former and a thigmotherm (Ibargiiengoytia et al. 2007; Aguilar
and Cruz 2010), are nearly the same as those of the two helio-
therms, even though the risk of extinction in the present is sig-
nificantly higher in H. darwinii (e.g., 2010). These analyses are
premised on the measured environmental temperatures of each
species across the species’ range as related to a null model of
physiologically-based risk of extinction. This null model posits
that the most extreme h, observed across the species’ range, dur-
ing the breeding season, reflects the physiological limit to which
the species is adapted. Any populations where the local h, climbs
above this value are assumed to go extinct from a physiological
cause.

Physiological plasticity can help to mitigate the adverse impacts
of climate change (Deutsch et al. 2008) and is expected to occur
mainly in higher latitude species because they have evolved in
variable seasonal environments (Stillman 2003). However, L. pictus
and L. elongatus showed low acclimation capacity on locomotor
performance and thermal physiological traits such as T, pant-
ing threshold, and critical minimum temperature (Kubisch 2013).
A similar response has been observed in the world’s southern-
most gecko (H. darwinii) in which the maximum locomotion speed
was not affected by acclimation to different temperatures (Aguilar
and Cruz 2010). In addition, Weeks and Espinoza (2013) found low
variability among four H. darwinii populations in panting thresh-
old. Also, organisms may mitigate the detrimental effects of
warming through evolutionary change in thermal physiology or
phenology (Sinervo et al. 2010).

Several studies showed patterns of rapid evolution in response
to changing thermal conditions in some ectotherms like the Anolis
Daudin, 1802 lizard (Leal and Gunderson 2012), butterfly larvae of
the genus Colias Fabricius, 1807 (Higgins et al. 2013), the fruit fly
Drosophila melanogaster Meigen, 1830 (Partridge et al. 1995), and
other insects (Bradshaw and Holzapfel, 2006; Bonebrake and
Deutsch 2012), indicating that several species can respond with
rapid adaptive changes and survive thermal stress. In addition,
Logan et al. (2014) showed strong directional natural selection on
thermal performance traits of Anolis lizards. The effects of climate
warming have penetrated to the genetic level in diverse organ-
isms, but the possibilities of adaptation to new climate conditions
will depend of the length of the life cycles and the population size.
Small animals with short life cycles and large population sizes will
probably adapt to longer growing seasons and be able to persist;
however, populations with longer generation times are expected
to evolve slower per generation to adapt to a given rate of envi-
ronmental change and will reach extinction before they can adapt
to rapid environmental change (Chevin et al. 2010). Age of matu-
rity of H. darwini and L. pictus are 3-4 years (Kubisch et al. 2012;
Gutiérrez et al. 2013), suggesting slow thermal adaptation rates.
Sinervo et al. (2010) point out that the sustained intensity of selec-
tion during the period of climate change (historical (1975-2009) or
future (2009-2069)) will be on the order of 0.4 for a simple trait
such as the increase in thermal preference required to keep h,
below critical h,. The breeding design for thermal preference of
lizards (based on half-sibs through the sire) has shown that the
additive genetic variation is near zero. The thermal preference of
progeny seems to be controlled by a complex epigenetic interac-
tion of maternal thermal preference during development and the
life-history genotypes (Paranjpe et al. 2013). This suggests that
adaptation in thermal preference of lizards may not be possible in
the short term.
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Fig. 2. Contour plots showing the levels of local extinction for (A) Darwin’s Ground Geckos (Homonota darwinii), (B) Bariloche Lizards (Liolaemus
pictus), and (C) Mountain Slope Lizards (Liolaemus elongatus). Probability of persistence by 2080 is depicted, where probability of extinction =1 -

probability of persistence.
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In addition, the preferred body temperature is considered a
conservative character for the genus Liolaemus (Rodriguez-Serrano
et al. 2009; Medina et al. 2012; Moreno Azdécar et al. 2013) that
could lead to lower variance in body temperature, which should
itself lead to lower acclimation capacity. Moreover, the T, did
not show differences among populations at different distribution
points observed in this study (Table 1). Therefore, plasticity in the
T, rer is likely to have a negligible impact on the risk of extinction
in other species such as the multiple T,,,.r records for single spe-
cies localized in different distribution points (e.g., Side-blotched
Lizard (Uta stansburiana Baird and Girard, 1852) has 30 records) and
across diverse genera within a lizard family (Sinervo et al. 2010).

Lizards may be able to mitigate the effects of global warming by
behavioral thermoregulation, moving into shadier tree habitats
where T, is lower, toward forest edges, or even into towns when
there is greater occurrence of cool microenvironments (Huey
et al. 2009, 2012; Clusella-Trullas and Chown 2011; Kearney 2013).
During activity hours, lizards can feed, disperse, and breed
(Tewksbury et al. 2008). However, when temperature greatly in-
creases, lizards tend to seek refuges, e.g., deeply beneath soil, and
stop their activities to avoid overheating at the expense of hours
of activity. In particular, lizards currently found in open habitats
are expected to move to closed forests or environments that offer
shady shelters (Huey et al. 2009, 2012; Kearney 2013). This is the
case for L. elongatus, which occurs mainly in the steppe rocky
outcrops (Cei 1986), but currently shares with L. pictus the under-
story and rocks at lakeshores in the A. chilensis transition forest
(Ibargiiengoytia and Cussac 1998). A recent species’ distribution
model shows that L. elongatus may increase their area with suitable
climatic conditions (Bonino et al. 2015), but this also would re-
quire a very high dispersal rate to a new habitat. Therefore, if
global warming continues, then it is expected that species such as
L. elongatus will be able to further exploit the forest as a thermal
refuge and compete with L. pictus in the localities where they are
sympatric. In steppe environments, lizards could avoid overheat-
ing by moving toward cooler sites; for example, H. darwinii shel-
tered more frequently among the rocks on the warmer slope and
selected rocks of a particular size, thickness, and shape (Aguilar
and Cruz 2010), suggesting that under an increment of environ-
mental temperatures they could move to colder microenviron-
ments. However, not all environments with extant populations of
lizards offer these possibilities.

Lizards living in temperate regions may also be able to adjust to
climate warming by changing hours of daily and seasonal activi-
ties (Kearney et al. 2009) and by breeding earlier (Sinervo et al.
2010) to avoid death of embryos from overheating, or h,. However,
global warming is predicted to be faster in spring than in summer;
therefore, this solution would probably be limited by high tem-
peratures and a shift in the activity may not mitigate the local
extinction risk. In the cold environments of Patagonia, lizards
produce one litter every 2 or 3 years (Ibargiiengoytia 2008). This is
the case for H. darwinii (Ibargiiengoytia and Casalins 2007) and
L. elongatus (Ibargiiengoytia and Cussac 1998), which exhibit an
annual-biennial female reproductive cycle, and in L. pictus, which
exhibit a biennial-triennial reproductive cycle (Ibargiiengoytia
and Cussac 1996, 1998). Therefore, one would expect that an in-
crease in temperature would extend the activity season and would
reduce developmental time, which could shorten the reproduc-
tive cycles in the lizards of Patagonia, thereby ameliorating ex-
tinction risk.

The ambient temperature during the lizard activity season can
also influence growth rates and, hence, the age of sexual maturity
(Sinervo and Adolph 1989; Niewiarowski and Roosenburg 1993;
Wapstra et al. 2001). In H. darwinii and in L. pictus, environmental
temperature affect growth, body size, and age at sexual matu-
rity (Kubisch et al. 2012; Gutiérrez et al. 2013). Thermal environ-
ment can also affect development and newborn survival, body
size, morphology, and performance (Elphick and Shine 1998;
Angilletta 2009). Therefore, predictions of the impacts of global
warming also require consideration of the vulnerability during
ontogeny (Kingsolver et al. 2011) and temperature effects during
development (Amarasekare and Savage 2012). These refinements
could be made to the model considered here, adding more life-
cycle stages to the assessment of extinction risk, as well as demo-
graphic data and fossil records to increase the model complexity.
Nevertheless, this was a first step to predict the local extinction
risk of three species of lizard with different habits that take into
account environmental variables such as maximum air tempera-
ture and operative temperatures across the species’ range, as well
as physiological variables like T,..¢, VT, and the reproductive
season. However, species’ responses to global warming also de-
pend on behavior, habitat, growth, and life history, all of which
should be considered in mechanistic forecasts of local extinction
risk under climate change. Our approach provides concrete pre-
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dictions of extinction risk, under a null model of how restriction
in activity during the breeding season sets the distributional limit
of each species. All of the other potential routes by which T, might
influence performance and reproductive ecology could likely be
incorporated into a more general framework to assess which
traits are most important in determining physiologically-based
extinction risk, especially, once surveys of extinction and persis-
tence of local populations are conducted in Liolaemus lizards, as
have been done with the Sceloporus lizards of Mexico. Such surveys
are necessarily slow and laborious, requiring monitoring of pop-
ulations over several years. The Sceloporus surveys took over a
decade to complete. Nevertheless, the a priori predictions of local
extinction, as presented here, may allow researchers to more rap-
idly survey for extinctions by focusing on sites predicted for ex-
tinction and a small set of control sites where lizards are predicted
to persist.
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