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Abstract The thermal physiology determines the whole
biology of ectotherm organisms, by limiting their acqui-
sition and allocation of resources. Herein, we aim to add
knowledge on how different species use the thermal
resources when they coexist in a habitat, studying the ther-
mal physiology of three sympatric and syntopic liolaemid
lizards, Phymaturus querque, Phymaturus zapalensis, and
Liolaemus elongatus during the summer season. We meas-
ured the body temperatures at capture places, the operative
microenvironmental temperatures in the field, and the pre-
ferred body temperature in an experimental thermal gradi-
ent in the laboratory. We found that the three species are
thermoregulators, selecting cooler thermal microenviron-
ments than the ones expected by chance, and even cooler
than the temperatures they selected in a laboratory environ-
ment. Liolaemus elongatus is a more efficient thermoregu-
lator (E=0.671) than the two Phymaturus species, P. quer-
que (E=0.441) and P. zapalensis (E=0.471), which are
moderate thermoregulators and, apparently, specialists in
finding specific types of shelters, since they seem to select
certain types of rock crevices. Herein, we found that dur-
ing the summer season, although individuals have access to
warm microenvironments, they spend time on cool refuges,
probably to prevent overheating. This highlights the impor-
tance of an adequate spatial distribution of operative tem-
peratures (7,), more than just a mere availability of appro-
priate temperatures.
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Introduction

The principal factors that drive all aspects of physiology,
ecology, and evolution of ectotherms are the environmen-
tal factors (e.g., temperature, solar radiation, wind speed,
humidity, availability of shade, and refuge), as well as the
animal properties (e.g., size, shape, color, and reflectance;
Huey 1982; Angilletta 2009; Smith et al. 2016). Often,
physiological processes are optimized within a relatively
narrow body temperature range (Huey 1982; Angilletta
2009) that could vary between coexisting species. Differ-
ent species can adopt different thermoregulatory strategies
in similar environments and, in consequence, a change in
the environmental temperatures would not affect all organ-
isms equally (Angilletta 2009). This highlights the impor-
tance of studying how different species use their thermal
resources when they coexist in syntopy. Syntopic species
can compete for thermoregulatory opportunities if they are
limited in space and time (Magnuson et al. 1979), being the
thermal niche partitioning a potential mechanism allowing
the coexistence of similar species (Paterson and Blouin-
Demers 2016). Species could partition thermal resources
by altering their habitat use in space or time, since these are
the dimensions along which thermal resources vary (Mag-
nuson et al. 1979; Paterson and Blouin-Demers 2016).
Resource partitioning can occur between any spe-
cies in the same community, but it is more likely to
occur between closely related species, because they are
more likely to overlap in their fundamental niches (Pat-
erson and Blouin-Demers 2016). The study of resources
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segregation in daily activity patterns and food consump-
tion of the sympatric lizards Phymaturus roigorum (from
the palluma phylogenetic group of Phymaturus genus)
and Phymaturus payuniae (from the patagonicus phylo-
genetic group), in the central-west of Argentina, showed
that selectivity towards different plant species and the
time schedule for foraging are the primary mechanisms
that allow the coexistence of these lizards, who spend
similar amounts of time basking (Corbalan and Debandi
2014). The evaluation of habitat suitability of the genus
Phymaturus using ecological niche models has revealed
that the ecological differences between the palluma and
patagonicus groups are more likely to occur due to habi-
tat availability in their respective regions than to dif-
ferences in habitat preferences (Debandi et al. 2012).
Although thermal biology and niche requirements within
the genus Phymaturus seem to be highly conservative
(Ibargiiengoytia et al. 2008; Cruz et al. 2009; Debandi
et al. 2012; Corbaléan et al. 2013), some traits are differ-
ent between phylogenetic groups. In the palluma group,
all species studied up to today exhibit prolonged biannual
female cycles, greater snout—vent length, and larger head
size in males than in females, and interspecific differ-
ences in male reproductive cycles (Habit and Ortiz 1996;
Boretto and Ibargiiengoytia 2006, 2009; Boretto et al.
2007; Cabezas Cartes et al. 2010), whereas the patago-
nicus group exhibited annual-biannual female reproduc-
tive cycles, greater snout—vent length in females than
males, and similar male reproductive cycles (Ibargiien-
goytia 2004; Boretto and Ibargiiengoytia 2009; Boretto
et al. 2014a). The sympatric P. roigorum and P. payuniae
showed that, despite the differences in body mass and
size and the long time of divergence between clades, the
preferred temperatures were similar between them (Cor-
baldn et al. 2013). In contrast, in Patagonian environ-
ments, the syntopic lizards Phymaturus tenebrosus and
Liolaemus elongatus evidence differences in the micro-
habitat used, in the accuracy in thermoregulation, and in
activity timetables (Ibargiiengoytia 2005).

In the present work, we study the thermal physiology
of three sympatric and syntopic lizards, Phymaturus quer-
que, Phymaturus zapalensis, and Liolaemus elongatus, in
Patagonian environments, during the summer season, by
measuring the body temperature at capture, the operative
microenvironmental temperatures in the field, the preferred
body temperatures in an experimental thermal gradient
in the laboratory, and so determining the effectiveness of
the thermoregulation. We expect Phymaturus species to
thermoregulate differently than L. elongatus, based on the
selective microhabitat that each one occupies. The pre-
sent result could contribute in future studies to predict
how this coexisting species would respond in a scenario
of climate change and their potential re-distributions, a
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topic especially sensitive considering that P. querque is the
southernmost species of the palluma group, and the vulner-
able status of the genus Phymaturus (Abdala et al. 2012).

Materials and methods
Study area

The study was carried out in the Laguna Blanca National
Park in Zapala, Occidental District (Neuquén Province,
Argentina 39°1'16"” S and 70°24'33" W, 824-1312 m asl).
The Patagonian Phytogeographic Province seasonal climate
is dry and cold, with strong winds from the west, and snow
in the winter months with freezing temperatures occurring
throughout most of the year (Cabrera 1976). The Laguna
Blanca lagoon can be partially frozen during the winter
months (pers. obs.), and the mean annual precipitation is
176 mm (Cabrera 1976). In consequence, Liolaemidae liz-
ards that inhabit the Laguna Blanca N.P. are inactive and
take refuge in the rock crevices during the cold season,
from mid-autumn (May) to early spring (October; Boretto
and Ibargiiengoytia 2009). At the study site, the landscape
is characterized by plateaus with steppe vegetation, mostly
Mulinum spinosum Persoon 1805, Haplopappus pectina-
tus Philippi 1862, Senecio filaginoides Pyrame de Can-
dolle 1837, and Senecio subulatus Hooker and Arnott 1841
growing in sandy soil (Cabrera 1976).

Study species

In the Laguna Blanca N.P., the species Liolaemus elonga-
tus, Phymaturus querque, and Phymaturus zapalensis live
in sympatry and syntopy. The genus Liolaemus comprises
more than 230 species with a high diversity in their life
history traits, and a wide latitudinal, altitudinal, and cli-
matic distribution from the Andean mountains in Peru and
Bolivia, to Tierra del Fuego Province in Argentina, from
the Pacific Islands to Brazil, and from sea level to as high
as 5000 m asl (Cei 1986; Schulte 2013). The genus Phy-
maturus, the sister clade to Liolaemus, is a monophyletic
genus that comprises saxicolous, viviparous, and mostly
herbivorous species of lizards that inhabit cold environ-
ments of the Andean highlands in Argentina and Chile, and
the volcanic plateaus of Patagonia, Argentina (Cei 1986).
In the genus Phymaturus, two groups have been recognized
based on morphological traits (Etheridge 1995): the pal-
luma group (=flagellifer, sensu Cei 1993; Cei and Scolaro
2006), and the patagonicus group (Cei 1993; Etheridge
1995). Phymaturus querque, from the palluma group, is
only known to be found on rocky outcrops near the south-
ern shore of the Laguna Blanca lake (Neuquén, Argentina;
Lobo et al. 2010), and up to today, there are no studies
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about its biology. In addition, while initially, P. zapalensis,
from the patagonicus group, was considered endemic in the
area of the Laguna Blanca N.P. (Cei and Castro 1973), its
distribution is wider. This species is found around basalt
gaps 40 km west of Zapala (Neuquén), and from this local-
ity is distributed to the south, always in volcanic rocky
outcrops near the Limay River (Piedra del Aguila City),
approximately between 39° and 40° S, and between 1000
and 1300 m asl (Cei 1986; Scolaro 2005). Studies on repro-
ductive biology (Boretto and Ibargiiengoytia 2009), field
thermal biology (Ibargiiengoytia et al. 2008), and thermal
preferences (Cruz et al. 2009) of P. zapalensis, in popu-
lations outside the Laguna Blanca N.P., have been real-
ized. Liolaemus elongatus is a viviparous, insectivorous
lizard, widely distributed on rocky outcrops in the steppe
from Neuquén to Chubut, in the western and south—central
regions of the Rio Negro Province, Argentina (Minoli et al.
2013). The reproductive biology (Ibargiiengoytia and Cus-
sac 1998) and thermal preference (Ibargiiengoytia 2005;
Kubisch et al. 2016) of L. elongatus have been described.

Field and laboratory work

We captured a total of 32 specimens of P. querque, 16 spec-
imens of P. zapalensis, and 10 specimens of L. elongatus
from the 15th to the 17th of January of 2015, correspond-
ing to the summer season of the Southern Hemisphere.
During this field trip, all the specimens were captured on
granite rock outcrops using a slipknot, and each one was
georeferenced, so that they could be released back to the
capture site after the experiments were finished. The num-
ber of specimens used in this study is necessarily small
because of the protected conservation status of the spe-
cies. Genus Phymaturus is unique within the herpetofauna
of Argentina, since all the species are vulnerable (Abdala
et al. 2012), based on their highly specialized biology,
mode of life (saxicolous), reproduction (viviparous), with
prolonged female reproduction, and low mean annual

reproductive output, and an herbivore diet. The populations
of most Phymaturus species are scarce, and there is a high
degree of endemism (Abdala et al. 2012). We followed the
ASIH/HL/SSAR Guidelines for the Use of Live Amphib-
ians and Reptiles as well as the regulations detailed in the
Argentinean National Law #14346.

Immediately after capture, the body temperature
(T,) was measured using a catheter probe TES TP-KO1,
1.62 mm diameter introduced inside the cloaca, connected
to a TES 1302 digital thermometer (TES Electrical Elec-
tronic Corp., Taipei, Taiwan, +0.01 °C). Individuals were
grabbed by the head, and the temperature measurements
were performed within a period of 10 s after capture, to
prevent heat transfer from the operator’s hands. We also
registered the substratum temperature (7,) and the air tem-
perature 1 cm above the ground (7,) of the microenviron-
ment where the lizards were captured. All specimens were
captured active from 9:00 to 20:50 h, except two individu-
als of P. zapalensis that were found early in the morning,
inactive in crevices, and with lower body temperature,
which were used only in the experiments of preferred body
temperatures (7),.), and were not considered in the rest of
the analysis. We recorded if the specimens were captured
inside or outside the rock crevices, and the time of the day.
Lizards were taken to the laboratory where the snout—vent
length (SVL, digital gauge+0.02 mm, CA-01, Lee Tools,
Guangzhou, Guangdong, China), sex (by the presence of
precloacal pores in males), and body mass (BM, 100 g
spring scale+0.5 g; Pesola AG, Baar, Switzerland) were
measured and recorded (Table 1). During the captivity,
which lasted 5 days, each lizard was placed individually in
cloth bags at ambient room temperature (20-23°C) or in
T, terrariums with water ad-libitum, to minimize stress
and to prevent dehydration. Each lizard was released back
to the capture site after the experiments were finished.

To determine the adult or juvenile condition of each
specimen, we used the minimum adult size previously
determined for L. elongatus (males=57.26 mm SVL;

Table 1 Mean and standard

Species
error (SE), range values and

BM + SE (range) SVL + SE (range)

sample size (n) of body mass
(BM, g), and snout—vent length
(SVL, mm) of adult males,
adult females, and juveniles

of Phymaturus querque,
Phymaturus zapalensis, and
Liolaemus elongatus

Phymaturus querque
Males (n=13)
Females (n=17)
Juveniles (n=2)

Phymaturus zapalensis
Males (n=38)
Females (n=5)
Juveniles (n=3)

Liolaemus elongatus
Males (n=5)
Females (n=5)

42.80+1.19 (33.50-48.00)
38.91+1.60 (27.00-49.00)
13.00+2.00 (11.00-15.00)

100.97 +1.13 (90.83-106.44)
97.45+1.10 (88.12-104.43)
68.35+2.07 (66.28-70.42)

23.25+1.02 (18.00-26.00)
22.50+1.87 (19.00-29.00)
12.33+1.59 (10.50-15.50)

84.95+1.43 (77.95-90.70)
86.49 +2.86 (78.75-96.05)
68.66+4.33 (64.25-77.32)

14.50+0.63 (13.00-16.00)
13.50+0.59 (11.50-15.00)

76.70+1.15 (74.27-80.54)
74.46+2.10 (69.17-82.03)
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females=53.74 mm SVL; Ibargiiengoytia and Cus-
sac 1998) and P. zapalensis (males=75.66 mm SVL;
females=79.02 mm SVL; Boretto and Ibargiiengoytia
2009). We considered the published data of the mini-
mum adult size for other Phymaturus species of the pal-
luma group (Habit and Ortiz 1996; Boretto and Ibargiien-
goytia 2009; Cabezas Cartes et al. 2010) to estimate a
mean value of the minimum SVL for adults of P. querque
(males=83.70 mm SVL; females=81.77 mm SVL).

Operative temperatures (7,)

The T, equals the steady-state temperature of an organism
in a particular microclimate in the absence of metabolic
heating and evaporative cooling (Winslow et al. 1940;
Bakken 1992). Thermal models were used to determine
the availability of spatial and temporal heterogeneity of
microenvironmental temperatures for thermoregulation (7;
sensu Hertz 1992; Bakken 1992; Angilletta 2009), allow-
ing to characterize the thermal environment as perceived
by the organism, independently of any physiological and/or
behavioral thermoregulation (Angilletta 2009). The T, was
used 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 recorded the 7, in the field, dur-
ing the sampling days, every 2 min, using 30 gray PVC
plastic oval models of 35 10 mm and 120 mm long. Mod-
els were connected to a data-logger (3 Onset HOBO U23-
003 Temperature Data Logger with 2 External Channels;
1000 Series Squirrel Meter/Logger GEN2 transmitters,
24 channel Data Loggers TM1033), with the thermocou-
ple inside, and closed at the ends with silicone (Fastix®).
The models were placed homogenously within a range of
about 30 m?, and fell randomly in different kind of micro-
sites (e.g., in the sun, shade, in soil, on rocks, under veg-
etation...). Thus, we covered the spatial and temporal
availabilities of microenvironmental temperatures for ther-
moregulation. The models were tested in the previous stud-
ies with calibration experiments (described in Boretto et al.
2014b for Phymaturus; Kubisch et al. 2016 for Liolaemus).
Preferred body temperature

To measure the preferred body temperatures (7},.), liz-
ards of P. querque (N=32) and P. zapalensis (N=16)
were placed individually in an open-top terrarium
(100x20% 17 cm®) with a thermal gradient (20-50°C)
produced by an overhead lamp (75 W) placed at one end
of the terrarium. The 7, experiments were performed
from 10 a.m. to 17 p.m. h, in the same hours when lizards
of these species were capture active in their habitats. The
substrate of the terrarium consisted of a layer of medium
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density fibreboard (MDF) wood which has good conductiv-
ity to radiant heat, thus heating from the radiation of the
lamp, giving the lizard a warm substrate from which it can
also gain heat. The body temperature of each lizard was
measured every second for 150 min using ultra-thin (1 mm)
catheter thermocouples (Product code 5SC-TT-T-40-72;
Omega Engineering Inc., Stamford, CT, USA) fastened in
the belly of the lizard with an insulating material (to iso-
late the thermocouple from the substrate and be able to
record the temperature of the body without the influence of
the temperature of the air or the substrate) and an adhesive
tape, connected to an 8-channel data-logger (Measurement
Computing 1.2 kHz Data Acquisition Device, OMEGA
TC-08 +0.5°C, Stamford, USA). For each individual, we
estimated the mean and the range of the 7},... We also esti-
mated the set-point temperature ranges (7.,) identifying the
interquartile range (middle 50% of the data) and the mean
of the upper bound of 7, The preferred body temperature
of L. elongatus was obtained from Kubisch et al. (2016)
with the same methodology.

Restriction hours estimation

We estimated the restriction hours, defined as the hours
when lizards would be in their shelters due to temperatures
exceeding their thermal preferences (Sinervo et al. 2010).
The hours of restriction were calculated based on the data
obtained during the first 2 days of capture (because on the
third day sampling was performed until midday), as the
daily number of hours when the temperature of at least
50% of the models exceeded the mean of the upper bound
of T,s considered as the threshold for activity restriction
(Kubisch et al. 2016).

Indexes of thermal quality of the habitat, and accuracy
and effectiveness of thermoregulation

We followed Hertz et al. (1993) methodology to quantify
the thermoregulatory behavior, using the information of
the preferred body temperatures obtained in the thermal
gradient, and the availability of operative temperatures in
the natural environment. We determined the dj, (individual
deviation) as an index based on the average extent to which
each individual experienced T, outside the set-point range
of their 7. The dj, was estimated as the average of the
absolute value of the deviations of 7, from T, of each indi-
vidual. Following, for each species, we calculated the d, as
an index of the mean thermal quality of the habitat from an
organism’s perspective. The d, was estimated as the mean
of the deviation of T, from the T, of each individual. Since
in Patagonian environments there are high thermal ampli-
tudes throughout the day, the 7, is highly dynamic. In con-
sequence, we used the mean value of 7, from the whole
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data registered from the previous hour and until the cap-
ture of each specimen. We have defined the effectiveness of
thermoregulation as the existence of active selection of the
thermal microhabitat, calculating the index E=1-(d,/d.),
which integrates the average degree to which each of the
three studied liolaemids experienced 7 outside the set-
point range (d,), and the corresponding d.. When lizards’
thermoregulation is not effective, the E index approaches
zero and the species is considered to be thermoconformer,
while, when lizards thermoregulation is effective, the E
index gradually approaches a value of one. Finally, if the E
index is close to 0.5, the species is considered to be a mod-
erately effective thermoregulator (Hertz et al. 1993).

In addition, we calculated another index to estimate the
effectiveness of thermoregulation, based on the difference
between d, and d,,, in agreement with several authors that
propose that the magnitude of this difference is a measure
of how much an animal departs from thermoconformity
(Blouin-Demers and Weatherhead 2001, 2002; Corbalan
et al. 2013). This d.—d;, index provides an open-ended
scale where negative numbers represent animals that avoid
thermally favorable habitats, zero represents perfect ther-
moconformity, and positive numbers represent animals
that thermoregulate up to some extent (Blouin-Demers and
Weatherhead 2001).

Statistical analyses

We used the statistical software Sigma Stat 3.5® (Systat
Software Inc., Chicago, Illinois, USA), Sigma Plot 10.0%
(Systat Software Inc., Chicago, Illinois, USA), and SPSS
17.0®. We used a t test to compare T, and T ,yer between
adult males and females, and the 7} between lizards out-
side the crevices vs lizards inside them, for each species.
We used a proportion test to analyze if the proportion of
lizards of each Phymaturus species that was observed
inside the crevice was significantly different from 0.5 or
not. We used a two-sample test of proportions to analyze
differences in the proportion of individuals of P. querque
and P. zapalensis inside the crevice. When the assump-
tions of normality and/or homogeneity of variance were
not fulfilled, we used the Mann—Whitney rank—sum test.
We used a one-way analysis of variance (ANOVA) and
the Holm—Sidak method for a posteriori comparisons of
SVL and T between species. As the assumptions of nor-
mality and/or homogeneity of variance were not fulfilled,
we used a Kruskal-Wallis test with Dunn’s Method for a
posteriori comparisons of BM and 7, between the sym-
patric species studied. We performed linear regressions to
estimate the relationship between 7}, and SVL, BM, T, and
T,, and between T}, and SVL or BM. We used paired 7
test to compare the T, with the T}, of each lizard within
each species. Assumptions of normality and homogeneity

of variance were tested with the one-sample Kolmogo-
rov—Smirnov test and with the Levene test, respectively.
Means are given with a + standard error (SE).

Results
Interspecific comparisons of body sizes

The three species showed differences in the body size of
adult specimens (ANOVA, F,5,=113.340, P<0.001;
Fig. 1A). Phymaturus querque exhibited larger SVL than
P. zapalensis (Holm—Sidak method, tp ,erque vs P zapatensis
= 8914, P<0.001, Np guergue=30 Np apatensis=13)

and L. elongatus  (tp  guerque vs L elongams=14-117,
P<0.00L, Np guergue=305 Np cionganis=10); and P
zapalensis was larger in SVL than L. elongatus

(tP. zapalensis vs L. elongatus:5'218’ pP< 0001’ NP. zapalensis — 13’
Ny ciongas=10; Fig. 1A). In addition, P. querque exhib-
ited higher BM than P. zapalensis and L. elongatus
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[ ]
- b
_ 100 -
E .
-
< 90 'L
: - I c
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¥
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“1B
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1 ¢
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8 b
230' .# °
b L]
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P)l_\'muwu:'ququu: P)g'mamrm" Zapale nsis Liolaemus elongams

Fig. 1 Box plots of interspecific differences of snout—vent length
(mm; A) and body mass (g; B) of Phymaturus querque, Phymaturus
zapalensis, and Liolaemus elongatus. Lowercase letters indicate the
groups that were significantly different (P <0.05). The detailed statis-
tical analyses are presented in the "Result" section
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(Kruskal-Wallis, H,=41.341, P<0.001; Dunn’s Method,
=4.171, P<0.001, Np gyergue=30;
NP. zapalensis: ]3’ QP. querque Vs L. elongattts:5'846’ P<0001’
Np guerque=305 N cionganis=10; Fig. 1B), whereas P.
zapalensis and L. elongatus did not exhibit differences
in BM when the three species were analyzed together
(QP. zapalensis vs L. elongatuxz 1782’ P> 005’ NP. zapalensixz 13’
Ny ciongarus=10). However, when only P. zapalensis and L.
elongatus were compared, they showed significant differ-
ences in BM, being P. zapalensis heavier (Mann—Whitney,
U=130.000, P<0.001, Np _apaiensis=135 Ni ciongarus =10
Fig. 1B).

QP. querque vs P. zapalensis

Intra and interspecific comparisons of body
temperature (7))

None of the three species exhibited any relationship
between T, and SVL (Fp juergue, 1, 31=0.825, P=0.371;
FR zapalensis, 1, 1320'780’ P=0395’ FLA elongatus, 1, 920'1417
P=0.717) or BM (Fp uergue, 1, 31=0.096, P=0.759;
FP. zapalensis, 1, 13=0'911’ P=0'359; FL. elongatus, 1, 10=0'009’
P=0.926). In addition, there were no differences in the T}
between adult males and females (7p ,e/que, 23=—0.881,
P=0.386:1p . qpatensis, 12 = 0-435,P=0.6T131; y1ongamus,0=0-635,
P=0.541).

There were significant differences in the proportion of
lizards of P. querque that were observed outside the crevices
(N=9,28%) and inside the crevice (N =23, 72%; proportion
test, X2:5.281, N=32, P=0.020) prior capture. In con-
trast, in P. zapalensis there were no significant differences
in the proportion of lizards outside (N=6, 43%) and inside
the crevice (N=8, 57%; proportion test, X2=0.071, N=14,
P=0.791). We did not find differences in the proportions
of lizards of P. querque (71.9%) and P. zapalensis (57.1%)
that were inside crevices (two-sample test of proportions,
X2=0.962, df=1, P=0.327). In addition, there were no
differences in the T} between lizards of P. querque and P.
zapalensis that were outside the crevices, and lizards that

Table 2 Descriptive data of field body temperature (7},) at capture of
Phymaturus querque, Phymaturus zapalensis, and Liolaemus elon-
gatus and descriptive data of microenvironmental temperatures at the

were inside the crevices at the moment they were observed
in the field prior the capture (¢ test, P. querque: t;,=0.597,
P=0.555; mean ;g =30.367+0.911°C, N=9;
mean;, ;. =29.691+0.610°C, N=23; ¢ test, P. zapalen-
sis: t,=1.160, P=0.269; mean, 4 =33.000+0.938°C,
N=6; mean,;.=31.313+1.041°C, N=8). All specimens
of L. elongatus were captured outside refuge.

We found interspecific differences in 7, (ANOVA,
F,55=1.525, P<0.001), since L. elongatus and P. zapalen-
sis showed higher T, than P. querque (Holm—-Sidak method,
'L clongatus vs P. querque=3-491, P=0.00L, Ny 150405 = 10
=32; tP. zapalensis vs P. querque= 2570’ P= 0013’

P apaiensis= 14 Np guergue=32). There were no dif-
ferences in 7T, between P. zapalensis and L. elongatus

(Holm-Sidak method, 1= 1.066, P=0.291, Ny, o jensis = 14+
NL. elongatus = 10)

N, P. querque

Microenvironmental temperatures at capture site
and T},

Phymaturus querque and P. zapalensis exhibited a posi-
tive relationship between 7} and T, and between T}, and T,
(Table 2). Nevertheless, the L. elongatus data did not show
any relationship between T, and T, or 7, (Table 2). Fig-
ure 2 illustrates the different relationships between 7, and
microenvironmental temperatures at the moment of capture
of each specimen of the three studied species.

Intra and interspecific comparisons of preferred body
temperature (7',

The T, did not show a relationship with SVL or BM
in any of the three species (Linear Regression, SVL:
Fp querque.1,31=0.096, P=0.759; Fp 1 01ensis, 1,15= 1.839,
P=0.197; Fi uongarus, 1, o = 2.252, P=0.172; BM:
FP. querque, 1,31 = 0186’ P=0670’ FP’. zapalensis, 1, 15 = 3863’
P=0.070; F; ,ionganus, 1, 10=1.010, P=0.344), consid-
ering juvenile and adult specimens. In addition, there

moment of capture of each specimen: T substratum temperature; 7T,
air temperature 1 cm above the ground at capture

Species Mean T, +SE Mean T,+SE Mean T, +SE Linear regression F P value 7
(range) (range) (range) model
Phymaturus querque 29.88+0.50 30.44+0.80 28.54+£0.56 T,=18.36+0.38XT; F,5=1677 <0.001 0.359
(23.5-34.6) (23.0-40.8) (22.9-34.1) T,=12.76+0.60xT, F 5 =23.99 <0.001 0.444
Phymaturus 32.04x1.16 32.33+£1.57 30.25+0.88 T,=20.89+0.34xT, F,;3=1473 0.002 0.551
zapalensis (27.8-37.1) (25.644.3) (24.7-35.0) T,=12.94+0.63xT, F,;=16.58 0.002 0.580
Liolaemus elongatus 33.16+0.37 35.26+3.24 29.94+1.76 T,=33.60-0.01xT; F;;,=0.11  0.751 0.012
(31.0-34.5) (25.0-55.0) (22.5-43.0) T,=32.14+0.03xT, F,;,=025 0.630 0.027

Mean + standard error (SE) and range (between parentheses) are indicated. The linear regression models between 7, and microenvironmental

temperatures are presented with its corresponding F, P value, and * value
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Fig. 2 Relationship between body temperature (7), substratum
temperatures (7), and air temperatures 1 cm above the ground (7},)
recorded at capture of individuals of Phymaturus querque, Phymatu-
rus zapalensis, and Liolaemus elongatus during activity. Dashed lines

were no differences in the T

pref DEtween adult males
and females (¢ test,

p querque, 23=0.363, P=0.719;
o apaiensis, 12=0.701, P=0.498; Mann-Whitney,
UL ciongarus, 9=20.000, P=0.151). In consequence, we
used all the captured individuals of the three sympa-
tric liolaemids to perform interspecific comparisons.
We did not find any differences in T, between the
species studied (H,=4.240, P=0.120, Np ,0rque =32,

NP. zapalensis = 16’ NL. elongatus = 10’ Table 3)

indicate Y=X relationships. When the lineal regression was signifi-
cant, the least-squares line and 95% confidence intervals were indi-
cated. The detailed statistical analyses are presented in Table 2

Restriction hours

Considering that the upper bound of T}, for P. querque
and P. zapalensis was 38.6°C and for L. elongatus it was
39.2°C, the restriction hours estimated during the first
2 days of capture were 6.40 and 8.10 h for P. querque and
P. zapalensis, and 6.23 and 7.83 h for L. elongatus.

Accuracy and effectiveness of thermoregulation

The T, was significantly lower than the T, in the three

species (paired 7 test, p juergue, 31=—10.912, P<0.001;

Table 3 Thermal preferences and efficiency of thermoregulation of Phymaturus querque, Phymaturus zapalensis, and Liolaemus elongatus

Species rof

N Mean Tp

Lower set-point of 7,

ref ref db dc E dc - db

Upper set-point of T,

Phymaturus querque
Phymaturus zapalensis

Liolaemus elongatus

32 35.66+0.20 (33.16-37.90) 34.79+0.25 (31.05-37.56) 36.87+0.16 (34.73-39.21) 4.971
16 35.84+0.22 (34.34-37.35) 35.02+0.25 (32.67-36.30) 36.80+0.21 (35.91-38.26) 3.282 6.207 0.471
10 36.41+0.48 (33.80-38.00) 35.28 +0.62 (31.55-37.58) 37.58+0.39 (35.08-38.88) 2.285 6.953 0.671

8.891 0.441 3.925
2.925

4.668

The mean, standard error, and lower and upper values of preference of body temperature (7},), the lower and upper set-point of T,

and the

ref?

mean of the absolute value of the deviations of 7, from T, of each individual (d,,), the mean of absolute value of the deviation of T, from the T,
of each individual (d,), and the effectiveness of thermoregulation (E) are presented
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Ip zapalensis, 13=_4‘659’ P<0.001; 1. elongatus, 9=_6'06’
P <0.001). In addition, most of the 7, measurements had
values below T, in all species: 96.9% of P. querque, 78.6%
of P. zapalensis, and 90% of L. elongatus presented T, val-
ues below the lower T, (Fig. 3). In P. zapalensis, 7.1% of
the individuals presented 7}, values above upper T, but
this result represents a single individual from a total sample
of 14, and therefore, it is not representative.

The effectiveness of thermoregulation of P. querque
(E=0.441) and P. zapalensis (E=0.471) was lower than L.
elongatus (E=0.671; Table 3). The magnitude of the dif-
ference d,—d, was greater in L. elongatus, and the lowest
difference d, —d, was exhibited by P. zapalensis (Table 3).

Discussion

In the present work, we studied the thermal biology of sym-
patric and syntopic species of the genus Phymaturus and
Liolaemus, in the Laguna Blanca National Park, Neuquén
(Patagonia, Argentina), which represents the southernmost
distribution of the Phymaturus palluma group. Knowledge
of the thermal requirements and the effectiveness of ther-
moregulation in these species provides useful information

Phymaturus querque

b

Phymaturus zapalensis

that could contribute to predict how sympatric and syntopic
species would respond in a scenario of climate change.
Herein, we found that, considering the E index proposed
by Hertz et al. (1993), L. elongatus is an effective ther-
moregulator (E=0.671), while P. querque (E=0.441) and
P. zapalensis (E=0.471) are moderate thermoregulators.
Blouin-Demers and Weatherhead (2001, 2002) have
described cases of species that experience different climatic
conditions and present different thermoregulatory behav-
ior, but have similar E values (Blouin-Demers and Weath-
erhead 2001). In consequence, we calculated the E index,
and also we considered the magnitude of the difference of
d,—d, in interpreting E, since the magnitude of this differ-
ence indicates how much an animal departs from thermo-
conformity (Blouin-Demers and Weatherhead 2001, 2002).
In our study, the magnitude of the difference of d, —d,, was
positive and greater in L. elongatus (4.668), strengthening
its definition as an efficient thermoregulator, better than P.
querque and P. zapalensis. At the same time, P. querque
(3.925) showed being a more efficient thermoregulator than
P. zapalensis (2.925). The magnitude of the difference of
d,—d, puts in evidence that these two sympatric and syn-
topic Phymaturus have different efficiency in thermoregu-
lation, and this difference was not showed by the E index.

Liolaemus elongatus
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Fig. 3 Distribution of body temperature (7}) at capture, of Phymatu-
rus querque, Phymaturus zapelensis, and Liolaemus elongatus (bars;
upper graph), and thermal availability distribution (operative temper-
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Differences in the efficiency of thermoregulation were
also found in other sympatric species of Phymaturus, P.
roigorum (palluma group; d,—d,=3.62), and P. payuniae
(patagonicus group; d,—d,=7.35; Corbal4n et al. 2013).
Similarly, the E index showed differences in the accuracy
of thermoregulation between P. roigorum (E=0.39) and P.
payuniae (E=0.64), indicating that individuals of P. payu-
niae, from the patagonicus group, are more efficient ther-
moregulators (Corbalén et al. 2013). A recent study showed
that Phymaturus palluma, from the palluma group, is a bet-
ter thermoregulator than the rest of congeners (E=0.79,
Vicenzi et al. 2017). The difference of d, — d, between sym-
patric Phymaturus studied here showed that P. querque,
from the palluma group, is a better thermoregulator than
P. zapalensis, from the patagonicus group, although the
difference between these species is smaller than between
P. roigorum and P. payuniae. These results show that the
geographically southernmost species of the palluma group
P. querque, and the geographically northernmost species of
the patagonicus group P. payuniae are better thermoregula-
tors than their sympatric species P. zapalensis and P. roigo-
rum, respectively.

The thermoregulation efficiencies of the studied species
are in accordance with the relationship of 7} to the micro-
environmental temperatures. Phymaturus querque and P.
zapalensis exhibited a positive relationship between T}
and T,, and T,; in contrast with L. elongatus that did not
show any relationship between 7, and 7, and T,. In this
sense, other Phymaturus have been defined, based on the
relationship of 7, and microenvironmental temperatures,
as thermoregulators like Phymaturus punae and Phymatu-
rus tenebrosus, while P. zapalensis has been proposed as a
thermoconformer (Ibargiiengoytia et al. 2008).

The mean preferred temperatures (7, obtained in the
laboratory were similar between P. querque, P. zapalen-
sis, and L. elongatus, although they exhibited significant
interspecific differences in SVL and body mass. Intrinsic
factors such as body size, body mass, sex, or reproductive
condition have been showed in several studies to affect 7}
(Mathies and Andrews 1997; Angilletta 2009). Neverthe-
less, none of the three liolaemids studied here exhibited a
relationship between Ty, or T,.; and SVL, or body mass,
and none exhibited differences in T}, or T),.¢ between adult
males and females, so intraspecific differences must be
interpreted cautiously, since the sample size is low. Simi-
lar results were found in the sympatric P. roigorum and
P. payuniae (Corbalan et al. 2013), and in the sympatric
species Liolaemus sarmientoi and Liolaemus magellani-
cus (Ibargiiengoytia et al. 2010), as in others Phymaturus
studied (Ibargiiengoytia 2005; Ibargiiengoytia et al. 2008;
Cruz et al. 2009). We found that, even though lizards stud-
ied here had access to warm microenvironments (7.), they
selected cooler environments. Indeed, most of the field 7,

records had values below the lower T, in the three spe-
cies: 96.9% of P. querque, 78.6% of P. zapalensis, and 90%
of L. elongatus. Thermoregulation has a cost that depends
on the biological and physical environmental circum-
stances, like predation risk (Huey and Slatkin 1976; Huey
1982; Gregory et al. 1999), competition (Huey and Slatkin
1976; Labra 1995), and the spatial distribution of operative
environmental temperatures in the habitat (7,; Withers and
Campbell 1985; Clusella-Trullas and Chown 2011; Sears
and Angilletta 2015). During the period of our study in the
Laguna Blanca N. P., we found that lizards had microhabi-
tats with 7, that were within the preferred range of T,, but
they also had a high availability of microhabitats with val-
ues of T;, well above the T},

It has been described that, if thermal availability (7,)
is above the upper bound of T, lizards should retreat to
cool refuges to avoid overheating (Sinervo et al. 2010).
The time spent in thermoregulation, or waiting for condi-
tions that allow thermoregulation, cannot be used for other
activities, increasing the number of hours of restriction of
activities (Sinervo et al. 2010). In our study, the estimated
restriction hours were from 6.40 to 8.10 h for P. querque
and P. zapalensis, and from 6.23 to 7.83 h for L. elonga-
tus. In the Andean highlands, the lizard Phymaturus pal-
luma (from the palluma group) currently have daily aver-
age restriction hours of 2-6 h during the activity season.
Relating restriction hours with physiological variables,
Vicenzi et al. (2017) predicted a reduction in the potential
distribution between 35 and 65% of its original distribu-
tional range by the year 2050. Using similar methodology,
for L. elongatus it has been predicted that 26.5% of pop-
ulations could become extinct by the year 2080 (Kubisch
et al. 2016). These results suggest that the sympatric P.
querque, P. zapalensis, and L. elongatus lizards could be
in the future at risk of reducing their populations due to
the forecast increase in the environmental temperatures by
the global climatic change, since they currently exhibited a
higher amount of restriction hours than P. palluma (Vicenzi
et al. 2017), and other Patagonian populations of L. elon-
gatus (Kubisch et al. 2016). Besides, viviparous lizards are
especially vulnerable to the increment of environmental
temperatures (Sinervo et al. 2010), and the three sympat-
ric species studied here present a viviparous reproductive
mode. Particularly, the genus Phymaturus exhibited low
frequency of reproduction and low mean annual reproduc-
tive output (Habit and Ortiz 1996; Ibargiiengoytia 2004;
Boretto and Ibargiiengoytia 2006, 2009; Boretto et al. 2007,
2014a; Cabezas Cartes et al. 2010) which are important
risk factors for this species.

Our observations during the sampling days evidence that
the Phymaturus species were inside the rock crevices more
frequently than the Liolaemus species. In addition, the pro-
portion of individuals of P. querque that were observed

@ Springer



150

J Comp Physiol B (2018) 188:141-152

inside crevice prior to capture was higher than outside
them, whereas the proportion of individuals of P. zapalen-
sis seen outside and inside crevices was not different. This
is in agreement with the fact that P. zapalensis and L. elon-
gatus exhibited higher T, than P. querque, probably due to
differences in thermal habits, body size, and thermal iner-
tia, since we found interspecific differences in body size
between species, P. querque being greater in terms of SVL
and body mass than P. zapalensis and L. elongatus, and P.
zapalensis showed a greater SVL than L. elongatus. While
the T, of lizards of P. querque and P. zapalensis outside the
crevices was not different from the one of lizards inside
them, this preliminary result must be interpreted carefully
due to the low sample size. Current studies about micro-
habitat use, home range, and times of daily activities of
these Phymaturus species with a higher sample size will
allow us to discuss these preliminary results with greater
support.

Similarly to our findings of interspecific differences in
body size in the sympatric species studied, in the sympa-
tric P. roigorum (palluma group) and P. payuniae (pata-
gonicus group), there were also differences in body size
and T,, since P. roigorum exhibited a larger SVL and a
lower T, than P. payuniae (Corbalan et al. 2013). In rela-
tion to the 7., we found no interspecific differences, and
in P. querque (35.7°C) and P. zapalensis (35.8°C), the
T e Was inside the range found in other Phymaturus spe-
cies (31.1-36.3°C, Cruz et al. 2009), only slightly higher
than those previously found in P. zapalensis (33.1 °C; sam-
ple size n=5, Cruz et al. 2009), P. roigorum (34.7°C),
P. payuniae (34.9°C, Corbalan et al. 2013), and P. pal-
luma (35.15°C; Vicenzi et al. 2017). A weak association
between T}, and T),.¢ has been found in other Phymaturus,
suggesting that the species may experience ecological
constraints for thermoregulation (Cruz et al. 2009). This,
along with the similar thermal conditions at the localities
where the Phymaturus species inhabit, may have driven
the lack of variation in thermal biology as well as in other
ecological traits like the viviparous reproductive mode,
the prolonged female reproductive cycles, the herbivorous
diet, and saxicolous habits, among others. Ectothermic ani-
mals with similar traits may use microhabitats differently
to regulate their body temperature (Magnuson et al. 1979;
Huey et al. 1989; Paterson and Blouin-Demers 2016). In
addition, species with different body sizes may have dif-
ferent thermal requirements or thermoregulatory behavior.
Moreover, species that have different distributional ranges
are also likely to have different thermal requirements, and it
is expected that those species with wider geographic ranges
will show a wider thermal tolerance (Cruz et al. 2005). As
seen in our study, the three sympatric and syntopic species
showed differences in their body size, shape, and color, and
different thermoregulatory efficiency, distributional range,
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and other components of their life history traits too, espe-
cially between the Phymaturus species and the L. elon-
gatus. Under the cost—benefit model, thermoconformity is
expected when climatic extreme conditions would make
a precise thermoregulation too costly (Huey and Slatkin
1976). These costs and benefits of thermoregulation in dif-
ferent thermal landscapes, with a specific heterogeneity and
spatial structure, should induce organisms to thermoregu-
late differently, with different strategies ranging from
thermoconformity to precise thermoregulatory (Sears and
Angilletta 2015). Present results, along with the previous
studies of thermal physiology of Phymaturus (Ibargiien-
goytia 2005; Cruz et al. 2009; Corbalan et al. 2013; Vice-
nzi et al. 2017), show that the physiological optimal tem-
perature (sensu Huey and Slatkin 1976; Hertz et al. 1993)
is not always the ecological optimal temperature, probably
because of the high cost of thermoregulation. We found
that the three species look for microenvironments to obtain
body temperature differently than what would be expected
by chance, indicating that they thermoregulate, selecting
cold microenvironments, even cooler than the tempera-
ture they preferred in the laboratory. Liolaemus elongatus
is a more efficient thermoregulator than the two Phymatu-
rus species, who are better specialized in finding shelters
(only certain kinds of rock crevices; Cabezas Cartes et al.
2014). Even if individuals have access to warm microenvi-
ronments they spend time in cool refuges, probably to pre-
vent overheating (a high cost of thermoregulation), high-
lighting the importance of an adequate spatial distribution
of 7., more than just the mere availability of appropriate
temperatures.
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