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Synopsis Longevity and age at maturity are key life-history traits, directly linked to fitness attributes such as survival
and reproductive output. It has been proposed that these traits are strongly influenced by environmental factors, such as
temperature, seasonality, and precipitations, which determine the existence of a continuum of life-histories that goes
from the “slow” life histories characterized by late maturity and high longevity of cold and highly seasonal climates to
the “fast” life histories characterized by early maturity and low longevity, typical of the tropical climates. However, large-
scale studies that address these topics in lizards are scarce and most of them are based on heterogeneous data, which may
overlook the real patterns. Using skeletochronology, we studied age at maturity and longevity of two species of
Phymaturus lizards, Phymaturus aguanegra from the Andes and Phymaturus zapalensis from the Patagonian steppe
(Argentina). Then, we confronted longevity and age at maturity in these species with published skeletochronology-
based data on 46 other lizard species to examine possible association of these life-history traits with latitude and mean
annual temperature, thermal amplitude, and precipitations. Both Phymaturus species showed late sexual maturity (7 and
8-9 years, respectively) and high longevity (16 and 1415 years, respectively) in coincidence with the other species of the
genus studied up to date. The phylogenetic comparative analysis revealed that the most important variable in the
determination of longevity patterns in the species studied was latitude: at higher latitudes lizards tend to live longer.
In contrast, age at sexual maturity was dependent on mean annual temperature most, especially in males, as lizards from
hotter climates mature earlier than lizards from cold sites.

Introduction and Angilletta 2004; Horvathova et al. 2013). For

Environmental gradients of temperature, thermal example, at high latitudes, lizards’ activity seasons

amplitude (TA), precipitation, and photoperiod are
known to affect many life-history traits of ecto-
therms (Shine 2005) such as longevity and age at
sexual maturity (ASM). Specifically, temperature
has a great influence over physiological performance
(Huey and Stevenson 1979; Pinch and Claussen
2003; Angilletta 2006; among others) and, conse-
quently, growth rates (Zug et al. 2001), age and
size at sexual maturity (Adolph and Porter 1996;
Niewiarowski ~ 2001), reproductive  frequency
(Olsson and Shine 1999; Ibargiiengoytia and
Casalins 2007), and the number and size of offspring
(Winkler et al. 2002; Shine 2005; Angilletta 2009).
However, in cold-climate species which undergo
long periods of brumation, activity times also be-
come of paramount importance in the determination
of life-history traits (Adolph and Porter 1993; Sears
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are short, and populations characterized by slow
growth, late sexual maturity, and high longevity
(Piantoni et al. 2006; Kubisch et al. 2012).
Furthermore, high latitudes are associated with cool
environmental temperatures and, consequently, a
slow pace-of-life, as shown for diverse ectotherms
such as fishes and flies (Valenzano et al. 2006;
Conti 2008). Besides, other climatic factors such as
precipitations can also affect indirectly life-history
traits through their effects over food availability
(Dunham et al. 1988).

The ASM is one of the most important life-history
traits because it is correlated with fitness and it is
usually more sensitive to natural selection than any
other life-history trait (Stearns 2000). Life-history
theory predicts that late sexual maturity at a greater
size is favored by an increase in fecundity or survival

© The Author(s) 2018. Published by Oxford University Press on behalf of the Society for Integrative and Comparative Biology.
All rights reserved. For permissions please email: journals.permissions@oup.com.

810z Jequieoaq G| uo 3senb Aq GE89Z1.5/9801/9/8G/A0BASqR-8]0IE/qol/W00"dNO-olWSpeoE/:Sdiy WOl pepeojumod


https://academic.oup.com/

Longevity and age at maturity in Sauria

of offspring (Roff 1992; Kozlowski et al. 2004;
Arendt 2011). This is a common pattern in lizards
inhabiting cold climates, as low environmental tem-
peratures reduce the metabolic rate, retarding
growth, and age at maturity (Andreone and
Guarino 2003). Ecological factors such as predation
pressure can also affect age at maturity (Scharf et al.
2015), and in environments with high predation
pressures it is expected that natural selection would
favor the early reproduction at lower ages in order to
avoid mortality before procreation.

Longevity is a highly variable trait, influenced by
intrinsic and extrinsic factors (Scharf et al. 2015).
Among the intrinsic factors, the most important
are the accumulation of mutations (Hughes and
Reynolds 2005), the pleiotropic genes that encode
phenotypes that are beneficial early in life but encode
other traits that are harmful later in life (Ljubuncic
and Reznick 2009), and the generation of harmful
metabolic by-products (Sohal 1986; Wilkinson and
South 2002). However, the effects of these intrinsic
factors in species that experience indeterminate
growth like reptiles have been questioned with the
findings of the existence of negative senescence,
which states that mortality rate declines with age in
adult individuals (Vaupel et al. 2004), in some liz-
ards species (Tinkle and Ballinger 1972; Tinkle et al.
1993; Heulin et al. 1997), posing more importance to
extrinsic factors in the determination of longevity
patterns. The most influential extrinsic factor on lon-
gevity is mortality, either caused by predation, star-
vation, and/or parasites and diseases (Healy et al.
2014; Valcu et al. 2014). Mortality associated with
predation and competition would be lower at high
latitudes, since it has been demonstrated that biotic
interactions such as predation and competition are
significantly reduced at high latitudes (Schemske
et al. 2009). Also, at high latitudes, seasonality is
strong, shortening the annual activity times which
has been shown to have positive effects on survival
rate (Adolph and Porter 1993). Moreover, in highly
seasonal climates lizards hibernate and during this
period metabolism decreases significantly, reducing
mutation rates and oxidative damage. Hence, both
intrinsic and extrinsic mortality are reduced in cold
regions and high latitudes, which would lead to pro-
longed life cycles (Scharf et al. 2015).

In order to describe the life-history of a species, it
is essential to estimate two pivotal life-history
traits—ASM and longevity. In this sense, skeleto-
chronology is a reliable and robust histological tech-
nique for the determination of individual ages in
reptiles and amphibians (Castanet 1994; Smirina
1994). Lizards, in particular, are the most studied
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group as they have a simple bone structure with
low vascularization [except for large varanids that
exhibit bone vascular canals (De Buffrénil et al.
2008)] in addition to low intracortical remodeling
and infrequent supplementary marks (Castanet
1994). Specifically, lizards from cold-temperate
regions are better study models than those inhabiting
the tropics, since their growth rings are more evident
as a result of the reduction in metabolic activity
produced by the low temperatures during cold sea-
sons (Castanet et al. 1993).

In this study, we present original age and growth
data of two species of Phymaturus lizards
(Liolaemidae) from high altitudes in the central
Andes (Phymaturus aguanegra from the palluma
phylogenetic group) and high latitudes in the
Patagonian steppe (Phymaturus zapalensis from the
patagonicus phylogenetic group) of Argentina.
Phymaturus is a genus of viviparous, saxicolous,
and predominantly herbivorous lizards which
includes species that live along a latitudinal and al-
titudinal gradient in the Andes and Patagonia of
Argentina and central Chile (Cei 1986; Debandi
et al. 2012; Morando et al. 2013). The species studied
up to date present slow life histories characterized by
high ASMs (6-9 years old) and medium to high lon-
gevities (12-20years old; Piantoni et al. 2006;
Boretto et al. 2015, 2018; Cabezas-Cartes et al.
2015), which suggest that, among lizards, liolaemids
present extraordinary high longevities and ASMs in
relation to their body size. The results obtained for
these Phymaturus species are integrated with data of
wild populations of 46 lizard species, also studied by
skeletochronology, in order to discuss the influence
of environmental conditions in two pivotal life-
history traits such as ASM and longevity, and com-
pare these life-history traits between liolaemids and
others saurians.

Materials and methods
Age and growth of P. aguanegra and P. zapalensis
Specimens

For the present study we used museum specimens of
the herpetological collection of the Department of
Zoology at the Centro Regional Universitario
Bariloche (CRUB), Universidad Nacional del
Comahue. Specifically, we analyzed 2 offspring, 14
juveniles, 11 adult females, and 11 adult males of
P. aguanegra collected during the activity season
(November—April) in 2005, 2006, and 2007 in the
locality of Agua Negra (30°23'S, 69°34'W; 2900 m
asl), Iglesia Department, San Juan province,
Argentina; and 2 offspring, 12 juveniles, 17 adult
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females, and 12 adult males of P. zapalensis collected
during the activity season (September—March) in
2004, 2005, and 2007 in rocky outcrops near
Laguna Blanca National Park (39°04’S, 70°22'W;
824-1312 m asl), Zapala Department, Neuquén prov-
ince, Argentina.

Environmental characteristics of sampling sites

Phymaturus aguanegra’s habitat is included within
the Altoandina phytogeographic region, character-
ized by cold and dry climates with a mean annual
temperature between 8 and 12°C, and year-round
frosts (Cabrera 1994). It is an arid-semiarid region
that presents valleys with rocky slopes and low veg-
etation cover, composed mainly by xerophilous
grasses, annual plants, and cushion plants (Cabrera
1994). Specifically, Agua Negra locality is character-
ized by a remarkable glacial activity and rocky land-
slides in spring and summer, resulting in a dynamic
and unstable mountain ecosystem (Aguado 1983).

The habitat of P. zapalensis is located within the
Patagonian phytogeographic region, characterized by
a landscape of low-elevation mountains, plateaus,
and plains. The area presents a cold-temperate and
sub-humid climate, with strong winds from the west
(especially in summer), snow in winter, and temper-
atures below 0°C most of the year (Cabrera 1976).
The mean temperatures range from 22°C in summer
(with maximum temperatures higher than 40°C) and
5°C in winter (with minimum temperatures as low
as —20°C). Annual precipitations are concentrated in
winter and vary between 150 and 200 mm (Ramilo
et al. 1993). The vegetation of the area corresponds
to the Payunia district of the Patagonian
Phytogeographic province (Cabrera 1978; Movia
et al. 1982) and is characterized by a low and spiny
shrub steppe.

Size, body mass, and reproductive data of the
specimens studied

Data on snout-vent length (SVL, digital gauge
*0.02mm, CA-01, Lee Tools, Guangzhou,
Guangdong, China), sex, and body mass (100g
spring scale =0.5g; Pesola AG, Baar, Switzerland)
of each specimen were registered before euthanasia.
Size Dimorphism Index (SDI) was estimated by tak-
ing the ratio of female to male SVL and subtracting
one (SVLgmale/SVLmae—1; Lovich and Gibbons
1992). The index has been widely used in many pre-
vious studies because of its intuitive appeal for both
direction and degree of sexual size dimorphism and
other advantages (Fairbairn et al. 2007). The mini-
mum SVL at sexual maturity and the reproductive
stages of the individuals used for this study had been
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previously determined for P. aguanegra in Cabezas-
Cartes et al. (2010) and for P. zapalensis in Boretto
and Ibargiiengoytia (2009), based on morphological
and histological analysis of gonads.

Histological technique of skeletochronology

The right femur of each specimen was removed and
left in 7% nitric acid for 2—=7h for decalcification;
then the femur was dehydrated through a series of
increasing concentrations of ethanol solutions,
cleared with toluene, and embedded in paraplast
for 24h at 60°C. Cross-sections at mid-diaphyseal
level ~were stained with Hematoxylin—Eosin
(Martoja and Martoja-Pierson 1970).

Determination of growth rate, individual age, age at
maturity, and longevity

The histological preparations were analyzed with an
optic microscope (Olympus BX40, America Inc.,
New York, NY, USA) equipped with a Pro-Series
High Performance CCD Camera. Digital images
were measured using an Image-Pro Plus analyzer
(Media Cybernetics, Inc., Rockville, MD, USA). To
avoid under- or overestimating the age of lizards, the
presence of the endosteal bone and the first bone
zone (next to the medullar cavity or to the endosteal
bone) were considered. The five best sections of each
bone were selected to estimate the following varia-
bles, according to the methodology of Leclair and
Castanet (1987): (1) minimum and maximum
medullar radius from the center of the medullar cav-
ity, (2) minimum and maximum diaphyseal diame-
ter, (3) minimum and maximum estival ring
thickness, (4) number of lines of arrested growth
(LAGs; Fig. 1). We assumed LAGs correspond to
annual arrested winter growth and thus, the lizard’s
age. The average of the minimum and maximum
radius of each variable was calculated to minimize
the asymmetry of the bone sections and medullar
cavity. When endosteal resorption of LAGs was pre-
sent, the estimated age was calculated using the size
of the marrow cavity of newborns in order to back-
calculate the number of rings resorbed (Piantoni
et al. 2006; Boretto et al. 2015, 2018; Cabezas-
Cartes et al. 2015). The number of resorbed rings
was added to the number of observed rings. To cal-
culate the age in years, the last LAG was only con-
sidered in the count when the date of death of the
specimen occurred between February and April con-
sidering that births in P. aguanegra and P. zapalensis
occur from February to March, and the beginning of
the brumation period starts in April to May (Boretto
and Ibargiiengoytia 2009; Cabezas-Cartes et al
2010). Individuals younger than 1 year of age were
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Fig. 1 Microphotograph of the diaphyseal cross section of the
femur of and adult male of P aguanegra of 10 years. White arrows
indicate the LAGs, and the black arrow indicates the resorption
line. EB, endosteal bone; MC, medullar cavity. Black scale bars are
equivalent to 50 um.

considered age class 0. The ASM was determined
considering the youngest adult of each sex with re-
productive activity, according to previous studies of
reproductive biology carried out in the same speci-
mens used for the present study (Boretto and
Ibargiiengoytia 2009; Cabezas-Cartes et al. 2010).

Comparative analysis of the influence of
environmental variables in ASM and longevity in
Sauria

Data collection

We assembled a dataset on the maximum longevity
and ASM (of males and females, when available) of
48 lizard species belonging to 14 of the 41 saurian
families currently recognized world-wide (taxonomy
follows Uetz [2017]). Data are from the literature
(Supplementary Information S1) and we only in-
cluded the information of wild populations obtained
from skeletochronological studies considering that
this methodology to estimate individual ages in liz-
ards has proven accurate, highly reliable, and robust
(Castanet 1994). Longevity data are the maximum
age (in years) reported for each species, and ASM
was considered as the age at which individuals start
reproducing. Whenever more than one entry of lon-
gevity or ASM of a given species were available, as a
rule, we considered the highest for longevity and the
lowest for the ASM.

Besides, for each species we collected literature
data on body size (SVL), latitude, longitude, and
altitude of the populations studied. When more
than a population per species was available, we pri-
oritized the elevation, latitude, and longitude from
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the population that showed the maximum longevity
and if populations still present the same longevity
we chose the population with the lowest ASM. This
criterion was adopted in order to neither underes-
timate longevity nor overestimate ASM using a
mean value.

Environmental variables

We obtained the values of the following environ-
mental parameters of each species’ locality from
the NASA database (http://power.larc.nasa.gov/) for
the period between January 1983 and December
2016: Average air temperature at 2m (TME), mini-
mum air temperature at 2m (TMIN), maximum air
temperature at 2m (TMAX), from which we calcu-
lated TA (calculated as TMAX—TMIN). Also, we
obtained Precipitation (PREC) values from the
same database but for the period available, from
January 1997 to December 2014.

Phylogenetic hypothesis

For the phylogenetic comparative analyses we mainly
relied on the phylogenies of Pyron et al. (2013).
However, some species studied were not included
in Pyron et al. (2013) so we added them manually
using Mesquite 3.2 (Maddison and Maddison 2017)
and placed them in accordance to the phylogenies of
Guo et al. (2011), Bauer et al. (2013), and Morando
et al. (2013). The final tree is showed in Fig. 2.

Phylogenetic signal

Prior to conducting our statistical analyses, we de-
termined whether the traits exhibited a phylogenetic
signal, that is, the consistency in trait values with the
phylogeny. We estimated values for Pagels’ A (Pagel
1999; Freckleton et al. 2002). We used the package
phytools (Revell 2012) to generate values of 4 con-
ducted in the R statistical environment (R
Development Core Team 2017).

Phylogenetic comparative analyses

We employed multiple regression analysis using a
phylogenetic generalized least squares (PGLS) model
(Martins and Hansen 1997; Garland and Ives 2000)
to determine the dependence of longevity and ASM
on latitude, elevation, TME, TMIN, TMAX, TA, and
PREC, adjusting the strength of phylogenetic non-
independence using the maximum-likelihood value
of the scaling parameter value 4 (Pagel 1999).
Because we did not have branch length information,
all branches were arbitrarily set to a branch length of
1. PGLS incorporates phylogenetic information into
the error structure of generalized linear models by
specifying the expected variance and co-variances
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Mephrurus stellatus
arus kuroi
— Sphaerodactylus vincenti
Asaccus baranii

omonaota darwinii

L=

Mediodactylus kotschyi

Hemidactylus brookii
Hemidactylus turcicus

Eremias argus

— L —

—|: Ophisops elegans
Acanthodactylus boskianus

Lacerta schreiberi
Lacerta strigata
Lacerta agilis
Podarcis tauricus

Apathya cappadocica
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D

Darevskia nairensis

Darevskia clarkorum
Darevskia armeniaca

Furcifer pardalis
Amphibolurus norrisi
Phrynocephalus persicus
Agama |
Sitana ponticeriana

lguana iguana

Sceloporus grammicus
Pristidactylus achalensis

Phymaturus punae
L erymeunssounen
Phymaturus antofagastensis
Phymaturus zapalensis
_‘:‘: Phymaturus tenebrosus

Phymaturus spectabilis

Liolagmus pictus
4:: Liolaemus multicolor
Liolaemus iregularis

Fig. 2 Molecular-based phylogeny depicting the relationships among the species of Sauria analyzed in the present study (based on Guo
et al. [2011], Bauer et al. [2013], Morando et al. [2013], and Pyron et al. [2013]) Branch lengths are set to unity.

among related species using an explicit model of
evolution. Thus, PGLS controls for the non-
independence that is inherent in the analysis of
species that are phylogenetically related. We imple-
mented PGLS analyses using the package caper
(Orme et al. 2013) in R.

In order to compare the longevity of liolaemids
versus the rest of the species of our database adjust-
ing for phylogeny and body size we performed a
Phylo ANCOVA using mean SVL of each species
as a covariate and longevity as the response variable.
This test was run using the packages caper (Orme
et al. 2013) and phytools (Revell 2012) in R.

Statistical analyses

We used the statistical software Sigma Plot 11.0° to
perform Linear Regressions to estimate the relation-
ship between SVL and age in juveniles, and adult
males and females of P. aguanegra and P. zapalensis.
Also, t-tests were used to compute differences be-
tween two groups. ANCOVA was used for

computing size differences between adults of both
sexes controlling the effect of age.

For phylogenetic analyses we used R 3.1.1 (R
Development Core Team 2017) and Mesquite 3.2
(Maddison and Maddison 2017). Because the varia-
bles did not conform to a normal distribution, we
used log 10 transformations to ensure the variables
met the assumptions of the parametric statistics,
which also reduced skew and homogenized variances
(Zar 2009). We also conducted standard regression
diagnostics to determine whether the data exhibited
multicollinearity considering variance inflation fac-
tors (VIFs). We found no evidence of multicollinear-
ity, being all VIF values below the threshold VIF
value of 10, indicative of multicollinearity
(Montgomery and Peck 1992). In order to select
the model of best fit among the candidate models
we used the corrected Akaike information criterion
(AICc). This parameter modifies standard AIC with
a correction for small sample sizes (Hurvich and Tsai
1989). Also, we calculated the values of AAICc,
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which is the difference between the AICc of a given
model and the lower AICc (Burnham and Anderson
2002). Differences higher than 2 in AAICc were con-
sidered as significant (Burnham and Anderson 2002).

Results
Age and growth of P. aguanegra and P. zapalensis

In both species SDI was female-biased resulting in
0.055 in P. zapalensis and 0.022 in P. aguanegra.
However, when considering age as a covariate
females presented larger size than males only in P.
zapalensis (ANCOVA, F,,y =8.037, P = 0.009),
whereas in P. aguanegra males and females were sim-
ilar in size (Table 1).

Within species, adult males and females showed
similar ~mean ages (t-test; P.  aguanegra:
Lo =—0.915, P = 0.371; P. zapalensis: t,; =—0.144,
P = 0.886; Table 1). Phymaturus zapalensis reach
sexual maturity later than P. aguanegra; however,
P. aguanegra presented a higher longevity than P.
zapalensis (Table 1).

Comparative analysis of the influence of
environmental variables in longevity and ASM in
Sauria

When comparing liolaemids versus the rest of the
species, we found that liolaemids presented signifi-
cantly higher longevities than the rest of the species
of our database when using mean SVL as a covariate
(PhyloANCOVA, F, 5 =20.55, P < 0.001; Fig. 3).

Longevity and ASM of both females and males
showed significant phylogenetic signals (Table 2).
Hence, PGLS were carried out and the results indi-
cate that the environmental variables affected the
life-history traits studied differently in males and
females. In males, the candidate models show that
longevity presented a strong positive influence of lat-
itude and, to a lesser extent, negative effects of pre-
cipitation and TA (Table 2). On the other hand, in
females, longevity was marginally influenced by lati-
tude only in the best candidate model (P < 0.07;
Table 2). However, when considering the longevity
of the species regardless the sex, latitude was the
variable that best explained the variation in all the
candidate models (Table 2).

ASM was negatively influenced by mean air tem-
perature in males in all the candidate models
(Table 2), while in females this effect of TME was
marginally significant (P<0.07) in the three best
models (Table 2).
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Discussion

The cold temperate environments of the highlands of
the Andes and the Patagonian steppe of Argentina
have a strong influence on the physiology of the
endemic lizards of genus Phymaturus, resulting in
the occurrence of slow life-history patterns, charac-
terized by late sexual maturity and high longevity.
Accordingly, the comparative analysis presented
here evidences the significant effect of environmental
conditions over ASM and longevity in wild popula-
tions of many lizards around the world. Our results
indicate that latitude is the most influential environ-
mental variable in the determination of longevity
patterns in lizards. In contrast, ASM in males and
females is mostly influenced by the mean annual
temperature of the habitat.

Phymaturus lizards live under harsh environmen-
tal conditions in the highlands of the Andes and
tablelands of central Patagonia. In these environ-
ments, low temperatures with high annual and daily
TA prevail, constraining the time for activity
(Kubisch et al. 2016; Vicenzi et al. 2017). In accor-
dance to this, we found that P. aguanegra and P.
zapalensis developed life histories characterized by
delayed sexual maturity and high longevity.
Considering all the species studied in this genus,
sexual maturity is reached between 6 and 9years
old (Piantoni et al. 2006; Boretto et al. 2015, 2018;
Cabezas-Cartes et al. 2015; and present study). As a
result, Phymaturus present the highest ASMs when
compared with many other lizards around the world
(Mesquita et al. 2016b). Besides, herein we observed
longevities of 15years for P. zapalensis and 16 years
for P. aguanegra. Taking into consideration the lon-
gevities of P. tenebrosus (16years; Piantoni et al.
2006), P. punae (20years; Boretto et al. 2015), P.
spectabilis (12years; Cabezas-Cartes et al. 2015),
and P. antofagastensis (20years; Boretto et al.
2018), the longevity of the liolaemids in general is
significantly higher in relation to the longevity of the
other families studied in the present work when con-
trolling the effect of phylogeny and body size, sug-
gesting that liolaemids, in general, and Phymaturus
in particular would be among the most long-lived
lizard genus in spite of presenting body sizes smaller
than many other species (Fig. 3).

Environmental constrains, like high TAs, low air
temperatures, and short activity seasons in combina-
tion with a predominant herbivorous diet in
Phymaturus species might be determinant for the
occurrence of late sexual maturity and high longev-
ity. However, the similarity among ASMs contrasts
with the differences in longevity within Phymaturus
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Table 1 Sex, juvenile or adult condition, sample size, SVL, number of LAGs, estimated age, SVL at sexual maturity, ASM, and longevity
of the individuals studied of Phymaturus aguanegra and Phymaturus zapalensis

Sex and juvenile or

adult condition (n)

SVL+SEM (mm)

LAGs+SEM

P. aguanegra
Juvenile males (6)
Juvenile females (8)
Adult males (11)
Adult females (11)
P. zapalensis
Juvenile males (5)
Juvenile females (7)
Adult males (12)
Adult females (17)

68.70+5.26 (51.93-82.70)
62.01+2.76 (50.27-71.98)
93.37%6.71 (83.48-104.5)
95.46+5.67 (82.42-101.78)

65.80=2.44 (60.62-72.64)
63.10+4.29 (47.48-76.00)
82.19%1.26 (75.66-90.50)
86.71%121 (79.02-96.60)

3332099 (0-6)
2.00=0.38 (0-3)
8.27+0.84 (4-13)
9.54=0.78 (6-13)

5.00+0.45 (4-6)
2.86=0.77 (0-5)
8.08=0.53 (6-13)
7.59+0.34 (5-11)

Estimated age* SVL at sexual ASM Longevity
SEM (years) maturity (mm)  (years) (years)
4+0.53 (0-8) - - -

2.25+0.53 (0-4) - - -

11.00%0.85 (7-16) 83.5 7 16
11.82+0.87 (7-16) 824 7 16
5.00£0.45 (4-6) - - -
2.57+0.78 (0-5) = - -
11.67+0.62 (8-15) 75.6 8 15
11.76%0.37 (9-14) 79.0 9 14

Latitude

Fig. 3 Three-dimensional scatter plot of longevity (years) on
Y-axis, SVL (mm) on the X-axis, and latitude on the Z-axis. Black
circles indicate species of the family Agamidae, white circles
species of Gekonidae, black triangles species of Lacertidae, white
triangles species of Liolaemidae, black squares species of
Phyllodactylidae, and white squares species of Scincidae.

genus, since the species of palluma group seems to
be more long-lived than the patagonicus group.
Although the genus Phymaturus is highly conserva-
tive in many ecological, physiological, and behavioral
aspects (Cruz et al. 2009; Debandi et al. 2012; Halloy
et al. 2013), they show certain differences associated
with environmental conditions that could affect
growth and survivorship, resulting in the differences
observed in longevity. For example, there are higher
TAs and lower precipitations in the habitats of the
palluma group species compared with those of pata-
gonicus group (Boretto et al. 2018) which not only

could affect the availability of food (Andrews 1982;
Henle 1989; Smith and Ballinger 1994), but also the
timing of activity (Ragland and Kingsolver 2008),
two variables related to high longevities (Scharf
et al. 2015). In addition, the strictly herbivorous
diets of palluma group species (Videla 1983;
Espinoza et al. 2004; Acosta et al. 2008; Castro
et al. 2013; Corbalan and Debandi 2014; Cérdoba
et al. 2015) in comparison with the herbivorous—
insectivorous diet of some species of the patagonicus
group like P. zapalensis (Boretto et al. Forthcoming),
and P. spectabilis (F. Cabezas-Cartes 2013, unpub-
lished data), could also contribute to the higher lon-
gevities of the palluma members as it has been
shown for other species (Fisher et al. 2001; Scharf
et al. 2015). Moreover, there are differences in the
female reproductive cycles being strictly biennial in
palluma species (Boretto and Ibargiiengoytia 2006;
Boretto et al. 2007; Cabezas-Cartes et al. 2010;
Castro et al. 2018), and annual-biennial in patago-
nicus species (Boretto and Ibargiiengoytia 2009;
Boretto et al. 2014). The differences in reproductive
frequency could translate into differences in the en-
ergy devoted to reproduction and growth, and it is
expected that the higher reproductive frequencies of
patagonicus species would demand a higher expendi-
ture on reproduction to the detriment of the alloca-
tion to growth, reducing longevity (Roff 1992).
Besides, increased frequency of reproduction of pata-
gonicus species might make the parents more visible
and hence more vulnerable to predation, affecting
longevity negatively (Roff et al. 2006).

Among ectotherms, variations in life-history traits,
such as ASM and longevity, are usually highly geo-
graphically variable and heavily dependent on the
local climate (Bauwens and Verheyen 1987; Sorci
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Table 2 Results from PGLS models for factors that best predict variations in longevity and ASM in 48 saurian species
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Coefficients (f)

Trait A Best models Par  AAICc LAT ALT PREC TA TME R?
Longevity 0.687** LAT 2 0 0.527%* - - - - 0.15
LAT+TA 3 0.68 0.65%* - - -0.16 - 0.15
LAT+PREC+HTA 4 0.87 0.65%* - -0.16 -0.29 - 0.16
LAT-+ALT 3 0.98 0.60%+* —0.03 - - - 0.15
LAT+PREC 3 1.86 0.50* - —0.04 - - 0.13
LAT+TME 3 1.96 0.50* - - - —0.03 0.13
Male longevity 0.945%+*%  LAT+PREC+TA 4 0 ok - —-0.30%  —0.38* - 0.32
LAT+TME+PREC+TA 5 1.48 0.94+#* - —0.31%  —0.41% -0.1 0.31
LAT+ALT+PREC+TA 5 1.92 1.01%*  —-0.01 —030* —0.37(% - 0.30
Female longevity — 0.616%* LAT 2 0 0.39(%) - - - - 0.07
TME 2 0.76 —0.28 - - - - 0.05
LAT+TA 3 1.18 0.52* - - -0.15 - 0.06
LAT+TME 3 136 0.28 - - - —0.15 0.06
LATHALT 3 1.48 0.46* —0.02 - - - 0.05
LAT+PREC 3 1.54 0.43* - 0.07 - - 0.05
ASM males 0.706*%*  TME 2 0 - - - - —0.66%F  0.22
ALT+TME 3 1.86 - —0.01 - - —0.69%*  0.20
TME+4TA 3 1.87 - - - —0.06 —0.69%  0.20
TME+PREC 3 1.90 - - —0.04 - —0.66**  0.20
LAT+TME 3 1.94 0.09 - - - —0.63* 0.20
ASM females 0.791%#  TME 2 0 - - - - —0.36(*)  0.06
LAT+TME 3 126 —0.24 - - - —0.23(*)  0.06
TME+TA 3 1.61 - - - —0.11 —0.42(*)  0.05
TME+PREC 3 1.95 - - 0.03 - —0.36 0.04
ALT+TME 3 1.96 —0.01 - - - —0.38 0.04

Notes: The models took into account latitude (LAT), altitude (ALT), precipitation (PREC), thermal amplitude (TA), and mean air temperature at
2 m (TME). The best-fit, most parsimonious models (Best models) are shown for the different life-history traits. The estimate of Pagel’s lambda
values (L), the number of parameters (Par), and the R* across the 31 models tested is shown for the best-fit models. AAICc shows the change
between the best and the other candidate models. The coefficients (ff) are shown for factors in the candidate models, and asterisks denote the
P-values for the coefficients and lambda values. (*)P < 0.07; *P < 0.05; **P < 0.01; ***P < 0.001.

et al. 1996). In agreement with the pattern observed
for most ectotherms (e.g., Adolph and Porter 1996;
Miaud et al. 1999; Karl and Fischer 2009; Scharf
et al. 2015), the present comparative study confirms
that longevity in lizards increases with latitude. At
higher latitudes, reptile activity seasons are shorter,
probably bringing about slower growth, older ASM,
and increased longevity, as suggested for some squa-
mate species (Piantoni et al. 2006; Kubisch et al.
2012). In particular, the higher longevity might be
related to the fact that survival rate is inversely cor-
related to annual activity times, which depend on
latitude (Adolph and Porter 1993). Besides, the harsh
climates of high latitudes are related to lower inten-
sities of predation and competition (Schemske et al.

2009), which would result in higher survival rates
(Angilletta et al. 2004) and, hence, higher longevities.
Also, in cold areas, lizards often hibernate, and met-
abolic activity is considerably reduced, lowering mu-
tation rates and oxidative damage (Sohal 1986;
Wilkinson and South 2002).

In addition, in higher latitudes and colder areas,
as hibernation periods are much longer, individuals
should invest more into energy storage and self-
maintenance (Jonsson et al. 2009). Allocations of en-
ergy into self-maintenance and energy reserves
should also trade-off against investments into other
traits, such as reproduction and growth, as the
growth season gets shorter, which would further af-
fect growth. Hence, growth is comparatively costlier
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for lizards that live in environments where activity
time is a limited resource, favoring not only late
sexual maturity but also high longevity.

Present results show that, in males of Sauria, lon-
gevity was also negatively affected by precipitations
and TA. This can be a consequence of the fact that
precipitations are in general positively correlated
with food availability (Andrews 1982; Henle 1989;
Smith and Ballinger 1994), and its nutritional con-
tent translates into changes in the growth rates
(Lagarde et al. 2003). Hence, lizards that present
higher availability of food resources as a result of
higher precipitations would require lower growth
times and would be able to start reproducing sooner,
resulting in reduced longevities (Scharf et al. 2015).
In addition, TA, as well as mean air temperature,
varies with altitude and latitude (Taylor 1981); and
it also plays an important role in the physiology of
lizards (Ragland and Kingsolver 2008). High TAs
imply that extreme temperature values can be
reached during a single day, restraining the activity
of lizards not only because of the lack of heat, but
also to avoid overheating (Sinervo et al. 2010;
Kubisch et al. 2016; Vicenzi et al. 2017).
Restriction of hours of activity would limit the pos-
sibilities of lizards reaching optimal body tempera-
tures  for  physiological  performance (e.g.,
locomotion, foraging, gut-passage rate; Avery 1971;
Van Damme et al. 1991). Besides, in high-TA hab-
itats, metabolism is reduced significantly at night,
decreasing the oxidative damage produced by free
radicals and, in consequence, increasing longevity
(Scharf et al. 2015).

Temperature, precipitation, and their effects on
hours of activity and energy income, respectively,
can greatly mold the growth and alter the evolution
of life histories since their combination affects the
physiological performances (Adolph and Porter
1996), such as energy assimilation, which constrains
the age and size at maturity, the frequency and mag-
nitude of reproduction, and the size and the number
of offspring (Angilletta 2009). In the present study,
in males of the different saurian species, ASM was
mostly influenced by mean air temperature; however,
in females, this influence was only marginally signif-
icant. Specifically, lizards from hotter places reach
sexual maturity at lower ages. In ectotherms, subtle
differences in temperature (i.e., 2°C) can largely in-
crease metabolic rate (Dillon et al. 2010) and hence,
energetic needs. When juveniles can compensate for
this increased metabolism by foraging more, it
should lead to a faster body growth rate with subse-
quent consequences on their entire life-history. For
example, in the lacertid lizard Zootoca vivipara,

F. Cabezas-Cartes et al.

warm climatic conditions had a strong positive im-
pact on juvenile body growth, but affected survival
negatively, reducing longevity (Bestion et al. 2015).
In general, all the regressions of the comparative
analysis performed herein showed low values of R’
indicating extensive unexplained variation in the data.
Many species of different regions of the world (South
America, Europe, Africa, Asia, and Australia) com-
pose our data set and, in consequence, it is expected
to present a great amount of sampling error. In fact, a
large number of unexplained variation is not uncom-
mon in ecological studies with large data sets
(Jongman et al. 1995; Guisan and Zimmermann
2000; Gilbert and Bennett 2010). However, other
studies that analyzed life-history of a large number
of species included data of captive individuals and
diverse methodologies of age determination (Scharf
et al. 2015; Mesquita et al. 2016a, 2016b; among
others). In contrast, in the present study, only data
from wild populations obtained by skeletochronology
were used; hence, we have reduced the “noise” of our
data set in comparison to other studies. Our results
reinforce the ideas that, in lizards, latitude, and con-
sequently season length, are major determinants of
longevity patterns, and that air temperature has a
great influence in the timing of sexual maturity.

Acknowledgments

We would like to thank to Juan Carlos Acosta and
Alejandro Laspiur for the collection of P. aguanegra
individuals and the Fauna authorities of San Juan
(Direccion de Fauna de San Juan) and Neuquén
provinces (Direcciéon de Fauna de Neuquén) for
the collection permits issued for this work. Also,
we would like to thank Donald B. Miles for his
help with phlyogenetical analyses, and Rita Lopez-
Laphitz and Leandro Becker for assistance with
figures.

Funding

This work was supported by Fondo para la
Investigacion Cientifica y Tecnoldgica [grant num-
bers PICT 2010-1125, PICT 2014-3100], Consejo
Nacional de Investigaciones Cientificas y Técnicas
[grant  numbers  PIP-11420110100033,  PIP
11220120100676], and Universidad Nacional del
Comahue [grant number 04/B196].

Supplementary data
Supplementary data available at ICB online.

810z Jequieoaq G| uo 3senb Aq GE89Z1.5/9801/9/8G/A0BASqR-8]0IE/qol/W00"dNO-olWSpeoE/:Sdiy WOl pepeojumod


https://academic.oup.com/icb/article-lookup/doi/10.1093/icb/icy119#supplementary-data

Longevity and age at maturity in Sauria

References

Acosta JC, Villavicencio HJ, Blanco G. 2008. Phymaturus
antofagastensis (NCN) diet. Herpetol Rev 39:91.

Adolph SC, Porter WP. 1993. Temperature, activity, and liz-
ard life histories. Am Nat 142:273-95.

Adolph SC, Porter WP. 1996. Growth, seasonality, and lizard
life histories: age and size at maturity. Oikos 77:267-78.
Aguado C. 1983. Comparacién del inventario de glaciares de
la cuenca del Rio de los Patos con otros inventarios de los

Andes Centrales de Argentina. An JANIGLA 4:3-11.

Andreone F, Guarino FM. 2003. Giant and long-lived? Age
structure in Macroscincus coctei, an extinct skink from Cape
Verde. Amphibia—Reptilia 24:459-70.

Andrews RM. 1982. Patterns of growth in reptiles. In: Gans
C, Pough FH, editors. Biology of the reptilia. Physiology C:
physiological ecology. New York: Academic Press. p.
273-320.

Angilletta MJ Jr. 2009. Thermal adaptation: a theorerical and
empirical synthesis. Oxford: Oxford University Press.

Angilletta MJ. 2006. Estimating and comparing thermal per-
formance curves. ] Therm Biol 31:541-5.

Angilletta MJ, Niewiarowski PH, Dunham AE, Leache AD,
Porter WP. 2004. Bergmann’s clines in ectotherms: illus-
trating a life-history perspective with sceloporine lizards.
Am Nat 164:E168-83.

Arendt JD. 2011. Size-fecundity relationships, growth trajec-
tories, and the temperature-size rule for ectotherms.
Evolution 65:43-51.

Avery RA. 1971. Estimates of food consumption by the lizard
Lacerta vivipara Jacquin. J Anim Ecol 40:351-65.

Bauer AM, Masroor R, Titus-Mcquillan ], Heinicke MP, Daza JD,
Jackman TR. 2013. A preliminary phylogeny of the Palearctic
naked-toed geckos (Reptilia: Squamata: Gekkonidae) with tax-
onomic implications. Zootaxa 3599:301-24.

Bauwens D, Verheyen RF. 1987. Variation of reproductive
traits in a population of the lizard Lacerta vivipara.
Ecography (Cop) 10:120-7.

Bestion E, Teyssier A, Richard M, Clobert J, Cote J. 2015. Live
fast, die young: experimental evidence of population extinc-
tion risk due to climate change. PLoS Biol 13:¢1002281.

Boretto JM, Cabezas-Cartes F, Ibargiiengoytia NR. 2015.
Energy allocation to growth and reproduction in a vivipa-
rous lizard endemic to the highlands of the Andes,
Argentina. ] Zool 297:77-86.

Boretto JM, Cabezas-Cartes F, Ibargiiengoytia NR. 2018. Slow
life histories in lizards living in the highlands of the Andes
Mountains. ] Comp Physiol B Biochem Syst Environ
Physiol 188:491-503.

Boretto JM, Cabezas-Cartes F, Tappari F, Méndez-De La Cruz F,
Sinervo B, Scolaro AJ, Ibargiiengoytia NR. 2014. Reproductive
biology of Phymaturus spectabilis (Liolaemidae): females skip
reproduction in cold and harsh environments of Patagonia,
Argentina. Herpetol Conserv Biol 9:170-80.

Boretto JM, Ibargiiengoytia NR. 2006. Asynchronous sperma-
togenesis and biennial female cycle of the viviparous lizard
Phymaturus antofagastensis (Liolaemidae): reproductive
responses to high altitudes and temperate climate of
Catamarca, Argentina. Amphibia—Reptilia 27:25-36.

Boretto JM, Ibargiiengoytia NR, Acosta JC, Blanco GM,
Villavicencio HJ, Marinero JA. 2007. Reproductive biology

1095

and sexual dimorphism of a high-altitude population of the
viviparous lizard Phymaturus punae from the Andes in
Argentina. Amphibia—Reptilia 28:1-7.

Boretto JM, Ibargiiengoytia NR. 2009. Phymaturus of
Patagonia, Argentina: reproductive biology of Phymaturus
zapalensis (Liolaemidae) and a comparison of sexual di-
morphism within the genus. ] Herpetol 43:96-104.

Boretto JM, Ibargiiengoytia NR. (Forthcoming). Phymaturus
zapalensis (NCN). Omnivorous diet. Herpetol Rev.

Burnham KP, Anderson DR. 2002. Model selection and mul-
timodel inference: a practical information-theoretic ap-
proach. 2nd edn. New York (NY): Springer.

Cabezas-Cartes F, Boretto JM, Ibargiiengoytia NR. 2015. Age,
growth and life-history parameters of an endemic vulnera-
ble lizard from Patagonia, Argentina. Herpetol J 25:215-24.

Cabezas-Cartes F, Boretto JM, Carlos Acosta J, Jahn G,
Blanco G, Laspiur A, Ibargiiengoytia N. 2010.
Reproductive biology of Phymaturus cf. palluma: a vulner-
able lizard from the highlands of the Andes, San Juan,
Argentina. Herpetol Conserv Biol 5:430-40.

Cabrera AL. 1976. Enciclopedia Argentina de agricultura y
jardinerfa: regiones fitogeograficas Argentinas. Buenos Aires:
ACME.

Cabrera AL. 1978. La vegetacion de Patagonia y sus relaciones
con la vegetacién altoandina y punena. In: Tholl C, Laver
W, editors. Geological relations between the Southern tem-
perate zone and the tropical mountains. Wiesbaden: Franz
Steiner Verlag. p. 329-43.

Cabrera AL. 1994. Enciclopedia Argentina de agricultura y
jardineria: regiones fitogeograficas Argentinas. Buenos
Aires: ACME.

Castanet J. 1994. Age estimation and longevity in reptiles.
Gerontology 40:174-92.

Castanet J, Francillon-Vieillot H, Meunier FJ, de Ricgles A.
1993. Bone and individual aging. In: Hall BK, editor. Bone
growth. Boca Raton: CRC Press, Inc. p. 245-83.

Castro SA, Boretto JM, Blanco G, Acosta JC. 2018.
Adjustment of the reproductive activity of vulnerable lizard
Phymaturus williamsi at high altitudes. Herpetol Conserv
Biol 13:283-93.

Castro SA, Laspiur A, Acosta JC. 2013. Variacién anual e
intrapoblacional de la dieta de Phymaturus cf. palluma
(Iguania: Liolaemidae) de los Andes centrales en
Argentina. Rev Mex Biodivers 84:1258-65.

Cei JM. 1986. Reptiles del centro, centro-oeste y sur de la
Argentina: Herpetofauna de las zonas aridas y semiaridas.
Torino: Museo Regionale di Scienze Naturali.

Conti B. 2008. Considerations on temperature, longevity and
aging. Cell Mol Life Sci 65:1626-30.

Corbaldn V, Debandi G. 2014. Resource segregation in two
herbivorous species of mountain lizards from Argentina.
Herpetol J 24:201-8.

Cérdoba MA, Acosta JC, Villavicencio HJ, Astudillo V. 2015.
Analisis trofico de Phymaturus punae (Iguania: Liolaemidae):
variacién estacional y sexual en la regiéon mds austral de la
puna Argentina. Rev Mex Biodivers 86:1004—13.

R Development Core Team. 2017. R: a language and envi-
ronment for statistical computing. Vienna, Austria:
R Foundation for Statistical Computing.

Cruz FB, Belver L, Acosta JC, Villavicencio HJ, Blanco G,
Cénovas MG. 2009. Thermal biology of Phymaturus lizards:

810z Jequieoaq G| uo 3senb Aq GE89Z1.5/9801/9/8G/A0BASqR-8]0IE/qol/W00"dNO-olWSpeoE/:Sdiy WOl pepeojumod



1096

evolutionary constraints or lack of environmental varia-
tion? Zoology 112:425-32.

De Buffrénil V, Houssaye A, Bohme W. 2008. Bone vascular
supply in monitor lizards (Squamata: Varanidae): influence
of size, growth, and phylogeny. ] Morphol 269:533—43.

Debandi G, Corbaldn V, Scolaro JA, Roig-Junent SA. 2012.
Predicting the environmental niche of the genus
Phymaturus: are palluma and patagonicus groups ecologi-
cally differentiated? Austral Ecol 37:392-400.

Dillon ME, Wang G, Huey RB. 2010. Global metabolic
impacts of recent climate warming. Nature 467:704—6.

Dunham AE, Miles DB, Reznick DN. 1988. Life history patterns
in squamate reptiles. In: Gans C, Huey RB, editors. Biology of
the reptilian. New York (NY): Alan R. Liss, Inc. p. 441-522.

Espinoza RE, Wiens JJ, Tracy CR. 2004. Recurrent evolution
of herbivory in small, cold-climate lizards: breaking the
ecophysiological rules of reptilian herbivory. Proc Natl
Acad Sci U S A 101:16819-24.

Fairbairn DJ, Blanckenhorn WU, Székely T. 2007. Sex, size
and gender roles: evolutionary studies of sexual size dimor-
phism. Oxford: Oxford University Press.

Fisher DO, Owens IPF, Johnson CN. 2001. The ecological basis
of life history variation in marsupials. Ecology 82:3531—40.
Freckleton RP, Harvey PH, Pagel M. 2002. Phylogenetic anal-
ysis and comparative data: a test and review of evidence.

Am Nat 160:712-26.

Garland TJ, Ives AR. 2000. Using the past to predict the
present: confidence intervals for regression equations in
phylogenetic comparative methods. Am Nat 155:346—64.

Gilbert B, Bennett JR. 2010. Partitioning variation in ecological
communities: do the numbers add up? J Appl Ecol 47:1071-82.

Guisan A, Zimmermann NE. 2000. Predictive habitat distri-
bution models in ecology. Ecol Model 135:147-86.

Guo X, Dai X, Chen D, Papenfuss TJ, Ananjeva NB,
Melnikov DA, Wang Y. 2011. Phylogeny and divergence
times of some racerunner lizards (Lacertidae: Eremias) in-
ferred from mitochondrial 16S rRNA gene segments. Mol
Phylogenet Evol 61:400-12.

Halloy M, Robles C, Salica MJ, Semhan R, Judrez-Heredia V,
Vicente N. 2013. Estudios de comportamiento y ecologia
de lagartijas de los géneros Liolaemus y Phymaturus
(Iguania: Liolaemini). Cuad Herpetol 27:15-26.

Healy K, Guillerme T, Finlay S, Kane A, Kelly SBA, McClean
D, Kelly DJ, Donohue I, Jackson AL, Cooper N. 2014.
Ecology and mode-of-life explain lifespan variation in birds
and mammals. Proc R Soc Lond B Biol Sci 281:20140298.

Henle K. 1989. Population ecology and life history of the
diurnal skink Morethia boulengeri in arid Australia.
Oecologia 78:521-32.

Heulin B, Osenegg-Leconte K, Michel D. 1997. Demography
of a bimodal reproductive species of lizard (Lacerta vivip-
ara): survival and density characteristics of oviparous pop-
ulations. Herpetologica 53:432—44.

Horvathova T, Cooney CR, Fitze PS, Oksanen TA, Jeli¢ D,
Ghira I, Uller T, Jandzik D. 2013. Length of activity season
drives geographic variation in body size of a widely distrib-
uted lizard. Ecol Evol 3:2424-42.

Huey RB, Stevenson RD. 1979. Intergrating thermal physiol-
ogy and ecology of ecotherms: a discussion of approaches.
Am Zool 19:357-66.

F. Cabezas-Cartes et al.

Hughes KA, Reynolds RM. 2005. Evolutionary and mechanis-
tic theories of aging. Annu Rev Entomol 50:421-45.

Hurvich CM, Tsai C-L. 1989. Regression and time series
model selection in small samples. Biometrika 76:297-307.

Ibargiiengoytia NR, Casalins LM. 2007. Reproductive biology
of the southernmost gecko Homonota darwini: convergent
life-history patterns among Southern Hemisphere reptiles
living in harsh environments. ] Herpetol 41:72-80.

Jongman RHG, ter Braak CJF, van Tongeren OFR. 1995. Data
analysis in community and landscape ecology. Cambridge:
Cambridge University Press.

Jonsson KI, Herczeg G, O’Hara RB, S6derman F, ter Schure
AFH, Larsson P, Merild J. 2009. Sexual patterns of
prebreeding energy reserves in the common frog Rana tem-
poraria along a latitudinal gradient. Ecography 32:831-9.

Karl I, Fischer K. 2009. Altitudinal and environmental varia-
tion in lifespan in the Copper butterfly Lycaena tityrus.
Funct Ecol 23:1132-8.

Kozlowski J, Czarnoleski M, Danko M. 2004. Can optimal
resource allocation models explain why ectotherms grow
larger in cold? Integr Comp Biol 44:480-93.

Kubisch E, Piantoni C, Williams J, Scolaro A, Navas CA,
Ibargiiengoytia NR. 2012. Do higher temperatures increase
growth in the nocturnal gecko Homonota darwini (Gekkota:
Phyllodactylidae)? A skeletochronological assessment analyzed
at temporal and geographic scales. ] Herpetol 46:587-95.

Kubisch EL, Corbaldn V, Ibargiiengoytia NR, Sinervo B. 2016.
Local extinction risk by global warming of three species of
lizards from Patagonia. Can J Zool 94:49-59.

Kubisch EL, Ferniandez JB, Ibargiiengoytia NR. 2016.
Vulnerability to climate warming of Liolaemus pictus
(Squamata, Liolaemidae), a lizard from the cold temperate
climate in Patagonia, Argentina. ] Comp Physiol B
Biochem Syst Environ Physiol 186:243-53.

Lagarde F, Bonnet X, Corbin J, Henen B, Nagy K, Mardonov B,
Naulleau G. 2003. Foraging behaviour and diet of an ectother-
mic herbivore: testudo horsfieldi. Ecography (Cop) 26:236—42.

Leclair RJ, Castanet J. 1987. A skeletochronological assess-
ment of age and growth in the frog Rana pipiens
Schreber (Amphibia, Anura) from southwestern Quebec.
Copeia 1987:361-9.

Ljubuncic P, Reznick AZ. 2009. The evolutionary theories of
aging revisited—a mini-review. Gerontology 55:205-16.
Lovich JE, Gibbons JW. 1992. A review of techniques for
quantifying sexual size dimorphism. Growth Dev Aging

56:269-81.

Maddison WP, Maddison DR. 2017. Mesquite: a modular
system for evolutionary analysis. Version 3.2 (http://www.
mesquiteproject.org).

Martins EP, Hansen TF. 1997. Phylogenies and the compar-
ative method: a general approach to incorporating phylo-
genetic information into the analysis of interspecific data.
Am Nat 149:646-67.

Martoja R, Martoja-Pierson M. 1970. Técnicas de histologia
animal. Barcelona: Toray-Masson.

Mesquita DO, Costa GC, Colli GR, Costa TB, Shepard DB,
Vitt LJ, Pianka ER. 2016a. Life-history patterns of lizards of
the world. Am Nat 187:679-705.

Mesquita DO, Gomes-Faria R, Colli GR, Vitt L], Pianka ER.
2016b. Lizard life-history strategies. Austral Ecol 41:1-5.

810z Jequieoaq G| uo 3senb Aq GE89Z1.5/9801/9/8G/A0BASqR-8]0IE/qol/W00"dNO-olWSpeoE/:Sdiy WOl pepeojumod


http://www.mesquiteproject.org
http://www.mesquiteproject.org

Longevity and age at maturity in Sauria

Miaud C, Guyétant R, Elmberg J. 1999. Variations in life-
history traits in the common frog Rana temporaria
(Amphibia: Anura): a literature review and new data
from the French Alps. ] Zool 249:61-73.

Montgomery DC, Peck E. 1992. Introduction of linear regres-
sion analysis. New York (NY): Wiley.

Morando M, Avila L], Perez CHF, Hawkins MA, Sites JW.
2013. A molecular phylogeny of the lizard genus
Phymaturus (Squamata, Liolaemini): implications for spe-
cies diversity and historical biogeography of southern
South America. Mol Phylogenet Evol 66:694-714.

Movia C, Ower GH, Pérez CE. 1982. Estudio de la vegetacion
natural de la Provincia del Neuquén Neuquén: Ministerio
de Economia y Hacienda, Subsecretaria de Recursos
Naturales, Provincia del Neuquén.

Niewiarowski PH. 2001. Energy budgets, growth rates, and
thermal constraints: toward an integrative approach to
the study of life-history variation. Am Nat 157:421-33.

Olsson M, Shine R. 1999. Plasticity in frequency of reproduc-
tion in an alpine lizard, Niveoscincus microlepidotus. Copeia
1999:794-6.

Orme D, Freckleton RP, Thomas G, Petzoldt T, Fritz S, Isaac
N, Pearse W. 2013. caper: comparative analyses of phylo-
genetics and evolution in R. R package, version 0.5.2.

Pagel M. 1999. Inferring the historical patterns of biological
evolution. Nature 401:877-84.

Piantoni C, Ibargiiengoytia NR, Cussac VE. 2006. Age and
growth of the Patagonian lizard Phymaturus patagonicus.
Amphibia—Reptilia 27:385-92.

Pinch FC, Claussen DL. 2003. Effects of temperature and
slope on the sprint speed and stamina of the eastern fence
lizard, Sceloporus undulatus. ] Herpetol 37:671-9.

Pyron RA, Burbrink FT, Wiens JJ. 2013. A phylogeny and
revised classification of Squamata, including 4161 species
of lizards and snakes. BMC Evol Biol 13:93.

Ragland GJ, Kingsolver JG. 2008. The effect of fluctuating
temperatures on ectotherm life-history traits: comparisons
among geographic populations of Wyeomyia smithii. Evol
Ecol Res 10:29-44.

Ramilo EJ, Chehébar CE, Mazzucchelli S. 1993. Plan General
de Manejo Parque Nacional Laguna Blanca Buenos. Aires:
Administraciéon de Parques Nacionales.

Revell L]. 2012. phytools: an R package for phylogenetic com-
parative biology (and other things). Methods Ecol Evol
3:217-23.

Roff DA, Heibo E, Vellestad LA. 2006. The importance of
growth and mortality costs in the evolution of the optimal
life history. J Evol Biol 19:1920-30.

Roff DA. 1992. The evolution of life histories. Theory and
analysis. New York (NY): Chapman & Hall.

Scharf I, Feldman A, Novosolov M, Pincheira-Donoso D, Das
I, Bohm M, Uetz P, Torres-Carvajal O, Bauer A, Roll U,
et al. 2015. Late bloomers and baby boomers: ecological
drivers of longevity in squamates and the tuatara. Glob
Ecol Biogeogr 24:396-405.

Schemske DW, Mittelbach GG, Cornell HV, Sobel JM, Roy K.
2009. Is there a latitudinal gradient in the importance of
biotic interactions? Annu Rev Ecol Evol Syst 40:245-69.

Sears MW, Angilletta MJ. 2004. Body size clines in sceloporus
lizards: proximate mechanisms and demographic con-
straints. Integr Comp Biol 44:433-42.

1097

Shine R. 2005. Life-history evolution in reptiles. Annu Rev
Ecol Evol Syst 36:23—46.

Sinervo B, Mendez-de-la-Cruz F, Miles DB, Heulin B,
Bastiaans E, Villagran-Santa Cruz M, Lara-Resendiz R,
Martinez-Mendez N, Calderon-Espinosa ML, Meza-Lazaro
RN, et al. 2010. Erosion of lizard diversity by climate
change and altered thermal niches. Science 328:894-9.

Smirina EM. 1994. Age determination and longevity in
amphibians. Gerontology 40:133—46.

Smith GR, Ballinger RE. 1994. Temporal and spatial variation
in individual growth in the spiny lizard, Sceloporus jarrovi.
Copeia 1994:1007-13.

Sohal RS. 1986. The rate of living theory: a contemporary
interpretation. In: Collatz KG, and Sohal RS, editors.
Insect aging. Vol. 3. Berlin: Springer-Verlag. p. 23—44.

Sorci G, Clobert J, Belichon S. 1996. Phenotypic plasticity of
growth and survival in the common lizard Lacerta vivipara.
J Anim Ecol 65:781-90.

Stearns SC. 2000. Life history evolution: successes, limitations,
and prospects. Naturwissenschaften 87:476-86.

Taylor F. 1981. Ecology and evolution of physiological time
in insects. Am Nat 117:1-23.

Tinkle DW, Ballinger RE. 1972. Sceloporus undulatus: a study
of the intraspecific comparative demography of a lizard.
Ecology 53:570-84.

Tinkle DW, Dunham AE, Congdon JD. 1993. Life history and
demographic variation in the lizard Sceloporus graciosus: a
long-term study. Ecology 74:2413-29.

Uetz P. 2017. Higher reptile taxa. Reptile Database.

Valcu M, Dale J, Griesser M, Nakagawa S, Kempenaers B.
2014. Global gradients of avian longevity support the
classic evolutionary theory of ageing. Ecography 37:
930-8.

Valenzano DR, Terzibasi E, Cattaneo A, Domenici L,
Cellerino A. 2006. Temperature affects longevity and age-
related locomotor and cognitive decay in the short-lived
fish Nothobranchius furzeri. Aging Cell 5:275-8.

Van Damme R, Bauwens D, Verheyen RF. 1991. The Thermal
Dependence of Feeding Behaviour, Food Consumption and
Gut-Passage Time in the Lizard Lacerta vivipara Jacquin.
Funct Ecol 5:507-17.

Vaupel JW, Baudisch A, Délling M, Roach DA, Gampe ]J.
2004. The case for negative senescence. Theor Popul Biol
65:339-51.

Vicenzi N, Corbaldn V, Miles D, Sinervo B, Ibargiiengoytia N.
2017. Range increment or range detriment? Predicting po-
tential changes in distribution caused by climate change for
the endemic high-Andean lizard Phymaturus palluma. Biol
Conserv 206:151-60.

Videla F. 1983. Habitos alimentarios en igudnidos del oeste
arido de la Argentina. Deserta 7:192-202.

Wilkinson GS, South JM. 2002. Life history, ecology and lon-
gevity in bats. Aging Cell 1:124-31.

Winkler DW, Dunn PO, McCulloch CE. 2002. Predicting the
effects of climate change on avian life-history traits. Proc
Natl Acad Sci U S A 99:13595-9.

Zar JH. 2009. Biostatistical analysis. New Jersey: Pearson
International.

Zug GR, Vitt LJ, Caldwell JP. 2001. Herpetology: an intro-
ductory biology of amphibians and reptiles. 2nd edn. San
Diego: Academic Press.

810z Jequieoaq G| uo 3senb Aq GE89Z1.5/9801/9/8G/A0BASqR-8]0IE/qol/W00"dNO-olWSpeoE/:Sdiy WOl pepeojumod



	icy119-TF1

