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Abstract

Climate change is rapidly altering the way current species interact with their environment to
satisfy life-history demands. In areas anticipated to experience extreme warming, rising
temperatures are expected to diminish population growth, due either to environmental deg-
radation, or the inability to tolerate novel temperature regimes. Determining how at risk ecto-
therms, and lizards in particular, are to changes in climate traditionally emphasizes the
thermal ecology and thermal sensitivity of physiology of adult members of a population. In
this study, we reveal ontogenetic differences in thermal physiological and ecological traits
that have been used to anticipate how ectotherms will respond to climate change. We show
that the thermal biological traits of juvenile Yarrow’s Spiny Lizards (Sceloporus jarrovii) dif-
fer from the published estimates of the same traits for adult lizards. Juvenile S. jarrovii differ
in their optimal performance temperature, field field-active body temperature, and critical
thermal temperatures compared to adult S. jarrovii. Within juvenile S. jarrovii, males and
females exhibit differences in field-active body temperature and desiccation tolerance.
Given the observed age- and sex-related variation in thermal physiology, we argue that not
including physiological differences in thermal biology throughout ontogeny may lead to mis-
interpretation of patterns of ecological or evolutionary change due to climate warming. Fur-
ther characterizing the potential for ontogenetic changes in thermal biology would be useful
for a more precise and accurate estimation of the role of thermal physiology in mediating
population persistence in warmer environments.

Introduction

Understanding how thermal environments influence physiological and ecological traits of ecto-
thermic taxa has become a common practice in predicting organismal responses to novel ther-
mal regimes [1-3]. Rising ambient temperatures associated with climate change are limiting
the time available for species’ activity, and the suitability of available habitats for meeting phys-
iological demands, including growth and locomotor performance, highlighting a growing need
to accurately predict species’ responses to these changes [4-11]. Often, the relationship
between the thermal environment and the physiological and ecological traits of adult members
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of a species is used to infer their potential range of responses a species might exhibit. Although
this approach has enhanced our understanding of the relationship between thermal biology
and species persistence in warmer environments, it often overlooks consideration of earlier life
history stages, and therefore potential ontogenetic variation in thermal physiological or eco-
logical traits [12,13]. If such ontogenetic variation occurs, then distinct life stages (e.g. adults
and juveniles) should differ in their susceptibility to climate change. Thus, models seeking to
accurately predict species responses to climate change would then require examination of mul-
tiple relevant life history stages in a species.

Ontogenetic variation in thermal biology should be expected given the suites of age-related
differences in biology in many vertebrate species [14-19]. Determining the degree of ontoge-
netic variation in thermal physiological and ecological characteristics may help resolve popula-
tion-level variation in the severity of responses to changes in temperature. Focus on the
propensity for selectable phenotypic variation to be produced during changes throughout an
organism’s ontogeny has increased over the past few decades in areas outside of climate
research [20,21]. For example, in lizards, studies have documented ontogenetic variation in
locomotor performance [22], habitat use [23], and anti-predator behavior [24]. The potential
for similar variation in thermal biological traits in this group remains understudied, (but see
[13]), despite its potential to influence the ability of populations to respond to altered thermal
niches. Variation in the physiological sensitivity of juvenile and adult animals to temperature
may lead to differential survival between these age classes as ambient temperatures continue to
rise. Consequently, population persistence depends not only on adult survival and reproductive
success, but on recruitment to adulthood as well. Constriction of population growth rate due to
juvenile mortality will reduce the effective size of a population and the pool of genetic variation
[25], making it more difficult for species to cope with environmental change.

From an ecological standpoint, juveniles and adults might also exploit different environ-
mental characteristics, possibly to reduce intraspecific competition [26,27], or because of dif-
ferences in body size. The presence of ontogenetic variation in ecology is beneficial in terms of
facilitating larger population sizes and allowing for a species to inhabit a broader range of envi-
ronments [28]. For example, in Anolis lizards, differences in ecological traits throughout ontog-
eny often reflect the morphological and physiological differences between adults and juveniles
[19,22,29], and ensure minimal competition between adults and juveniles for overlapping
microenvironments. If thermal biological traits are fixed throughout development, then larger
adults should outcompete juveniles for preferred thermal and ecological resources in an envi-
ronment [30]. As a result, juveniles would exhibit reduced locomotor performance capacity
and survival, hindering their recruitment into adulthood. Given these considerations, we
expect adult and juvenile lizards to differ in their thermal biological traits [13].

Biophysical models of climate change for lizards support drastic increases in local and
regional extinction events by the year 2100 due to altered thermal regimes [8,31]. Because liz-
ards are dependent on external sources of temperature to regulate physiological activity and
function [32-37], they are at high risk of extinction relative to other terrestrial vertebrate spe-
cies. As with those for other ectothermic taxa, lizard biophysical models are predicated on the
association between declines in population-level fitness of adult animals and rising environ-
mental temperatures [8,38,39]. However, lack of consideration of earlier life stages in this pro-
cess underestimates potential differences in the relative susceptibility of juvenile and adult
lizards to climate change. In this study, we quantified aspects of the thermal biology of juvenile
Yarrow’s spiny lizards, Sceloporus jarrovii. Adults of this species exhibit male-biased sexual size
dimorphism (SSD), which has been attributed to a faster growth rate in males relative to
females at earlier ontogenetic stages [40]. A previous study on the thermal biology of adult S.
jarrovii from our study population found variation in these characteristics attributable to their
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SSD [41]. By quantifying the thermal traits of the juvenile members of this population, we
sought to determine whether there are any ontogenetic differences in thermal biology in this
species, as well as provide insight into the thermal sensitivity of this age class to climate change.
Also, because adult S. jarrovii exhibit SSD, our findings should also provide insight into the
potential physiological dynamics leading to adult differences in body size and thermal biology
[41]. We test the predictions that (I) juvenile and adult S. jarrovii differ with respect to thermal
ecology, (II) thermal tolerances, and their (III) thermal sensitivity of performance.

Materials and Methods
Study System, Morphology, and Housing of Animals

Animal care and experimental measures were approved by the Institutional Animal Care and
Use Committee of Christopher Newport University (protocol 2015-8, to MSL). We collected
64 juvenile S. jarrovii (males, n = 33; females, n = 31) from Miller Canyon in the Huachuca
Mountains of Cochise County, Arizona (elevation: 1920 m) during the first week of June 2015.
This area is dominated by extensive rocky outcroppings and Ponderosa Pine. Adult S. jarrovii
are most often found on large boulders or trees (Pinus sp.), whereas juvenile S. jarrovii are
found utilizing smaller rocks (<25 cm diameter) or the ground (personal observation) at our
site. S. jarrovii breeds in the fall, and females hold developing offspring overwinter, which is
followed by parturition in late May/early June [42]. Juvenile S. jarrovii were unequivocally
identified as such by their body size. Adult lizards in this population are >75mm in SVL [41],
and juveniles are significantly smaller, thus the body size of the lizards we included in this
study did not exceed 40.5mm. All animals were captured by hand or noose pole between the
hours of 0800-1300, and we georeferenced all capture locations with a hand-held GPS (Garmin
GPSMAP 628, Garmin, USA). All lizards upon capture were transported in a climate-con-
trolled vehicle to a laboratory facility at the Appleton-Whittell Research Ranch near Elgin, AZ.
Lizards were housed in individual 18.4 cm L x 16.2 cm W x 6.7 cm H terraria and maintained
on an ambient photoperiod set to match their external environment (14:10h light: dark). Each
lizard was provided water ad libitum.

Adult S. jarrovii exhibit male-biased SSD [41,43], which has been associated with differences
in thermal physiology. Although differences in body size are clear at adulthood, differences in
body size may be evident at earlier stages in development. We measured snout-vent length
(SVL), mass, head width, jaw length, and limb lengths to the nearest 0.1 mm using calipers. We
also recorded the mass of each lizard to the nearest 0.1g using a Pesola™ spring scale. Morpho-
logical measurements occurred in the laboratory following capture.

Desiccation Tolerance

We estimated evaporative water loss (EWL) for all juvenile lizards, a phenotypic indicator of
an individual organism’s ability to maintain water balance, an important trait in arid environ-
ments. EWL is a measure of the water lost due to the motion of air over integument, and is
important for characterizing the risk of desiccation. Rates of EWL can be estimated to deter-
mine physiological costs of activity or movement [44] and can be influenced by body size
[45,46], field activity levels [47], humidity, and ambient temperature [48,49]. We sought to esti-
mate EWL as both a proxy for field activity and to link differences in thermal biology to EWL
to provide insight into the physiological costs of sex-related differences in growth or thermal
ecology. For example, if individuals are more active within their environment, the increased
motion of air over their integument could lead to a concomitant rise in EWL rate.

Each lizard was placed into identical 12.25cm L x 9.2cm H x 6.0cm D terraria with a lid sol-
dered with nine 0.5cm holes to allow for sufficient airflow into each container. The small size
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of these terraria is essential to minimize lizard movement during a trial. We measured EWL
over a total of eight hours (1000 to 1800 h). We measured EWL at an ambient laboratory tem-
perature of 30-32°C (<10% humidity), which is within the range of field-active temperatures
for juvenile S. jarrovii (see Results). At the start of a trial and every two hours thereafter, we
weighed each lizard in a container using an electronic balance sensitive to 0.001g. The rate of
water lost between each two-hour interval was averaged and retained as our estimate of the
rate of EWL for every individual. If a lizard defecated during a trial, the excrement was
removed, weighed separately, and its mass excluded from the overall calculations.

Thermal Ecology and Physiology

Our characterization of thermal ecology of S. jarrovii involved estimation of two traits that
reflect their use of the surrounding thermal environment: field-active (T;) and substrate (T,)
temperature. We recorded T, and T, in the field using a hand-held infrared thermometer (Ray-
tek Raynger ST, Raytek, USA), sensitive to 0.2°C with a distance-to-spot ratio of 8:1. We mea-
sured field-active body temperatures immediately upon capture of a lizard by firmly pressing
this thermometer against the lizards’ cloaca [41]. When infrared laser thermometers are firmly
pressed against the animal’s cloaca, the surface temperature reading directly reflects their inter-
nal body temperature [50]. Previous studies have validated this approach for small-bodied liz-
ards [51]. We then measured T on the substrate of the original position of the lizard using the
IR thermometer (held ~10-cm above the substrate).

We used a laboratory thermal gradient (1.22m L x 0.31m W x 0.31m H) to estimate the pre-
ferred body temperatures (T, of all lizards [52]. Every lizard performed a thermal preference
trial within 24hrs of capture. We ensured that lizards were not fed within 12hrs prior to testing
their thermal preference because feeding has the potential to influence selected body tempera-
tures in a thermal gradient [41,53]. A 2cm layer of sand served as a substrate in the arena. A
light and heat source (60W light bulb) was suspended ~5cm above the arena at one end. At the
opposite end, we placed an ice pack underneath the arena. Together, the cooling and heating
sources generated a range of temperatures from 21 to 45°C. We adhered to the experimental
protocol of Beal et al [41] for estimating the thermal preference of our lizards. In brief, we first
measured the T}, of a focal lizard and placed it in the center of the gradient to initiate a trial.
We then recorded its T}, after 30 minutes in the thermal gradient, and every 15 minutes thereaf-
ter, for a total of 90 min. The average of these five body temperature readings was retained as
our estimate of that individual lizard’s T, [41].

Critical thermal limits represent the edges of physiological tolerance for ectotherms, and
denote the range of temperatures at which physiological performance is possible [54]. Because
critical thermal maximum (CT,,,,) is often discussed as being a thermal physiological marker
for susceptibility to climate warming, [55] we estimated this parameter for all juveniles
(n = 64). Of those 64 individuals, we measured critical thermal minima (CT,,,;,,) only for the
subset of juveniles who were selected at random for thermal performance measures (n = 20),
due to time constraints. To estimate CT,,,,,, we placed lizards in a heated rectangular enclosure
using a 60W light bulb suspended 15cm above the enclosure. To estimate CT,,,;,,, we cooled a
separate enclosure with frozen gel pads to 0°C and placed lizards into the enclosure. These
methods raise or lower a lizard’s body temperature by approximately 1°C per minute. We
assessed lizards for loss of righting response every minute in both CT,,;, and CT,,,,, trials by
attempting to flip the animal on its back. We recorded the body temperature of the lizard at the
point it lost its righting response as a measure of its CT,,;, or CT,,,, (to the nearest 0.2°C)
using the same infrared thermometer as above.
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We selected a subset of juveniles (n = 20; males = 10, females = 10) at random from our
sample to estimate the thermal sensitivity of locomotor performance. Trials occurred within
48hrs of capture. We selected stamina as our physiological measure of locomotor performance,
as stamina has been shown to influence various life history characteristics related to fitness in
lizards, including anti-predator behavior, aggression, and territoriality [56,57]. We estimated
stamina by chasing lizards around a circular racetrack with an outer diameter of 100cm, and
an inner diameter of 60cm [58]. The racetrack was lined with 2cm of sand as a substrate. We
suspended a 60W light bulb directly over the track to minimize the potential reduction in the
body temperature of lizards throughout the duration of a stamina trial. We adjusted the height
of the lamp based on the lizard’s target trial T},. We chased a lizard around the racetrack by
lightly tapping on its tail. The time ran until loss of righting response was used as our estimate
of stamina for each lizard [57,58].

We created thermal performance curves by obtaining a measure of stamina for each lizard
at a series of specific body temperatures in a random order within its tolerance range [59]. We
estimated stamina at 6 body temperatures: 33, 21, 30, 25, 37 and 28°C, and randomized the
order in which individual lizards ran at each temperature. We used 60W light bulbs and ice
packs to either raise or cool lizard T, to the target temperature prior to a trial. Lizards were
maintained at the target temperature for a minimum of 10 minutes prior to the initiation of a
stamina trial. We raced each lizard once per body temperature, given the high repeatability of
stamina trials [60] and as to not overstress juvenile lizards. We allotted >90 minutes between
trials at different temperatures for lizards to recover, and all trials were conducted over a 48-hr
period. In between trials, all lizards were returned to their original terraria and offered water ad
libitum. Following the conclusion of these measurements, all lizards were returned to their
original capture position.

Data Analyses

We tested for morphological differences between the sexes using a multivariate analysis of
variance. We then tested rates of EWL against mass, SVL and body condition (residuals of a
mass-SVL regression) using analyses of covariance (ANCOVA) utilizing SVL, mass, or body
condition as covariates, with sex as a fixed factor. We also tested for sex-related variation in all
thermal characteristics, including Ty, T, Tprep CT i and CT 4y, using ANCOV As, using SVL
as a covariate. In the models for T}, and T we also include time of day (h) as an additional
covariate. We then tested for ontogenetic variation in thermal biological traits using the esti-
mates of the same traits for adult S. jarrovii [41]. The thermal biological traits of adult S. jarro-
vii estimated in [41] were collected in an identical manner, during the same time of day and
time of year in 2012.

We constructed thermal performance curves using general additive mixed models
(GAMM)s in the “mgcv” v1.7-2.6 package in R [61]. Using a GAMM in order to construct a
thermal performance curve is useful as GAMM:s are robust enough to examine and accommo-
date nonlinearity of thermal performance data, while incorporating differences in curve shape
and height that arise due to differences between or within grouping factors [41,62]. We incor-
porated body size (SVL) as a covariate while constructing our models to account for the effects
of body size on performance [41]. Sex was incorporated as a fixed factor during the generation
of TPCs. We first identified a null model of thermal performance as stamina fitted only to tem-
perature (Model 0), and increased the complexity of this model by incorporating different
covariates and factors. We first included body size (SVL) as a covariate (Model 1). We then
incorporated sex as a factor, but did not include SVL as a covariate (Model 1a). Our final tested
model incorporated both SVL as a covariate and sex as a factor (Model 2). We constructed
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these models using an autoregressive correlation structure in order to minimize the potential
for within-individual performance effects on overall TPC shape and height, and a Gaussian
error distribution. Models were scored using an Akaike Information Criterion (AIC). AIC val-
ues were compared across models, where a AAIC value >4 was used to determine if models
represented different fits from one another [63]. We retained the model with the lower AIC
score, or the simpler model if AAIC<4, as the best-fit model to our data.

We compared juvenile thermal traits to adult traits measured by Beal et al. [41] using sepa-
rate t-tests with thermal trait (either Ty, Ty, Tpep Topr [thermal optimum of performance],
CT,in» o1 CT ) as the response variable and age (juvenile or adult) as the predictor. SVL was
not included in these models because preliminary analyses showed no effect of this covariate
on any thermal trait (all P>0.1). All analyses were performed in R v3.0.2 (R Development Core
Team 2013). All means are presented + 1 standard error (SE).

Results
Morphology

Although juvenile male S. jarrovii tended to be larger than females, we did not detect SSD in
any morphological characteristic at this stage in development (F) 4, = 1.19, P = 0.32, Table 1).

Evaporative Water Loss

EWL rates were not influenced by SVL (F; 4, = 1.11, P = 0.29), mass (F;, s, = 2.08, P=0.15), or
body condition (F;, 4, = 0.001, P = 0.97). However, male lizards lost more water and had higher
rates of EWL than females (F,, ¢, = 3.843, P=0.01, Table 1).

Thermal Ecology

All thermal biological traits are summarized in Table 2. We found no difference in T, between
the sexes (Fy, 61 = 0.255, P = 0.62), but lizards with greater SVLs had greater T, than smaller liz-
ards (F,, ¢o = 6.136, P = 0.016). Male lizards however exhibited higher field-active T};’s than
female lizards (F; 4 = 12.29, P<0.001), but unlike T, T}, did not vary with SVL (F, o = 2.124,
P =0.15).There was also no effect of time of day on either T}, or T, (both P>0.09). Males and
females selected similar body temperatures in the thermal gradient (F; 4; = 0.26, P = 0.61).
Juveniles selected higher T;’s in a laboratory gradient than their T, (t = -15.44, df = 37.6,
P<0.001). Juveniles also were field active at T} ’s higher than their T, (t = 5.97, df = 21.63,
P<0.001).

Critical Thermal Limits and Thermal Sensitivity of Performance

There was no difference in critical thermal limits between the sexes (CT,,,,.: F;, 6; = 0.14,
P=0.71, CT p: Fy, 17 = 0.87, P = 0.37). Males and females displayed similar T,,’s (Table 2)
and overlapping B95 (males: 29.6[0.1]- 31.4[0.3] °C; females: 29.4[0.2]- 31.1[0.1] °C) and B80
performance breadths (males: 28.4[0.1]- 33.6[0.3] °C; females: 28.0[0.3]- 34.5[0.5] °C). When

Table 1. Summary statistics of sample sizes, body size, mass and evaporative water loss of juvenile
Sceloporus jarrovii. Means are presented with standard error in parentheses. Males and female juveniles
displayed no dimorphism in morphology; therefore, we only report summary statistics of SVL and body mass.

Sex N Mean SVL (mm) Mass (g) Evaporative Water Loss (g/hr)
Male 33 33.95 (0.38) 1.34 (0.06) 0.0037 (0.0003)
Female 31 33.73 (0.57) 1.35 (0.05) 0.0027 (0.0002)

doi:10.1371/journal.pone.0146904.t001
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Table 2. Summary of mean (standard error) thermal biological traits of juvenile Sceloporus jarrovii and published estimates of the same traits for
adult S. jarrovii [41]. Sample sizes for adult S. jarrovii are n = 24 (males = 10 and females = 14) for traits except CT,,,;, and CT ,x, Where n = 10 (males =5
and females = 5). Sample sizes for juvenile S. jarrovii are n = 64 (males = 33and females = 31) for traits except CT,,;, and T, where n = 20 (males = 10,

females = 10).

Thermal Trait (°C)
Field-Active T,

Ts

iz

Clm

Gl

Topt

doi:10.1371/journal.pone.0146904.t002

Juvenile Adult

Male Female Overall Overall
33.5(0.4) 31.5(0.4) 32.6(0.3) 32.8(0.4)
32.6(0.8) 31.9(0.9) 32.3(0.6) 31.7(0.7)
33.0(0.2) 32.8(0.3) 32.9(0.2) 33.7(0.4)
16.5(0.2) 16.2(0.2) 16.4(0.1) 13.6(0.1)
40.3(0.4) 40.0(0.2) 40.2(0.1) 39.2(0.5)
30.3(0.3) 30.0(0.0) 30.2(0.2) 27.3(0.8)

we first examined the thermal performance curve for each sex, we detected little variation in
the shape of the curve between the sexes. We therefore present a combined model of thermal
performance incorporating both sexes (Fig 1). Our null model of thermal performance incor-
porated temperature and stamina for all individuals (Model 0: AIC = 847.26). Including SVL as
covariate improved model fit (Model 1: AIC for model with SVL = 842.58, AAIC = -4.68), indi-
cating an effect of body size on thermal performance. Excluding SVL and including only sex
did not improve model fit (Model 1a: AIC = 844.07, AAIC = -3.19). Incorporating both SVL
and sex into a model of thermal performance resulted in a better model fit compared to the
null (Model 2: AIC = 840.06, AAIC = -7.2), but this model did not differ from a simpler model
that only included SVL (AAIC = -2.42).

Ontogenetic Differences in Thermal Traits

We detected no differences in field-active T}, or T, by age (T, t = 0.456, df = 47.714, P = 0.651;
T, t =-0.547, df = 57.664, P = 0.586). Adult S. jarrovii tended towards a higher T, (¢ = 2,
df = 33.658, P = 0.053) and had a significantly lower CT,,,;, (t = -15.045, df = 19.761, P<0.001)
than juvenile lizards. In contrast, juvenile S. jarrovii tended to have a higher CT,,,, (t = -2.151,
df =9.87, P =0.057) and higher T, (t = -3.723, df = 24.761, P = 0.001) than adult lizards.

Discussion

Ontogenetic variation in thermal physiological traits may have important implications for the
persistence of species in response to global climate change. Here, we characterized thermal
physiological and thermal ecological traits of the juvenile age class of a population of high-ele-
vation S. jarrovii. Our results, in combination with results of a previous study on adults of the
same population [41], reveal age-specific variation in thermal physiological traits, supporting
our predictions. Overall, juvenile male S. jarrovii are active at higher temperatures while in the
field and display higher rates of EWL compared to juvenile females. Apart from these charac-
teristics, there was no sex-related variation in any other thermal physiological trait. Juvenile S.
jarrovii also were active in the field and preferred body temperatures in a thermal gradient
warmer than their optimal performance temperature, highlighting an interesting mismatch in
these thermal biological traits. Moreover, this variation in thermal biology will have implica-
tions for assessing the ability of S. jarrovii populations to persist in warmer environments.
Juvenile male S. jarrovii displayed increased rates of EWL and were field active at warmer
temperatures than females of the same age class. Their field-active body temperatures were on
average 3°C warmer than their optimal performance temperature, which can indicate several
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Fig 1. Generalized additive mixed models illustrating the thermal sensitivity of stamina performance
capacity in juvenile S. jarrovii.

doi:10.1371/journal.pone.0146904.g001

physiological possibilities. First, male S. jarrovii may not be active at temperatures for the opti-
mization of stamina, and may instead be favoring a different type of performance, such as
assimilation rate, growth, or sprint speed. For example, S. jarrovii are ambush predators, so
their field-active body temperatures may reflect the thermal sensitivity of sprint speed or bite
force, and not stamina. Second, the increased rates of EWL and a higher body temperature
may be physiological consequences of higher activity patterns relative to females. Lastly,
because adult S. jarrovii breed in the fall when temperatures are cooler, their optimal perfor-
mance temperature may have evolved to exploit cooler temperatures during the autumnal
reproductive season. However, we believe that the higher body temperatures of juvenile males
serve to accommodate a faster growth rate relative to juvenile females.

Adult male S. jarrovii are on average 16% larger than females at our population [41], a con-
sequence of faster juvenile male growth rates in this species [64]. Within Sceloporus lizards, a
larger male body size at reproductive maturity is important for settling territorial disputes and
may enhance reproductive success [65-67]. Juvenile males may be active at warmer tempera-
tures to optimize their growth rate, and as a result need to be more active than females to pro-
cure the necessary energetic resources. This would lead to an increase in the rate of EWL. The
feeding rates of juvenile lizards would need to be known to address this question, however.
While we did not explicitly measure the thermal sensitivity of growth for S. jarrovii, EWL rates
are temperature-dependent and thus higher body temperatures should also lead to higher rates
of water loss in males in the wild. Thus although higher body temperatures may facilitate rapid
growth rates, they also coincide with a physiological cost in terms of increased desiccation risk.
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This interaction between body temperature, desiccation risk, and growth rate would generate
energetic and hydric demands that will be difficult to satisty in altered thermal environments.
These consequences will be exacerbated if rising temperatures force shifts in thermoregulation
behavior, activity patterns, or thermal habitat use, that are maladaptive for growth [68-71].
Restriction of the time juveniles can be field active may result in increased energetic costs when
they can be field active, due to a combination of higher body temperatures and EWL rates.
Activity restriction can lead to a slower growth rate due to the inability to acquire sufficient
energetic resources [72]. This trend may lead to selection favoring decreased body size at repro-
ductive maturity, a common evolutionary response of ectotherms to hotter thermal regimes
[73], demographic fluctuations [74], or both.

We also found sex-related differences in thermal physiological traits within juvenile lizards.
In general, larger juveniles had higher field-active body temperatures and used warmer micro-
habitats than smaller animals. When controlling for the effects of body size, males displayed
higher body temperatures while in the field than females, and both sexes preferred higher tem-
peratures than needed for optimal stamina. The body temperature for males overlapped with
their preferred temperature range in our thermal gradient. For males, activity at temperatures
3°C higher than their optimal performance temperature is associated with a 15.25% diminish-
ment in overall locomotor performance capacity. In other words, juvenile males are field active
at temperatures not beneficial for sustained periods of locomotor performance. We suggest
that for male lizards, there may be a tradeoff in early ontogeny to favor growth or development
at a faster rate at the cost of performance [68]. It may not be critical for juvenile lizards to maxi-
mize locomotor performance because many behaviors requiring sustained locomotion are
associated with sexual maturity, including territory patrol, social displays, and aggressive com-
petition for ecological resources [66]. Overall, it is more likely that the thermal ecology and
physiology of juvenile lizards reflects the thermal sensitivity of growth and development rather
than locomotor performance. In this case, fitness for juvenile lizards would not be as dependent
on high levels of locomotor performance facilitating high territory holding potential or anti-
predator behaviors. Rather, juvenile fitness would be dependent on the ability to grow to reach
reproductive maturity at an appropriate body size for reproduction and territoriality. This
trend may be exaggerated with SSD, because fitness for adult male Sceloporus lizards is linked
with larger body sizes at reproductive maturity [62, 65], resulting in sex-related differences in
thermal biology at early ontogenetic stages.

Several of the thermal traits we describe here reveal previously undocumented ontogenetic
differences between juvenile S. jarrovii in our study and adult lizards from the same population
and during the same season in 2012 [41] (Table 2). The traits of juvenile S. jarrovii that differ
from adults include thermal preference (non-significant trend), critical thermal minimum and
maximum, and thermal optimum of stamina performance. These differences highlight that
ontogenetic variation in thermal biology can be significant within lizards. Larger ectotherms
(including adult S. jarrovii) may be capable of tolerating lower temperatures than smaller-bod-
ied ectotherms, likely reflecting physiological differences in cold tolerance throughout ontog-
eny. Likewise, tolerance of higher temperatures by smaller individuals should also be expected
in this scenario. For juvenile S. jarrovii, tolerance of warmer temperatures may facilitate sur-
vival post-parturition because adult females give birth in early June at our study site, thereby
forcing juveniles to satisfy energetic demands during the hottest time of year (June—August).
The higher thermal optimum of juvenile lizards further supports the prediction that juvenile S.
jarrovii are more tolerant of warmer environments than adults. Also, the general shape of our
thermal performance curve differs from a thermal performance curve estimated for adult S. jar-
rovii (see Fig 3 of Beal et al. [41]). The differences in these performance curves, coupled with
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the fact that body size explained variation in both curves, support that the thermal-sensitivity
of locomotor performance is body-size dependent in this species throughout ontogeny.

In the field, adult and juvenile lizards are active at similar body temperatures, which may
increase competition for thermal microhabitat resources between these two age-classes. In sup-
port of that, both age classes were captured on microhabitats that overlapped in surface tem-
perature. Minimization of intraspecific competition for these shared ecological resources
throughout ontogeny would be advantageous for S. jarrovii, ultimately serving to favor a larger
population size [30]. The fact that juveniles and adults differed in other thermal biological traits
may serve to facilitate reduced competition for the same microhabitats despite similarities in
mean body and substrate temperature between the age classes. A higher CT,,, and T, would
enable juveniles to exploit warmer substrates than adults. More data are needed however on
the microhabitat selection and other aspects of thermal ecology (e.g. the distribution of opera-
tive temperatures describing the thermal quality of their microhabitat) of adult and juvenile liz-
ards to better understand the role of resource competition, or other mechanisms, in driving the
observed ontogenetic differences in thermal traits of S. jarrovii.

Conclusions

The ability to delineate susceptibility between young versus old members of a threatened popu-
lation should refine our understanding of the mechanisms by which changes in climate lead to
population-level extinctions. The ontogenetic differences in S. jarrovii thermal biology we doc-
ument in our study support the prediction that sensitivity to rising temperatures associated
with climate change is also age-dependent in this species. Depending on how climate change
manifests with respect to their thermal trait values, juveniles may be more susceptible to mor-
tality as temperatures rise than adults (or vice-versa). A greater effect of warmer temperatures
on the younger age classes of a population will be disadvantageous for sustaining a stable popu-
lation size, particularly in species like S. jarrovii where selection favors fast growth rates in juve-
niles. Without an ecological or evolutionary response or a shift in geographic distribution,
these populations are at risk of rapid extinction. Characterization of these potential age-specific
vulnerabilities to rising temperatures will therefore be crucial in order to accurately describe
long-term demographic responses of this, and similar, species to global climate change.

Supporting Information

S1 Data. Raw data used in manuscript.
(XLSX)

Acknowledgments

We thank John Kraft for providing access to our site in the Huachuca Mountains, Linda Ken-
nedy, Roger Cogan, and the Appleton-Whittell Research Ranch of the National Audubon Society
for providing logistical support and access to laboratory facilities. We also would like to thank
three anonymous reviewers for helpful comments and inputs. This study was conducted under
Arizona Game and Fish Department Scientific Collection Permit no. SP715013 to MSL. An Ohio
University Graduate Student Senate Original Work Grant to ALG funded this project.

Author Contributions

Conceived and designed the experiments: ALG MSL. Performed the experiments: ALG. Ana-
lyzed the data: ALG MSL. Contributed reagents/materials/analysis tools: ALG MSL. Wrote the
paper: ALG MSL. Significantly contributed to the editing process: MSL ALG.

PLOS ONE | DOI:10.1371/journal.pone.0146904 February 3, 2016 10/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0146904.s001

@ PLOS | one

Ontogenetic Variation in S. jarrovii Thermal Biology

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

Hertz PE, Huey RB. Compensation for altitudinal changes in the thermal environment by some Anolis
lizards on Hispaniola. Ecology. 1981; 62: 515-521. doi: 10.2307/1937714

Leal M, Gunderson AR. Rapid Change in the Thermal Tolerance of a Tropical Lizard. Am Nat. 2012;
180: 815-822. doi: 10.1086/668077 PMID: 23149405

Logan ML, Cox RM, Calsbeek R. Natural selection on thermal performance in a novel thermal environ-
ment. Proc Natl Acad Sci U S A. 2014; 111: 14165-14169. Available: http://www.pnas.org/content/111/
39/14165.short doi: 10.1073/pnas.1404885111 PMID: 25225361

Carnicer J, Coll M, Ninyerola M, Pons X, Sanchez G, Pefiuelas J. Widespread crown condition decline,
food web disruption, and amplified tree mortality with increased climate change-type drought. Proc Natl
Acad SciU S A.2011; 108: 1474-1478. doi: 10.1073/pnas.1010070108 PMID: 21220333

Kearney MR. Activity restriction and the mechanistic basis for extinctions under climate warming. Ecol
Lett. 2013; 16: 1470-1479. doi: 10.1111/ele.12192 PMID: 24118740

Gienapp P, Brommer JE. Evolutionary dynamics in response to climate change. Quant Genet wild.
2014; 254-272. Available: http://books.google.com/books?hl=en&Ir=&id=iDSTAWAAQBAJ&oi=
fnd&pg=PA254&dqg=gienapp+2013&ots=BnJ3FyXpRY &sig=rYxvH1pHzRvfJZqVvBp6di2gUr4

Van der Putten WH, Macel M, Visser ME. Predicting species distribution and abundance responses to
climate change: why it is essential to include biotic interactions across trophic levels. Philos Trans R
Soc Lond B Biol Sci. 2010; 365: 2025—-2034. doi: 10.1098/rstb.2010.0037 PMID: 20513711

Sinervo B, Méndez-de-la-Cruz F, Miles DB, Heulin B, Bastiaans E, Villagran-Santa Cruz M, et al. Ero-
sion of lizard diversity by climate change and altered thermal niches. Science. 2010; 328: 894-899. doi:
10.1126/science.1184695 PMID: 20466932

Huey RB, Kearney MR, Krockenberger A, Holtum JAM, Jess M, Williams SE. Predicting organismal
vulnerability to climate warming: roles of behaviour, physiology and adaptation. Philosophical Transac-
tions of the Royal Society B: Biological Sciences. 2012. pp. 1665-1679. doi: 10.1098/rstb.2012.0005

Parmesan C. Ecological and Evolutionary Responses to Recent Climate Change. Annual Review of
Ecology Evolution and Systematics. 2006. pp. 637—669. doi: 10.2307/annurev.ecolsys.37.091305.
30000024

Lavergne S, Mouquet N, Thuiller W, Ronce O. Biodiversity and Climate Change: Integrating Evolution-
ary and Ecological Responses of Species and Communities. Annual Review of Ecology, Evolution, and
Systematics. 2010. pp. 321-350. doi: 10.1146/annurev-ecolsys-102209-144628

Clusella-Trullas S, Chown SL. Comment on “Erosion of lizard diversity by climate change and altered
thermal niches”. Science. 2011; 332: 537; author reply 537. doi: 10.1126/science.1195348

Xu XF, Ji X. Ontogenetic shifts in thermal tolerance, selected body temperature and thermal depen-
dence of food assimilation and locomotor performance in a lacertid lizard, Eremias brenchleyi. Comp
Biochem Physiol—A Mol Integr Physiol. 2006; 143: 118-124. doi: 10.1016/j.cbpa.2005.11.004 PMID:
16380280

Garland T. Ontogenetic and individual variation in size, shape and speed in the Australian agamid lizard
Amphibolurus nuchalis. J Zool London. 1985; 207: 425-439. Available: http://onlinelibrary.wiley.com/
doi/10.1111/j.1469-7998.1985.tb04941 .x/abstract

Wilson D, Heinsohn R, Endler JA. The adaptive significance of ontogenetic colour change in a tropical
python. Biol Lett. 2007; 3: 40-43. doi: 10.1098/rsbl.2006.0574 PMID: 17443961

Bowen KD. Ontogenetic changes in the coloration of the northern watersnake, Nerodia sipedon sipe-
don. J Herpetol. 2003; 37: 729-731. doi: 10.1670/46-03N

Galan P. Ontogenetic and sexual variation in the coloration of the lacertid lizards Iberolacerta monticola
and Podarcis bocagei. Do the females prefer the greener males? Animal Biology. 2008. pp. 173-198.
doi: 10.1163/157075608X328026

Durtsche RD, Gier PJ, Fuller MM, Lutterschmidt WI, Bradley R, Kate Meier C, et al. Ontogenetic varia-
tion in the autecology of the greater earless lizard Cophosaurus texanus. Ecography. 1997. pp. 336—
346. doi: 10.1111/].1600-0587.1997.tb00378.x

Herrel A, Joachim R, Vanhooydonck B, Irschick DJ. Ecological consequences of ontogenetic changes
in head shape and bite performance in the Jamaican lizard Anolis lineatopus. Biol J Linn Soc. 2006; 89:
443-454. doi: 10.1111/1.1095-8312.2006.00685.x

West-Eberhard MJ. Phenotypic accommodation: Adaptive innovation due to developmental plasticity.
Journal of Experimental Zoology Part B: Molecular and Developmental Evolution. 2005. pp. 610-618.
doi: 10.1002/jez.b.21071

West-Eberhard MJ. Developmental plasticity and the origin of species differences. Proc Natl Acad Sci
U S A. 2005; 102 Suppl: 6543-6549. doi: 10.1073/pnas.0501844102

PLOS ONE | DOI:10.1371/journal.pone.0146904 February 3, 2016 11/14


http://dx.doi.org/10.2307/1937714
http://dx.doi.org/10.1086/668077
http://www.ncbi.nlm.nih.gov/pubmed/23149405
http://www.pnas.org/content/111/39/14165.short
http://www.pnas.org/content/111/39/14165.short
http://dx.doi.org/10.1073/pnas.1404885111
http://www.ncbi.nlm.nih.gov/pubmed/25225361
http://dx.doi.org/10.1073/pnas.1010070108
http://www.ncbi.nlm.nih.gov/pubmed/21220333
http://dx.doi.org/10.1111/ele.12192
http://www.ncbi.nlm.nih.gov/pubmed/24118740
http://books.google.com/books?hl=en&amp;lr=&amp;id=iDSTAwAAQBAJ&amp;oi=fnd&amp;pg=PA254&amp;dq=gienapp+2013&amp;ots=BnJ3FyXpRY&amp;sig=rYxvH1pHzRvfJZqVvBp6di2gUr4
http://books.google.com/books?hl=en&amp;lr=&amp;id=iDSTAwAAQBAJ&amp;oi=fnd&amp;pg=PA254&amp;dq=gienapp+2013&amp;ots=BnJ3FyXpRY&amp;sig=rYxvH1pHzRvfJZqVvBp6di2gUr4
http://dx.doi.org/10.1098/rstb.2010.0037
http://www.ncbi.nlm.nih.gov/pubmed/20513711
http://dx.doi.org/10.1126/science.1184695
http://www.ncbi.nlm.nih.gov/pubmed/20466932
http://dx.doi.org/10.1098/rstb.2012.0005
http://dx.doi.org/10.2307/annurev.ecolsys.37.091305.30000024
http://dx.doi.org/10.2307/annurev.ecolsys.37.091305.30000024
http://dx.doi.org/10.1146/annurev-ecolsys-102209-144628
http://dx.doi.org/10.1126/science.1195348
http://dx.doi.org/10.1016/j.cbpa.2005.11.004
http://www.ncbi.nlm.nih.gov/pubmed/16380280
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-7998.1985.tb04941.x/abstract
http://onlinelibrary.wiley.com/doi/10.1111/j.1469-7998.1985.tb04941.x/abstract
http://dx.doi.org/10.1098/rsbl.2006.0574
http://www.ncbi.nlm.nih.gov/pubmed/17443961
http://dx.doi.org/10.1670/46-03N
http://dx.doi.org/10.1163/157075608X328026
http://dx.doi.org/10.1111/j.1600-0587.1997.tb00378.x
http://dx.doi.org/10.1111/j.1095-8312.2006.00685.x
http://dx.doi.org/10.1002/jez.b.21071
http://dx.doi.org/10.1073/pnas.0501844102

@ PLOS | one

Ontogenetic Variation in S. jarrovii Thermal Biology

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Irschick DJ. Effects of behaviour and ontogeny on the locomotor performance of a West Indian lizard,
Anolis lineatopus. Funct Ecol. 2000; 14: 438—444. doi: 10.1046/j.1365-2435.2000.00447 .x

Stamps JA. The relationship between ontogenetic habitat shifts, competition and predator avoidance in
a juvenile lizard (Anolis aeneus). Behav Ecol Sociobiol. 1983; 12: 19-33. doi: 10.1007/BF00296929

Lovern MB, McNabb FM, Jenssen TA. Developmental effects of testosterone on behavior in male and
female green anoles (Anolis carolinensis). Horm Behav. 2001; 39: 131-143. doi: 10.1006/hbeh.2000.
1637 PMID: 11243741

Newman D, Pilson D. Increased Probability of Extinction Due to Decreased Genetic Effective Popula-
tion Size: Experimental Populations of Clarkia pulchella. Evolution (N Y). 1997; 51: 354-362. doi: 10.
2307/2411107

Amarasekare P, Coutinho RM. Effects of Temperature on Intraspecific Competition in Ectotherms. Am
Nat. 2014; 184: E50-E65. doi: 10.1086/677386 PMID: 25141149

Jeglinski JWE, Goetz KT, Werner C, Costa DP, Trillmich F. Same size—same niche? Foraging niche
separation between sympatric juvenile Galapagos sea lions and adult Galapagos fur seals. J Anim
Ecol. 2013; 82: 694—-706. doi: 10.1111/1365-2656.12019 PMID: 23351022

Svanbéck R, Bolnick DI. Intraspecific competition drives increased resource use diversity within a natu-
ral population. Proc Biol Sci. 2007; 274: 839-844. doi: 10.1098/rspb.2006.0198 PMID: 17251094

Pounds JA. Ecomorphology, locomotion, and microhabitat structure: patterns in a tropical mainland
Anolis community. Ecological Monographs. 1988. pp. 299-320. doi: 10.2307/1942542

Werner EE, Gilliam JF. The Ontogenetic Niche and Species Interactions in Size-Structured Popula-
tions. Annual Review of Ecology and Systematics. 1984. pp. 393—425. doi: 10.1146/annurev.es.15.
110184.002141

Wake DB. Climate change implicated in amphibian and lizard declines. Proc Natl Acad Sci U S A.
2007; 104: 8201-8202. doi: 10.1073/pnas.0702506104 PMID: 17488825

Hertz PE, Huey RB, Nevo E. Homage to Santa Anita: Thermal Sensitivity of Sprint Speed in Agamid
Lizards. Evolution (N Y). 1983; 37: 1075—1084. doi: 10.2307/2408420

Garland T, Huey RB, Bennett AF. Phylogeny and coadaptation of thermal physiology in lizards: a
reanalysis. Evolution (N Y). 1991; Available: http://www.jstor.org/stable/2409846

Hertz PE, Huey RB, Nevo E. Fight versus flight: thermal dependence of defensive behaviour in a lizard.
Anim. Behav, 1982. 1982.

Kingsolver JG, Huey RB. Evolutionary analyses of morphological and physiological plasticity in ther-
mally variable environments. Am Zool. 1998; Available: http://icb.oxfordjournals.org/content/38/3/545.
short

Huey RB. Physiological consequences of habitat selection. Am Nat. 1991; 137: 91—-115. Available:
http://www.jstor.org/discover/10.2307/24622907?uid=3739936&uid=2&uid=4&uid=3739256&sid=
56267307683\nhttp://www2.uah.es/josemrey/Docencia/PracticasEcoll/Modulo4/seleccion_de_
habitat.pdf

Deutsch CA, Tewksbury JJ, Huey RB, Sheldon KS, Ghalambor CK, Haak DC, et al. Impacts of climate
warming on terrestrial ectotherms across latitude. Proc Natl Acad Sci U S A. 2008; 105: 6668—6672.
doi: 10.1073/pnas.0709472105 PMID: 18458348

Buckley LB, Ehrenberger JC, Angilletta MJ. Thermoregulatory behavior limits local adaptation of ther-
mal niches and confers sensitivity to climate change. Funct Ecol. 2015; 29: 1038-1047. doi: 10.1111/
1365-2435.12406

Parmesan C, Yohe G. A globally coherent fingerprint of climate change impacts across natural sys-
tems. Nature. 2003; 421: 37—42. doi: 10.1038/nature01286 PMID: 12511946

Smith GR, Ballinger RE, Nietfeldt JW. Elevational variation of growth rates in neonate Sceloporus jar-
rovi: an experimental evaluation. Funct Ecol. 1994; 8: 215-218. Available: http://www.jstor.org/stable/
2389904

Beal MS, Lattanzio MS, Miles DB. Differences in the thermal physiology of adult Yarrow’s spiny lizards
(Sceloporus jarrovii) in relation to sex and body size. Ecol Evol. 2014; 4: 4220-4229. Available: http://
onlinelibrary.wiley.com/doi/10.1002/ece3.1297/full doi: 10.1002/ece3.1297 PMID: 25540684

Ballinger RE. Comparative Demography of Two Viviparous Iguanid Lizards (Sceloporus jarrovi and
Sceloporus poinsetti). Ecology. 1973; 54: 269-283. doi: 10.2307/1934336

Moore MC, Marler CA. Effects of testosterone manipulations on nonbreeding season territorial aggres-
sion in free-living male lizards, Sceloporus jarrovi. Gen Comp Endocrinol. 1987; 65: 225-232. doi: 10.
1016/0016-6480(87)90170-5 PMID: 3817446

PLOS ONE | DOI:10.1371/journal.pone.0146904 February 3, 2016 12/14


http://dx.doi.org/10.1046/j.1365-2435.2000.00447.x
http://dx.doi.org/10.1007/BF00296929
http://dx.doi.org/10.1006/hbeh.2000.1637
http://dx.doi.org/10.1006/hbeh.2000.1637
http://www.ncbi.nlm.nih.gov/pubmed/11243741
http://dx.doi.org/10.2307/2411107
http://dx.doi.org/10.2307/2411107
http://dx.doi.org/10.1086/677386
http://www.ncbi.nlm.nih.gov/pubmed/25141149
http://dx.doi.org/10.1111/1365-2656.12019
http://www.ncbi.nlm.nih.gov/pubmed/23351022
http://dx.doi.org/10.1098/rspb.2006.0198
http://www.ncbi.nlm.nih.gov/pubmed/17251094
http://dx.doi.org/10.2307/1942542
http://dx.doi.org/10.1146/annurev.es.15.110184.002141
http://dx.doi.org/10.1146/annurev.es.15.110184.002141
http://dx.doi.org/10.1073/pnas.0702506104
http://www.ncbi.nlm.nih.gov/pubmed/17488825
http://dx.doi.org/10.2307/2408420
http://www.jstor.org/stable/2409846
http://icb.oxfordjournals.org/content/38/3/545.short
http://icb.oxfordjournals.org/content/38/3/545.short
http://www.jstor.org/discover/10.2307/2462290?uid=3739936&amp;uid=2&amp;uid=4&amp;uid=3739256&amp;sid=56267307683\nhttp://www2.uah.es/josemrey/Docencia/PracticasEcoII/Modulo4/seleccion_de_habitat.pdf
http://www.jstor.org/discover/10.2307/2462290?uid=3739936&amp;uid=2&amp;uid=4&amp;uid=3739256&amp;sid=56267307683\nhttp://www2.uah.es/josemrey/Docencia/PracticasEcoII/Modulo4/seleccion_de_habitat.pdf
http://www.jstor.org/discover/10.2307/2462290?uid=3739936&amp;uid=2&amp;uid=4&amp;uid=3739256&amp;sid=56267307683\nhttp://www2.uah.es/josemrey/Docencia/PracticasEcoII/Modulo4/seleccion_de_habitat.pdf
http://dx.doi.org/10.1073/pnas.0709472105
http://www.ncbi.nlm.nih.gov/pubmed/18458348
http://dx.doi.org/10.1111/1365-2435.12406
http://dx.doi.org/10.1111/1365-2435.12406
http://dx.doi.org/10.1038/nature01286
http://www.ncbi.nlm.nih.gov/pubmed/12511946
http://www.jstor.org/stable/2389904
http://www.jstor.org/stable/2389904
http://onlinelibrary.wiley.com/doi/10.1002/ece3.1297/full
http://onlinelibrary.wiley.com/doi/10.1002/ece3.1297/full
http://dx.doi.org/10.1002/ece3.1297
http://www.ncbi.nlm.nih.gov/pubmed/25540684
http://dx.doi.org/10.2307/1934336
http://dx.doi.org/10.1016/0016-6480(87)90170-5
http://dx.doi.org/10.1016/0016-6480(87)90170-5
http://www.ncbi.nlm.nih.gov/pubmed/3817446

@ PLOS | one

Ontogenetic Variation in S. jarrovii Thermal Biology

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Gunderson AR, Siegel J, Leal M. Tests of the contribution of acclimation to geographic variation in
water loss rates of the West Indian lizard Anolis cristatellus. J Comp Physiol B Biochem Syst Environ
Physiol. 2011; 181: 965-972. doi: 10.1007/s00360-011-0576-0

Williams JB. A phylogenetic perspective of evaporative water loss in birds. Auk. 1996; 113: 457—472.

Withers PC, Aplin KP, Werner YL. Metabolism and evaporative water loss of Western Australian
geckos (Reptilia: Sauria: Gekkonomorpha). Australian Journal of Zoology. 2000. p. 111. doi: 10.1071/
Z099007

Pough FH, Taigen TL, Stewart MM, Brussard PF. Behavioral modification of evaporative water loss by
a Puerto Rican frog (Eleutherodactylus coqui). Ecology. 1983. pp. 244-252.

Dawson WR, Shoemaker VH, Licht P. Evaporative water losses of some small Australian lizards. Ecol-
ogy. 1966; 47: 589-594.

Templeton J. Respiration and water loss at the higher temperatures in the desert iguana, Dipsosaurus
dorsalis. Physiol Zool. 1960; 33: 136—145. Available: http://www.jstor.org/stable/10.2307/30152300

Rosenblum EB. The Role of Phenotypic Plasticity in Color Variation of Tularosa Basin Lizards. Copeia.
2005; 2005: 586-596. doi: 10.1643/CP-04-154R1

Herczeg G, Herrero A, Saarikivi J, Gonda A, Jantti M, Merila J. Experimental support for the cost-benefit
model of lizard thermoregulation: The effects of predation risk and food supply. Oecologia. 2008; 155:
1-10. doi: 10.1007/s00442-007-0886-9 PMID: 17985159

Hertz PE, Huey RB, Stevenson RD. Evaluating temperature regulation by field-active ectotherms: the
fallacy of the inappropriate question. Am Nat. 1993; 142: 796-818. Available: http://www.jstor.org/
stable/2462717 doi: 10.1086/285573 PMID: 19425957

Brown RP, Griffin S. Lower selected body temperatures after food deprivation in the lizard Anolis caroli-
nensis. J Therm Biol. 2005; 30: 79-83. doi: 10.1016/j.jtherbio.2004.07.005

Huey RB, Stevenson RD. Integrating thermal physiology and ecology of ectotherms: A discussion of
approaches. Integr Comp Biol. 1979; 19: 357-366. doi: 10.1093/icb/19.1.357

Rezende EL, Tejedo M, Santos M. Estimating the adaptive potential of critical thermal limits: Methodo-
logical problems and evolutionary implications. Funct Ecol. 2011; 25: 111-121. doi: 10.1111/j.1365-
2435.2010.01778.x

Bennett AF, Huey RB. Studying the evolution of physiological performance. Oxford Surv Evol Biol.
1990; 7: 251-284. Available: <Go to ISI>://ZO0OREC:ZO0OR12800013860

Clobert J, Oppliger A, Sorci G, Ernande B, Swallow JG, Garland T. Trade-offs in phenotypic traits:
Endurance at birth, growth, survival, predation and susceptibility to parasitism in a lizard, Lacerta vivi-
para. Funct Ecol. 2000; 14: 675-684. doi: 10.1046/].1365-2435.2000.00477 .x

Robson MA, Miles DB. Locomotor performance and dominance in male Tree Lizards, Urosaurus orna-
tus. Funct Ecol. 2000; 14: 338—344. doi: 10.1046/].1365-2435.2000.00427 .x

Angilletta MJ, Hill T, Robson MA. Is physiological performance optimized by thermoregulatory behav-
ior?: A case study of the eastern fence lizard, Sceloporus undulatus. J Therm Biol. 2002; 27: 199-204.
doi: 10.1016/S0306-4565(01)00084-5

Van Berkum FH, Huey RB, Tsuji JS, Garland T. Repeatability of individual differences in locomotor per-
formance and body size during early ontogeny of the lizard Sceloporus occidentalis. Funct Ecol. 1989;
3:97-105. doi: 10.2307/2389680

Wood SN. Generalized additive models: an introduction with R. Wiley Interdisciplinary Reviews. 2006.
Available: http://onlinelibrary.wiley.com/doi/10.1002/wics.10/full\nhttp://books.google.com/books?hl=
en&lr=&id=GbzXe-L8uFgC&oi=fnd&pg=PP1&dq=Generalized+Additive+Models:+An-+Introduction
+with+R&ots=BLOErvV3m12&sig=fy8ERO3EKVqUrVRWRdrhQkliAbA

Zajitschek SRK, Zajitschek F, Miles DB, Clobert J. The effect of coloration and temperature on sprint
performance in male and female wall lizards. Biol J Linn Soc. 2012; 107: 573-582. doi: 10.1111/j.1095-
8312.2012.01963.x

Burnham KP, Anderson DR. Model selection and multimodel inference: a practical information-theo-
retic approach. Ecological Modelling. 2002. doi: 10.1016/j.ecolmodel.2003.11.004

Cox RM, John-Alder HB. Growing apart together: The development of contrasting sexual size dimor-
phisms in sympatric Sceloporus lizards. Herpetologica. 2007. pp. 245-257. doi: 10.1655/0018-0831
(2007)63[245:GATTDO]2.0.CO;2

Ruby DE. Seasonal Changes in the Territorial Behavior of the Iguanid Lizard Sceloporus jarrovi.
Copeia. 1978; 1978: 430—438. doi: 10.2307/1443607

Husak JF, Fox SF, Lovern MB, Van Den Bussche RA. Faster lizards sire more offspring: sexual selec-
tion on whole-animal performance. Evolution. 2006; 60: 2122—-2130. doi: 10.1111/j.0014-3820.2006.
tb01849.x PMID: 17133868

PLOS ONE | DOI:10.1371/journal.pone.0146904 February 3, 2016 13/14


http://dx.doi.org/10.1007/s00360-011-0576-0
http://dx.doi.org/10.1071/ZO99007
http://dx.doi.org/10.1071/ZO99007
http://www.jstor.org/stable/10.2307/30152300
http://dx.doi.org/10.1643/CP-04-154R1
http://dx.doi.org/10.1007/s00442-007-0886-9
http://www.ncbi.nlm.nih.gov/pubmed/17985159
http://www.jstor.org/stable/2462717
http://www.jstor.org/stable/2462717
http://dx.doi.org/10.1086/285573
http://www.ncbi.nlm.nih.gov/pubmed/19425957
http://dx.doi.org/10.1016/j.jtherbio.2004.07.005
http://dx.doi.org/10.1093/icb/19.1.357
http://dx.doi.org/10.1111/j.1365-2435.2010.01778.x
http://dx.doi.org/10.1111/j.1365-2435.2010.01778.x
http://dx.doi.org/10.1046/j.1365-2435.2000.00477.x
http://dx.doi.org/10.1046/j.1365-2435.2000.00427.x
http://dx.doi.org/10.1016/S0306-4565(01)00084-5
http://dx.doi.org/10.2307/2389680
http://onlinelibrary.wiley.com/doi/10.1002/wics.10/full\nhttp://books.google.com/books?hl=en&amp;lr=&amp;id=GbzXe-L8uFgC&amp;oi=fnd&amp;pg=PP1&amp;dq=Generalized+Additive+Models:+An+Introduction+with+R&amp;ots=BLOErV3m12&amp;sig=fy8ER03EKVqUrVRWRdrhQkliAbA
http://onlinelibrary.wiley.com/doi/10.1002/wics.10/full\nhttp://books.google.com/books?hl=en&amp;lr=&amp;id=GbzXe-L8uFgC&amp;oi=fnd&amp;pg=PP1&amp;dq=Generalized+Additive+Models:+An+Introduction+with+R&amp;ots=BLOErV3m12&amp;sig=fy8ER03EKVqUrVRWRdrhQkliAbA
http://onlinelibrary.wiley.com/doi/10.1002/wics.10/full\nhttp://books.google.com/books?hl=en&amp;lr=&amp;id=GbzXe-L8uFgC&amp;oi=fnd&amp;pg=PP1&amp;dq=Generalized+Additive+Models:+An+Introduction+with+R&amp;ots=BLOErV3m12&amp;sig=fy8ER03EKVqUrVRWRdrhQkliAbA
http://dx.doi.org/10.1111/j.1095-8312.2012.01963.x
http://dx.doi.org/10.1111/j.1095-8312.2012.01963.x
http://dx.doi.org/10.1016/j.ecolmodel.2003.11.004
http://dx.doi.org/10.1655/0018-0831(2007)63[245:GATTDO]2.0.CO;2
http://dx.doi.org/10.1655/0018-0831(2007)63[245:GATTDO]2.0.CO;2
http://dx.doi.org/10.2307/1443607
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01849.x
http://dx.doi.org/10.1111/j.0014-3820.2006.tb01849.x
http://www.ncbi.nlm.nih.gov/pubmed/17133868

@ PLOS | one

Ontogenetic Variation in S. jarrovii Thermal Biology

67.

68.

69.

70.

71.

72.

73.

74.

Haenel GJ, Smith LC, John-Alder HB. Home-Range Analysis in Sceloporus undulatus. Il. A Test of
Spatial Relationships and Reproductive Success. Copeia. 2003. pp. 113-123. doi: 10.1643/0045-8511
(2003)003[0113:HRAISU]2.0.CO;2

Carrier DR. Ontogenetic limits on locomotor performance. Physiol Zool. 1996; 69: 467—488. doi: 10.
2307/30164211

Gunderson AR, Leal M. Patterns of Thermal Constraint on Ectotherm Activity. Am Nat. JSTOR; 2015;
185: 653—664. doi: 10.1086/680849 PMID: 25905508

Logan ML, Fernandez SG, Calsbeek R. Abiotic constraints on the activity of tropical lizards. Funct Ecol.
Wiley Online Library; 2015; 29: 694—700.

Haenel GJ, Smith LC, John HB. Home-range analysis in Sceloporus undulatus (eastern fence lizard). I.
Spacing patterns and the context of territorial behavior. Copeia. 2003; Available: http://www.
asihcopeiaonline.org/doi/abs/10.1643/0045-8511(2003)003%5B0099:HRAISU%5D2.0.CO%3B2

Stamps J, Tanaka S. The Influence of Food and Water on Growth Rates in a Tropical Lizard (Anolis
aeneus). Ecology. 1981; 62: 33—40.

Sheridan JA, Bickford D. Shrinking body size as an ecological response to climate change. Nature Cli-
mate Change. 2011. pp. 401-406. doi: 10.1038/nclimate1259

Boggs CL, Inouye DW. A single climate driver has direct and indirect effects on insect population
dynamics. Ecol Lett. 2012; 15: 502-508. doi: 10.1111/j.1461-0248.2012.01766.x PMID: 22414183

PLOS ONE | DOI:10.1371/journal.pone.0146904 February 3, 2016 14/14


http://dx.doi.org/10.1643/0045-8511(2003)003[0113:HRAISU]2.0.CO;2
http://dx.doi.org/10.1643/0045-8511(2003)003[0113:HRAISU]2.0.CO;2
http://dx.doi.org/10.2307/30164211
http://dx.doi.org/10.2307/30164211
http://dx.doi.org/10.1086/680849
http://www.ncbi.nlm.nih.gov/pubmed/25905508
http://www.asihcopeiaonline.org/doi/abs/10.1643/0045-8511(2003)003%5B0099:HRAISU%5D2.0.CO%3B2
http://www.asihcopeiaonline.org/doi/abs/10.1643/0045-8511(2003)003%5B0099:HRAISU%5D2.0.CO%3B2
http://dx.doi.org/10.1038/nclimate1259
http://dx.doi.org/10.1111/j.1461-0248.2012.01766.x
http://www.ncbi.nlm.nih.gov/pubmed/22414183

