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Abstract. Widely distributed lizard species that occur in contrasting habitats generally show distinctive morphological and
thermal traits that are the results of local adaptations via sexual and natural selection. Here, we assessed the effect of sex
and seasonality on morphology, thermal ecology, and perch height of Sceloporus grammicus of four populations in central
Mexico. In all populations, males had larger body sizes, heads, and limbs than females. Females had larger abdominal volumes than males in two of the four populations. Females and males of the tree–boulder population were smaller than those
of the cactus and grassland populations. Females of the tree–boulder population were also lighter in weight, with shorter
forearms, than those of the cactus and grassland populations. Assessing thermal ecology, we found sex-specific differences
in body temperature and behavioural thermoregulation in the grassland population, and seasonal variation in these thermal traits for lizards in the cactus, tree–boulder, and grassland populations. Lizards in habitats with closed canopy cover
had lower body temperatures than lizards in more open habitats. Perch height did not vary between sexes or seasons in
three of the four populations. We found that the intensity of fecundity advantage varies between female populations, and
that thermal characteristics of lizards show specific relationships with perch height in each population, which is a signal of
local adaptation of behavioural thermoregulation.
Key words. Abdominal volume, body temperature, intraspecific variation, Sceloporus, sexual dimorphism, widespread
lizard.

Introduction
Populations of widely distributed lizard species use different habitat types and therefore experience diverse environmental regimes and selective pressures (e.g., Lattanzio et al. 2020). Habitats vary spatially and temporally in
their physical structure, providing different gradients of
abiotic and biotic conditions (Smith & Ballinger 2001,
Williams & McBrayer 2015). Additionally, selective
pressures, such as sexual and natural selection, may differ also between habitat types, and these may then shape
population-specific, contrasting patterns of male and female traits, such as morphology (e.g., Herrel et al. 2001),
thermal ecology (Kiefer et al. 2005), and microhabitat use
(e.g., Williams & McBrayer 2015, Leyte-Manrique et
al. 2017).
Lizards occupying habitats with dense canopy cover
are expected to have small heads, slim and long bodies,
long tails, and relatively short limbs (Herrel et al. 2001).

On the other hand, lizards living in habitats with an open
canopy can be expected to have flat bodies and longer
hindlimbs and toes (e.g., Garland & Losos 1994; Herrel et al. 2001). Furthermore, selective pressures are likely
to affect the anatomy of male and female lizards differently, resulting in sexual size dimorphism (SSD; Shine 1989,
Scharf & Meiri 2013). For instance, in females, natural
selection can act through a fecundity advantage, favouring a greater body size or abdominal cavity volume, which
may enhance the capacity for producing larger clutches or
young (e.g., Scharf & Meiri 2013).
The thermal ecology of lizards is influenced directly or
indirectly by intrinsic and extrinsic factors (Huey 1991,
Andrews 1998). Although some males and females lizards
do not differ in body temperature or behavioural thermoregulation (e.g., Adolph 1990, Huey & Pianka 2007),
others exhibit intersexual variation in such thermal traits
(Kiefer et al. 2005). This latter pattern could arise because
of differences in sex-specific social behaviour (Andrews
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1971) and the degree of SSD, which influences the capacity of heat retention and gain (i.e., thermal inertia) of each
sex (Carothers et al. 1998). For instance, territorial male
lizards may have access to higher ambient temperatures
than females and thus achieve higher body temperatures
(Carothers et al. 1998, Beal et al. 2014). Considering that
microhabitat temperatures are generally higher in habitats
with an open canopy than in those with closed canopies
(Vitt et al. 2007), lizards in the former might maintain a
higher degree of behavioural thermoregulation than lizards living in the latter because of the greater availability
of basking sites. In addition, seasonal variation in body
temperature and the behavioural thermoregulation of lizards could arise from their seasonal use of different microhabitat types and biotic interactions (Huey & Pianka 1977,
Adolph 1990, Losos 2009).
Lizard microhabitat use frequently differs across and
within populations, and this variation has been attributed
to ecomorphological associations (Losos et al. 1994, Lattanzio et al. 2020), perch height selection (Ramírez-Bautista & Benabib 2001, Asbury & Adolph 2007), differences in thermal environment (Ortega et al. 2019), or territoriality (Andrews 1971, García et al. 2010). Intraspecific variation in ecomorphological associations could influence the thermal environment as is experienced by lizards
through perch height selection, and consequently their
degree of behavioural thermoregulation (Adolph 1990,
Lattanzio et al. 2020). For instance, some lizard species that inhabit closed-canopy habitats use lower perches
and achieve lower body temperatures than lizards in more
open-canopy habitats (Huey 1974, Terra et al. 2018).
Sceloporus grammicus (Wiegmann, 1828) is the third
most widely distributed lizard species of the genus Scelopo
rus, ranging from southern Texas in the United States to
northern Oaxaca in Mexico (Sites 1982). Previous studies
have detected variation in morphology and SSD between
populations that inhabit different habitat types (Hernández-Salinas et al. 2010, Lozano et al. 2020). Despite that,
it is as yet unknown whether sexual differences in abdominal volume exist in this species and if that might be the outcome of a stronger fecundity advantage on the females of
some populations than in others. Thermal ecology evaluations in this species have been carried out in populations
that inhabit high-altitude environments (Lemos-Espinal
& Ballinger 1995, Andrews et al. 1997, Díaz de la Vega-Pérez et al. 2019) and urban areas (Woolrich-Piña
et al. 2006). Despite using contrasting structural and seasonal environments, it has been stated that the genus Scelo
porus exhibits a conservative pattern in its thermal biology
(Andrews 1998). Thus, studies comparing multiple populations that inhabit contrasting habitats would permit support for, or the rejection of, this hypothesis. Regarding microhabitat use, a previous study found similarities in these
ecological traits between populations using different habitat types (Leyte-Manrique et al. 2017). Nevertheless, it
is unknown whether there is a relationship between morphological and thermal characteristics and the selection of
specific perch heights.
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Here, we analysed sexual differences in morphology,
thermal ecology and perch height use across four populations of S. grammicus in central Mexico. The four populations occur in habitats that are clearly structurally different
(see Study area, below). For morphology, we predicted that
within populations, (1) males would have larger body sizes and heads, and longer limbs than females, while (2) females would have larger abdominal volumes than males.
Between populations, we expected that (3) lizards in habitats with more open canopy cover would have shorter bodies, as well as longer heads and limbs than their conspecifics in closed-canopy habitats. Regarding thermal ecology, we expected that (4) males would have higher body
temperatures and greater levels of behavioural thermoregulation than females. Within populations, we predicted
(5) seasonal variation in body temperature and behavioural thermoregulation as a result of seasonal variation in micro-environmental temperatures. Between populations, we
predicted that (6) lizards in open-canopy habitats would
reach higher body temperatures and greater levels of behavioural thermoregulation than lizards in closed-canopy
habitats. With respect to perch height, we expected (7) that
males would use higher perches than females, and (8) seasonal variation in this trait might be associated with the
variation in the thermal and hydric environment. Within each population, we predicted that (9) morphological
(body size and length of fore and hind limbs) and thermal
variables (body, air, and substrate temperatures) would be
positively correlated with perch height; between populations, (10) lizards in open habitats would use higher perches than lizards in closed-canopy habitats.
Materials and methods
Study area
Fieldwork was carried out in three localities in Hidalgo state, Mexico: Zacualtipán (20°32’ N, 98°73’ W, 2017 m
a.s.l.), Tizayuca (19°51’ N, 98°57’ W, 2277 m a.s.l.), and Mineral El Chico (20°10’ N, 98°43’ W, 2362 m a.s.l.); and one
in Puebla state, Mexico: Coronango (19°08’ N, 98°15’ W,
2183 m a.s.l.). In Zacualtipán (hereafter referred to as the
‘tree population’ [TP], Fig. S1A), the mean annual temperature and total annual precipitation were 14.4°C and
1325.8 mm, respectively (CONAGUA 2010). The climate
is humid temperate, with a wet season from June through
October and a dry season from November through May
(García 2004, CONAGUA 2010). The vegetation type
here is a cloud forest dominated by Quercus affinis, Pinus
patula, and Liquidambar macrophyla (Rzedowski 2006).
In Tizayuca (hereafter ‘cactus population’ [CP], Fig. S1B),
the mean annual temperature and total annual precipitation were 15.0°C and 559.1 mm, respectively (CONAGUA
2010). The climate in this locale is semi-arid, with a wet season from May through October and a dry season from November through April (García 2004, CONAGUA 2010).
The vegetation type is xeric scrubland, with less than 50%
tree cover, and the ground between shrubs is exposed for
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most of the year (Rzedowski 2006). This location is mainly
dominated by species of Opuntia, Yucca, and Agave (Rzedowski 2006). In Mineral El Chico (hereafter ‘tree-boulder
population’ [TBP], Fig. S1C), the mean annual temperature
and total annual precipitation were 14.3°C and 1145.6 mm,
respectively. The climate at this site is subhumid temperate,
with a wet season from May through October and dry one
from November through April (García 2004, CONAGUA
2010). The vegetation type is pine-oak forest, characterized
by Abies religiosa, Pinus rudis, and Quercus rugosa (Rzedowski 2006). In Coronango (hereafter ‘grassland population’ [GP], Fig. S1D), the mean annual temperature and total annual precipitation were 16.3°C and 845.7 mm, respectively (CONAGUA 2010). The climate is subhumid temperate, with a wet season from May through October and a
dry season from November through April (García 2004,
CONAGUA 2010). The vegetation type is grassland, mainly
dominated by Bothriochloa laguroides, Paspalum dilatatum,
and Setaria parviflora (Flores-Huitzil et al. 2020). All
study sites consisted of several zones that covered areas between 1.0 and 1.5 km2. In terms of relative openness of canopy, we consider TP and TBP as closed-canopy habitats and
CP and GP as open-canopy habitats (Fig. S1).
Data collection
We collected data from all populations from March 2018
to December 2019. Visits to the study areas were made on
a bimonthly basis. During each visit, we conducted visual encounter surveys (Lovich 2012) from 09:00 through
18:30 h, ensuring that most of the surveys occurred on sunny days, when the lizards would have higher activity levels.
Lizards were captured by hand or after stunning them with
rubber bands (Lovich 2012). This study was conducted according to the ethics and regulations for animal research
of the Universidad Autónoma del Estado de Hidalgo and
Guidelines for the Use of Animals (2012).
For this study, only adult females and males (≥ 40 mm
snout–vent length [SVL]; Sites 1982) were considered. The
captured lizards were sexed by the presence of enlarged
postcloacal scales in males and their absence in females
(Sites 1982). All morphometric measurements were taken
in the field using a digital calliper (± 0.01 mm; Mitutoyo),
and body mass was obtained with a spring scale (± 0.02 g;
®Pesola). We followed Leyte-Manrique et al. (2017) for
the recording of all these measurements. Because body
shape differs between groups of lizards, we modified the
cylinder formula originally established by Shine (1992)
and Goodman et al. (2009) to adjust it to lizards of the
genus Sceloporus. Therefore, abdominal volume (AV) was
obtained through the formula: V = πr²h, where 'r' is half
of the average of three cross-sectional measures; 1) width
at the middle of the body (i.e., the widest region of the abdomen), 2) width of the pectoral girdle (region where the
forelimbs are inserted), and 3) width of the pelvic girdle (region where the hindlimbs are inserted); and 'h' is the length
of the abdomen (measured from the neck to the anterior

margin of the cloaca). We decided to measure 'h' from the
neck region because embryos were found in this region
in previous dissections of females of Sceloporus grammi
cus (A. Ramírez-Bautista pers. comm.). These variables
were measured with the same digital calliper (± 0.01 mm;
Mitutoyo) as the other morphometric characters.
Body temperature (Tb) was recorded within 15 seconds
after the capture of a lizard, using a Miller-Weber rapid registering thermometer (± 0.2°C; Vitt et al. 2008). To avoid
heat gain from the collector’s hand, lizards were held by the
head while Tb was measured (Vitt et al. 2003). We then
recorded the temperature (Ts) in the substrate where that
lizards had been found and the air temperature (Ta) in the
shade at 1 m above the ground with the same Miller-Weber
thermometer (Ramírez-Bautista & Benabib 2001, Vitt
et al. 2008). Additionally, we measured perch height with
a tape measure (± 0.1 cm) as the vertical distance from the
ground to the point where the lizard had first been seen
(Ramírez-Bautista & Benabib 2001).
To avoid pseudoreplication, we marked each lizard in
two ways: painting a small temporary mark of nail polish
on the dorsum at the hindlimb level, and permanent toeclipping according to Tinkle (1967). After measuring morphological and thermal characteristics, we released each
lizard at the point where it was first observed. We collected
data from 336 adult lizards, of which 50 were females and
23 were males from the TP, 45 females and 28 males from
the CP, 36 females and 20 males from the TBP, and 69 females and 65 males from the GP. From these samples, all
lizards that had required more than 2 minutes from first
sighting to capture were excluded from the thermal ecology analyses. Lizards found on the ground were not included in the perch height analyses.
Data analyses
To remove the effect of size (SVL), we regressed all morphological variables against SVL and obtained residuals for
males and females in each population. Then we used these
residuals in subsequent analyses as SVL-adjusted variables.
To assess whether there is SSD in each population, we employed the two-tailed Student t-test to compare morphological variables between sexes (Zar 2010). To detect interpopulational differences in morphological variables
in females and males, we applied a one-way multivariate
nonparametric analysis (PERMANOVA) using the Gower similarity distance, with 9999 random permutations,
and Bonferroni probability adjustment (Anderson 2001,
Quinn & Keough 2002).
To quantify the degree of behavioural thermoregulation (∆T), we calculated the absolute values of the difference between Tb and environmental temperatures (Ta and
Ts), where ∆Ta = (Tb –Ta) and ∆Ts = (Tb –Ts) (Vrcibradic & Rocha 1998, Kiefer et al. 2007, Maia-Carneiro &
Rocha 2013, 2020). Higher absolute values of ∆Ta and ∆Ts
indicate higher degrees of thermoregulation (active thermoregulation) in relation to environmental temperatures
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(Kiefer et al. 2007, Maia-Carneiro & Rocha 2020).
Additionally, the degree of behavioural thermoregulation was evaluated by calculating the percentage of negative values of ∆Ta and ∆Ts, which indicates the frequency
at which body temperatures were lower than the environmental temperatures (Kiefer et al. 2007, Maia-Carneiro
& Rocha 2013, 2020). Low percentages of negative values
would indicate a lower level of behavioural thermoregulation, whereas higher percentages suggest a higher degree
of active thermoregulation (Maia-Carneiro & Rocha
2013, 2020). The interpretation of the degree of behavioural
thermoregulation through ∆T and percentage of negative
values relies on knowing which are the main behavioural
mechanisms for thermoregulation and how they influence
the difference between Tb and environmental temperatures
(Ta and Ts) (Maia-Carneiro & Rocha 2020).
To evaluate the effects of seasonality and sex on Tb, environmental temperatures (Ta and Ts), and behavioural thermoregulation (∆Ta and ∆Ts) within each population, we
performed a two-way PERMANOVA on Gower distances
calculated from raw data with 9999 random permutations
and a multiple nonlinear regression with season and sex
as factors (Anderson 2001, Quinn & Keough 2002). To
identify the relationships between Tb and environmental
temperatures, and Tb and SVL, we carried out Spearman
correlation analyses between these variables (Zar 2010).
Because thermal variables did not differ between sexes (in
three out of four populations) but did differ between seasons in some populations (see Thermal ecology, below), we
used a two-way PERMANOVA with similar characteristics and a multiple nonlinear regression with season and
population as factors (Anderson 2001, Quinn & Keough
2002).
To assess the effects of seasonality and sex on perch
height within each population, we used a two-way analysis
of variance (ANOVA) with season and sex as independent
categorical variables, and perch height as the dependent
variable (Zar 2010). To identify the relationships between
morphological and thermal variables and perch height,
we carried out Pearson correlation analyses between these
variables with Bonferroni probability adjustment (Zar
2010). Because perch height did not differ between sexes
nor seasons in three out of the four populations (see Perch
height below), we carried out a one-way ANOVA to establish interpopulational differences in perch height (Zar
2010). Our results are presented as means ± SE unless indicated otherwise. We considered differences with an α value
of 0.05 to be significant. Statistical analyses were computed
in Past 4.0 (Hammer et al. 2001) and Statistica 10.0 (Statsoft, Inc., Tulsa, OK, USA).
Results
Morphology
In the TP, males had larger heads and longer femurs (FL)
and tibias (TL) than females (Supplementary Table S1).
However, females had greater abdominal volumes than
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males (Supplementary Table S1). In the CP and TBP, males
were larger than females in all traits except body mass and
abdominal volume (Supplementary Table S1). In the GP,
males had a larger SVL, larger and wider heads, and longer
FL and TL than females (Supplementary Table S1); females
had greater abdominal volumes than males (Supplementary Table S1). The PERMANOVA showed up differences
between female populations (F3, 196 = 4.708, P ≤ 0.001). Females of the TBP were smaller and had shorter forearm
lengths (FOL) than females of the TP (SVL: P ≤ 0.001,
FOL: P = 0.024), CP (SVL: P ≤ 0.01, FOL: P ≤ 0.05) and GP
(SVL: P ≤ 0.001, FOL: P ≤ 0.001, Supplementary Table S1).
Females of the TBP were lighter in weight than those of
the TP (P ≤ 0.01) and GP (P ≤ 0.001). Females of the CP
had narrower heads than females of the TP (P ≤ 0.001) and
GP (P ≤ 0.01; Supplementary Table S1). The PERMANOVA
also revealed differences between male populations (F3, 132 =
2.196, P ≤ 0.01). Males of the TBP were smaller than those
of the CP (P ≤ 0.01) and GP (P ≤ 0.001). Males of the CP
had narrower heads than those of the TP (P ≤ 0.05) and GP
(P ≤ 0.01, Supplementary Table S1).
Thermal ecology
In the TP, neither the effect of season (F2, 67 = 0.55, P = 0.25)
or sex (F1, 67 = 0.71, P = 0.18) nor the interaction between
them (F2, 67 = −20.75, P = 0.98) on the thermal variables
(Table 1) turned out to be significant. In both seasons, the
percentage of negative values of ∆Ta were female-biased
(Fig. 1A), whereas those of ∆Ts were male-biased (Fig. 2A).
The Tb of both sexes was positively correlated with Ta (rs =
0.57, P ≤ 0.001, n = 73) and Ts (rs = 0.65, P ≤ 0.001, n = 73)
but not significantly correlated with SVL (rs = 0.02, P =
0.89, n = 73). Compared to the TP, the CP experienced a
significant effect of season (F2, 60 = 3.60, P ≤ 0.001), but not
sex (F1, 60 = 0.39, P = 0.48), on thermal variables, and the
interaction between them again was not significant (F2, 60
= −14.46, P = 0.85). Mean Tb, Ta, Ts, and ∆Ta varied interseasonally but not intersexually (see Tables 1 and S2); lizards had higher values of Tb, Ta, and Ts in the dry than in
the wet season, whilst they had higher values of ∆Ta in the
wet than in the dry season (Table 1). However, ∆Ts did not
differ seasonally or sexually (Tables 1 and S2). Percentages
of negative values of ∆Ta were male-biased in both seasons
(Fig. 1B). On the other hand, those of ∆Ts were female-biased and male-biased in the wet season and dry season,
respectively (Fig. 2B). The Tb of both sexes was positively
correlated with Ta (rs = 0.66, P ≤ 0.001, n = 66) and Ts (rs =
0.73, P ≤ 0.001, n = 66), but not significantly correlated
with SVL (rs = −0.08, P = 0.53, n = 66).
In the TBP, a significant effect of season (F3, 46 = 0.89,
P ≤ 0.05), but not sex (F1, 46 = 1.01, P = 0.06) or the interaction between them (F3, 46 = −9.64, P = 0.93), on the
thermal variables was found (Table 1). The Ts was higher
in females than in males in the dry season, whereas the
∆Ts of both sexes was higher in the wet season than in the
dry season (Tables 1 and S3). The percentages of negative
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Table 1. Summary of thermal characteristics of female and male Sceloporus grammicus of four populations in central Mexico sorted
by season. Ranges for each group are shown below mean ± SE. All variables are given in °C. Abbreviations: TP, ‘tree population’;
CP, ‘cactus population’; TBP, ‘tree-boulder population’; GP, ‘grassland population’; n, sample size; Tb, body temperature; Ta, air temperature; Ts, substrate temperature; ∆Ta, absolute difference between body and air temperatures; ∆Ts, absolute difference between body
and substrate temperatures.

TP
Wet season
Females
Males
Dry Season
Females
Males
CP
Wet season
Females
Males
Dry Season
Females
Males
TBP
Wet season
Females
Males
Dry Season
Females
Males
GP
Wet season
Females
Males
Dry Season
Females
Males

Tb

Ta

Ts

∆Ta

∆Ts

n

28.58 ± 1.43
21.80–34.40
29.13 ± 1.59
20.20–33.00

24.22 ± 0.99
20.20–28.20
24.35 ± 1.21
16.80–27.40

24.18 ± 0.82
20.20–27.80
24.08 ± 1.05
17.80–26.80

4.88 ± 1.08
0.00–9.40
5.03 ± 1.06
1.00–9.40

4.64 ± 0.90
0.60–9.00
5.05 ± 0.80
1.00–8.00

10

27.02 ± 1.02
14.00–33.60
29.55 ± 1.42
15.40–35.00

22.93 ± 0.82
12.60–32.00
25.95 ± 1.45
12.00–32.00

22.84 ± 0.81
13.60–31.60
26.21 ± 1.30
14.00–34.60

4.45 ± 0.49
0.40–13.00
4.53 ± 0.80
0.60–9.40

4.52 ± 0.58
0.00–14.00
3.95 ± 0.62
1.00–8.20

40

28.27 ± 0.92
18.80–34.80
29.72 ± 1.10
19.20–38.00

24.57 ± 0.61
19.80–32.80
24.85 ± 0.90
17.20–36.00

25.13 ± 0.66
18.60–31.80
25.31 ± 0.90
16.80–34.60

4.53 ± 0.60
0.00–11.20
5.54 ± 0.70
0.00–11.40

3.98 ± 0.47
0.20–9.80
5.09 ± 0.58
0.80–10.80

26

32.90 ± 0.50
29.80–36.40
31.08 ± 2.05
26.40–36.00

30.47 ± 0.95
23.80–36.00
30.68 ± 1.62
26.80–34.00

30.21 ± 0.79
25.00–35.60
29.16 ± 1.69
25.00–33.00

3.26 ± 0.56
0.80–8.60
2.00 ± 0.74
0.20–3.60

3.31 ± 0.56
0.00–7.40
2.96 ± 0.77
1.40–5.60

14

29.39 ± 0.64
24.00–34.00
30.13 ± 0.98
26.20–33.20

24.24 ± 0.65
20.00–30.00
24.50 ± 0.84
21.60–27.20

25.24 ± 0.85
18.80–31.20
25.10 ± 0.82
22.80–28.00

5.86 ± 0.67
0.00–10.20
5.63 ± 1.12
2.20–8.80

5.52 ± 0.61
1.20–11.40
5.03 ± 1.32
1.00–8.60

17

30.55 ± 0.92
21.00–34.80
27.43 ± 1.22
21.00–34.80

26.39 ± 0.98
20.00–32.40
23.41 ± 0.90
19.00–29.40

27.48 ± 0.78
21.00–32.20
23.47 ± 1.20
18.40–32.20

4.56 ± 0.95
0.20–13.00
4.01 ± 0.98
1.00–14.40

3.45 ± 0.57
0.80–8.40
4.24 ± 0.96
0.20–14.00

17

32.34 ± 0.42
25.80–35.60
33.48 ± 0.35
28.80–37.00

26.05 ± 0.51
20.40–31.00
26.21 ± 0.66
20.00–34.60

26.81 ± 0.49
22.40–34.00
27.78 ± 0.55
21.20–34.40

6.34 ± 0.56
0.00–13.20
7.29 ± 0.75
0.00–15.00

5.68 ± 0.52
0.40–11.60
5.87 ± 0.67
0.00–14.40

37

30.19 ± 0.55
22.00–35.40
31.45 ± 0.61
23.20–37.40

25.34 ± 0.59
19.00–30.40
25.38 ± 0.62
20.00–31.60

25.53 ± 0.54
18.60–30.40
25.90 ± 0.65
20.20–33.20

5.23 ± 0.46
0.60–10.60
6.48 ± 0.58
1.80–11.80

4.76 ± 0.43
0.40–12.00
5.75 ± 0.60
0.60–12.80

32

8

15

21

5

6

14

34

31
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Figure 1. Percentages (%) of negative values of ∆Ta for female (white bars) and male (gray bars) Sceloporus grammicus of four populations in central Mexico sorted by season. Populations: ‘tree population’ (TP, A), ‘cactus population’ (CP, B), ‘tree-boulder population’
(TBP, C), and ‘grassland population’ (GL, D).

Figure 2. Percentages (%) of negative values of ∆TS for female (white bars) and male (gray bars) Sceloporus grammicus of four populations in central Mexico sorted by season. Populations: as in Figure 1.
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values of ∆Ta were female-biased in the wet season, whilst
they were male-biased in the dry season (Fig. 1C). Conversely, those of ∆Ts were female-biased in both seasons
(Fig. 2C). The Tb of both sexes was positively correlated
with Ta (rs = 0.39, P ≤ 0.01, n = 54) and Ts (rs = 0.48, P ≤
0.001, n = 54), but not significantly correlated with SVL
(rs = −0.01, P = 0.95, n = 54). In the GP, the effect of season was significant on thermal variables (F1, 130 = 5.08, P ≤
0.01), but neither on sex (F1, 130 = 1.82, P = 0.15) nor the interaction between them (F1, 130 = −2.06, P = 0.62). However, Tb and Ts varied between seasons, but only Tb differed
between sexes (Supplementary Table S4). Mean Tb and Ts
were higher in the wet season than in the dry season, and
in both seasons males had a higher Tb than females (Table 1). In both seasons, the percentages of negative values
of ∆Ta were slightly male-biased (Fig. 1D). Those of ∆Ts
were, however, male-biased in the wet season, but femalebiased in the dry season (Fig. 2D). As in the other populations, the Tb of both sexes was positively correlated with Ta
(rs = 0.23, P ≤ 0.01, n = 134) and Ts (rs = 0.31, P ≤ 0.001, n =
134), but not significantly correlated with SVL (rs = 0.08,
P = 0.36, n = 134).
Highly significant effects of population (F3, 311 = 3.70, P ≤
0.001) and season (F3, 311 = 2.96, P ≤ 0.001) on thermal variables were detected in all populations, but the interaction
between them was not significant (F9, 311 = −18.77, P = 0.45).
All but one thermal variables varied interpopulationally,
with only Ta indicating a trend towards significance (Supplementary Table S5). Mean ∆Ta and ∆Ts differed interseasonally as well (Supplementary Table S5). Lizards from the

GP had a higher Tb than lizards in the other populations
(Supplementary Table S6, Fig. 3A). Environmental temperatures (Ts and Ta) were higher in the GP and CP than
in the TP (Supplementary Table S6, Figs 3B–C). In both
seasons, mean ∆Ta was higher in the GP than in the CP
(Supplementary Table S6). Across populations, mean ∆Ta
was higher in the GP than in the other populations (Supplementary Table S6, Fig. 3D). Mean ∆Ts was higher in the
GP compared with CP (Fig. 3E). Considering all populations, both thermoregulation indices were higher in the
wet (∆Ta: 5.91 ± 0.28; ∆Ts: 5.23 ± 0.24; for both variables
n = 159) than in the dry season (∆Ta: 4.78 ± 0.25; ∆Ts: 4.46
± 0.23; for both variables n = 168; P ≤ 0.01 for ∆Ta and P ≤
0.05 for ∆Ts). The highest percentages of negative values of
∆Ta were found in the TP and the CP during the wet season and dry season, respectively (Supplementary Table S6).
Considering both seasons, CP lizards showed the highest
percentages of negative values of ∆Ta (Supplementary Table S6). The lizards of TBP and CP had the highest percentages of negative values of ∆Ts in the wet season and dry season, respectively (Supplementary Table S6). When pooling
both seasons, TBP lizards showed the highest percentages
of negative values of ∆Ts (Supplementary Table S6).
Perch height
Mean perch height did not differ between sexes and seasons in the TP (season effect: F1, 56 = 0.41, P = 0.11; sex effect:
F1, 56 = 2.71, P = 0.11; interaction: F1, 56 = 0.96, P = 0.33), CP

Figure 3. Summary of the variation in body (A), air (B), and substrate (C) temperatures, differences between body temperature and air
temperature (∆Ta, D) and differences between body temperature and substrate temperature (∆Ts, E) between populations of Sceloporus
grammicus. Populations: as in Figure 1. Asterisks between bars indicate significant differences between groups (*P ≤ 0.05, **P ≤ 0.01,
*** P ≤ 0.001). Error bars represent a 95% confidence intervals.
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Table 2. Perch height (cm) of female and male Sceloporus gram
micus of four populations in central Mexico sorted by season in
central Mexico. Ranges for each group are shown below mean ±
SE. Abbreviations are as in Table 1.

TP
Wet season
Dry season
CP
Wet season
Dry season
TBP
Wet season
Dry season
GP
Wet season
Dry season

Females

n

Males

n

170.00 ± 16.81
115.00–210.00
161.59 ± 12.88
16.00–320.00

6

104.16 ± 26.30
37.00–209.00
144.83 ± 27.55
19.00–290.00

7

35

87.85 ± 15.27
25.60–204.50
115.56 ± 15.42
43.10–190.00

17

124.79 ± 19.33
23.60–220.00
164.79 ± 14.60
77.00–256.00

13

90.95 ± 8.06
28.50–209.10
128.88 ± 11.68
20.00–323.00

36

10

15

30

15

154.67 ± 13.37
110.00–192.00
121.41 ± 17.86
40.50–224.00

6

5

Trait / n
SVL
FOL
FL
TL
Tb
Ta
Ts

60
0.08
-0.14
-0.04
-0.26 *
0.03
-0.07
-0.13

CP
47
0.19
-0.24
-0.01
-0.20
0.40 **
0.29 *
0.35 *

TBP
45
0.22
0.04
-0.19
0.01
0.36 *
0.09
0.29

GP
122
0.08
-0.09
-0.13
-0.11
-0.26 **
-0.19 *
-0.27 **

11

32
24

(season effect: F1, 43 = 1.37, P = 0.25; sex effect: F1, 43 = 0.02,
P = 0.89; interaction: F1, 43 = 0.02, P = 0.90), and TBP (season effect: F1, 41 = 0.03, P = 0.86; sex effect: F1, 41 = 0.13, P =
0.72; interaction: F1, 41 = 3.82, P = 0.06) (Table 2). In the TP,
the snout–vent, forearm, and femur lengths of lizards did
not correlate with perch height, but tibia length was negatively correlated with perch height (Table 3). None of the
thermal variables were correlated with perch height in lizards of this population (Table 3). Similarly, in the CP and
TBP, the morphological variables of the lizards did not correlate with perch height (Table 3). Regarding the relationship with thermal variables in the CP, all of them were positively correlated with perch height (Table 3). On the other
hand, the Tb of lizards in the TBP was positively correlated with perch height, whilst Ta and Ts were not (Table 3).
In the GP, females used higher perches in the dry than in
the wet season (F1, 118 = 5.17, P ≤ 0.05), and they used marginally higher perches than males (F1, 118 = 4.03, P ≤ 0.05),
but the interaction between both factors was not significant
(F1, 118 = 2.61, P = 0.11) (Table 2). Morphological variables of
the GP lizards did not correlate (Table 3), but all thermal
variables were negatively correlated with perch height (Table 3). Additionally, perch height differed between populations (F3, 270 = 13.22, P ≤ 0.001). Lizards of the TP (152.38 ±
10.04 cm, n = 60) and TBP (141.28 ± 9.01 cm, n = 45) used
higher perches than lizards in the CP (96.01 ± 9.42 cm, n =
47) and in the GP (99.79 ± 5.00 cm, n = 122) (see also Fig. 4).
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TP

12

87.56 ± 14.88
15.50–198.10
109.96 ± 51.68
30.00–300.00

87.15 ± 8.58
10.00–223.00
93.55 ± 10.55
32.00–199.50

Table 3. Pearson correlation coefficients (r) between perch height
and morphological and thermal variables in four populations of
Sceloporus grammicus in central Mexico. Morphological variables
are SVL, FOL, FL, and TL; all are in mm. Thermal variables are
Tb, Ta, Ts; all are in °C. Abbreviations for morphological characteristics: SVL, snout–vent length; FOL, forearm length; FL, femur length; TL, tibia length. Abbreviations for populations and
thermal characteristics follow Table 1. n, sample size. *P ≤ 0.05,
**P ≤ 0.01.

Figure 4. Variation in perch height between four populations of
Sceloporus grammicus. Abbreviations follow Figure 1. Asterisks
between bars indicate significant differences between groups according to Bonferroni post hoc tests (**P ≤ 0.01, ***P ≤ 0.001).
Error bars represent a 95% confidence intervals.

Discussion
Morphology
Sexual size dimorphism (SSD) was apparent in all lizard
populations examined and this result fully supports our
first prediction, but the second prediction only partially.
Despite differences in habitat use, our analyses indicate
that the direction of sexual selection in males is similar
in all populations. However, the intensity of the fecundity
advantage might be greater in females of the TP and GP
than those in the CP and TBP. In the Asian lacertid lizard Takydromus septentrionalis, female populations differ
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in abdominal length, i.e., those that have shorter abdomens
produce eggs with lower egg masses (Du et al. 2005). In addition, body size and reproductive traits in the Asian agamid Phrynocephalus przewalskii are related to food availability in that larger females produce more and larger eggs
in localities with higher food availability than those where
less food is available (Zeng et al. 2013). Hence, our results
might be indirect evidence of a greater food availability in
the TP and the GP, which potentially promotes female reproductive trait variation in S. grammicus; however, this
assumption still remains to be tested. Despite that, our
results about intersexual variation in abdominal volume
should be taken with certain caution, given that, in some
cases, we could not clearly identify (by abdominal palpation) the reproductive status of females with greater abdominal volumes.
Males and females of the TBP were smaller, had shorter forearm lengths and were lighter in weight than those
from the other populations. These results partially support
our third prediction and are consistent with the findings of
previous studies of S. grammicus (Lozano et al. 2020) and
other lizard species (Herrel et al. 2002, Hopkins & Tolley 2011, Lattanzio et al. 2020), i.e., that lizards in open
habitats have longer forearms, which enhances their performance in climbing on irregular and three-dimensional
substrates (Melville & Swain 2000) and moving about in
sparsely vegetated areas (Hopkins & Tolley 2011). Largebodied and long-limbed females of the TP, CP, and GP
would be able to have improved sprint speeds, enhancing
their predation success on specific prey types or escaping
from potential predators (Melville & Swain 2000, Losos
et al. 2006). Conversely, short-limbed females of the TBP
probably would not run faster, but could be expected to
leap farther than their counterparts in the other populations. The larger body sizes of males in the open-canopy
habitats (CP and GP) might be the outcome of the dryness
and seasonality of these environments, which promotes a
high intensity of competition for resources (e.g., females,
shelters, and basking sites) among males, as occurs in
Anolis lizards (Losos 2009).
Thermal ecology
The results of sexual variation in Tb of the GP partially
support our fourth and fifth predictions. Two contrasting sexual patterns were found in Tb of S. grammicus: one
in which males attain higher Tb than females (Andrews
et al. 1997, Woolrich-Piña et al. 2006) and another in
which there is no substantial intersexual variation in Tb
(Lemos-Espinal & Ballinger 1995, Andrews et al. 1997,
Díaz de la Vega-Pérez et al. 2019). Our results from the
GP fit the first pattern, whereas those of the TP, CP, and
TBP fit the second pattern. Although lizards within the
same population are generally exposed to similar thermal
environments, they will often select specific microclimatic conditions. For example, territorial males of S. jarrovi
have better or more access than females to microhabitats

with higher thermal quality for thermoregulation, thus
this circumstance contributes to intersexual differences
in Tb (Beal et al. 2014). The similarity in Tb between the
sexes in the other three populations concurs with the fact
that females had higher percentages of negative values
of ∆Ts and ∆Ta than males, suggesting that they actively
thermoregulate in a manner similar to males (Vrcibradic & Rocha 1998, Kiefer et al. 2007, Maia-Carneiro &
Rocha 2013).
In all populations, the Tb of lizards was positively correlated with Ta and Ts, but the relationship was always
stronger with Ts. Additionally, the correlation coefficients
of both relationships were higher in the TP and CP than
in the TBP and GP. Our results confirm that the heat gain
strategy of S. grammicus consists of both thigmothermy
and heliothermy, as occurs in populations of urban areas
(Woolrich-Piña et al. 2006) and of high-altitude habitats
(Díaz de la Vega-Pérez et al. 2019). During the coolest
periods of the day, many lizard species assume body postures that maximize heat gain (either from thigmothermy
or heliothermy), whereas in the hottest periods, they adopt
postures that favour heat loss (Gillis 1991, McConnachie
et al. 2009). Although we did not directly evaluate body
posture and sun exposure of lizards, our study may support
the idea that the thigmothermic strategy of S. grammicus
may vary between populations inhabiting contrasting habitats, as has been noted in other lizard species (Gillis 1991,
McConnachie et al. 2009).
The results of interpopulational variation in Tb, environmental temperatures (Ta and Ts) and behavioural thermoregulation (∆Ta and ∆Ts) partially support our sixth expectation and are consistent with previous studies of different lizard genera, which have found that lizards from opencanopy habitats are generally exposed to higher environmental temperatures and thus achieve higher body temperatures than conspecifics in closed-canopy habitats (Huey
1974, Williams & McBrayer 2015, Terra et al. 2018). On
the other hand, this intraspecific variation contrasts with
the conservative pattern of thermal ecology found in studies of Sceloporus and other lizard genera, probably reflecting an ancestral condition (Gillis 1991, Andrews 1998).
This conservative pattern in thermal ecology across populations of the same species has been observed even though
they are found in differently structured habitats and experience contrasting thermal environments (Andrews
1998, Sales & Freire 2019). In sum, we demonstrated that
S. grammicus is relatively plastic in its thermal traits, and
the way it behaviourally thermoregulates will depend on
the structure of the habitat it uses.
Throughout our comparative approach, we found that
most of the morphological and thermal characteristics are
subject to conspicuous intraspecific variation in S. gram
micus. Previous studies in Anolis and Sceloporus lizards
have uncovered different patterns across species and populations: 1) thermal biology exhibits more divergence than
does morphology, 2) diversification of thermal biology often follows diversification in morphology, and 3) thermal
biology is similar but morphology diverges conspicuously
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(Gunderson et al. 2018, Muñoz & Losos 2018, Lattanzio et al. 2020). In this manner, multiple contrasting selective pressures (natural and sexual) can operate simultaneously, promoting patterns of both similarity and divergence, and behaviour may be the bridge that links these
outcomes (Muñoz & Losos 2018). Despite being larger in
many morphological characteristics, males did not necessarily attain a higher Tb than females, except in the GP.
In fact, percentages of negative values of ∆Ts and ∆Ta indicated that the behavioural thermoregulation of females is
sometimes similar to, or even as precise as, the behavioural thermoregulation of males (Sales & Freire 2019). This
is particularly relevant considering that the Tb of females
will enhance offspring fitness by accelerating embryogenesis and thus parturition (Shine & Downes 1999). Thereby,
the ability of S. grammicus to take advantage of its available
thermal environments depends on the way it behaviourally
makes the most of its morphology, which in turn affects the
preferred type and height of its perch.
Perch height
The results of the effects of sex and season on perch height
did not confirm our seventh prediction, but weakly supported our eighth prediction. Both patterns are consistent with those found in S. melanorhinus, in which females
use higher perches than males and there is no seasonal
variation in perch height (García et al. 2010). Hence, the
females and males of S. grammicus in our study used the
same perch height throughout the year for foraging, social interactions, and in some instances for thermoregulation (see next paragraph). The seasonal variation in perch
height by females of the GP could be linked to the seasonal foraging rate, avoidance of certain social interactions or potential predators, or even to remain close to
specific refuges, as occurs in other lizard species (García
et al. 2010). Considering the unique relationship between
perch height and Tb found in each studied population, it
is possible that each of these aspects is enhanced in females and males if they attain or maintain a higher and/
or stable Tb.
In all populations, the morphological variables of our
studied lizards were not correlated with perch height.
Thus, our ninth expectation is not fulfilled. On the other hand, each population exhibited a unique pattern of
relationship between thermal variables and perch height.
These patterns are similar to those found in S. occidenta
lis, in which the body and environmental temperatures
of some populations were independent of perch height
(Adolph 1990), whereas in others, thermal characteristics were a primary factor modulating perch use (Asbury
& Adolph 2007). Our studied lizards of the GP used
higher perches (up to two metres above ground) to behaviourally lower their Tb (especially around midday when
the ambient temperature is higher on the ground), whereas lizards in the CP and TBP used higher perches (two
metres above ground) to attain a higher Tb (during the
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morning when the environment is cooler on the ground;
Stevenson 1985).
Results of interpopulational variation in perch height
failed to confirm our tenth expectation and match a pattern
found in Anolis aeneus, which was found to perch higher in
a closed forest than it would in more open habitats, because
of better access to insolation in the former that is not available at lower heights in that habitat (Harris et al. 2004).
As mentioned previously, each population selects a specific
perch height according to their thermal environment (except in the TP), which directly affects their Tb. Comparative and experimental studies in other Anolis species have
found that lizard perch height also changes with the habitat in the presence of conspecifics and potential predators,
triggering changes in behaviour and morphology, both of
which improve its chances of survival (Losos et al. 1993,
2004). Sceloporus grammicus shares its habitat with three
lizard species and one snake species in the TP, whereas six
lizards and two snakes co-occur in the TBP, just one lizard
and two snakes in the CP, and two lizards and three snakes
in the GP (Supplementary Table S7). Thus, it is likely that
the intensity of competition and predation on S. grammi
cus would vary between the studied populations, and as a
result, the lizards respond by perching at a height that allows them to avoid or diminish these biotic interactions
as to enhance their chances of survival. Nonetheless, other behaviours such as scanning for specific prey, searching
for mates, and territoriality, could be determinants of the
height at which S. grammicus perch in each population, as
occurs in other lizard species (Andrews 1971).
In conclusion, throughout its wide distribution range,
S. grammicus encounters a great variety of combinations
of environmental factors, suggesting that not all populations experience the same degree of selective pressures.
Therefore, we could not expect that different types of
traits will diverge in the same trajectory. Our morphological comparisons demonstrated that the direction of sexual selection in males is similar in all populations, while
the intensity of fecundity advantage is greater in females
of the TP and GP than those in the CP and TBP. This latter
selective pressure is of remarkable importance to population dynamics, which finally determines its own persistence over time and space. Our thermal ecology analyses demonstrate that intersexual variation is the exception rather than the rule and, despite marked interpopulational differences in morphology, seasonality and habitat
type play a more relevant role in the thermoregulation of
this lizard species. In this regard, the plasticity of thermal
traits in S. grammicus is complex and could be beneficial
in the face of the current events of climate change and
global warming. Perch height usage is not influenced by
sex or by season, but exceptions do occur even if they are
rare, as our results indicate. Overall, these results improve
our knowledge of the ecology of a widely distributed lizard species, especially of the genus Sceloporus, of which
many species continue to be little known to herpetologists
despite their being quite diverse and abundant in North
America.

Life history variation of Sceloporus grammicus
Acknowledgements
We thank H. A. Pérez-Mendoza, N. P. Pavón, and P. OctavioAguilar for providing helpful comments on an earlier draft of
this manuscript, as well as the authorities and landowners in the
study areas for giving permission to enter their lands and even
providing accommodation during our fieldwork. We also thank
I. Magno-Benítez, R. Cruz-Elizalde, I. Reaño-Hernández,
C. Berriozabal-Islas, I. Moreno, J. Hernández, D. LaraTufiño, B. Lara, L. Torres, A. García-Rosales, A. Aranda,
A. Martín, M. Ramírez, S. Aldape, J. O. Díaz-Marín, M. E.
Marín-De Gante, and R. Luría-Manzano for their assistance in the field. This study is part of the PhD research of the
senior author (César A. Díaz-Marín), in the program Biodiversidad y Conservación at the Universidad Autónoma del Estado de Hidalgo, México. A scholarship was granted to César
A. Díaz-Marín (Number 771295) by the Consejo Nacional de
Ciencia y Tecnología (CONACYT). Fieldwork was approved
under collecting permits SGPA/DGVS/06181/17 and SGPA/
DGVS/004007/18 issued by the Secretaría del Medio Ambiente y Recursos Naturales. We are grateful to A. Kupfer and an
anonymous reviewer for their useful comments that improved
our manuscript.
References
Adolph, S. C. (1990): Influence of behavioral thermoregulation
on microhabitat use by two Sceloporus lizards. – Ecology, 71:
315–327.
Anderson, M. J. (2001): A new method for non-parametric multivariate analysis of variance. – Austral Ecology, 26: 32–46.
Andrews, R. M. (1971): Structural habitat and time budget of a
tropical Anolis lizard. – Ecology, 52: 262–270.
Andrews, R. M. (1998): Geographic variation in field body temperature of Sceloporus lizards. – Journal of Thermal Biology,
23: 329–334.
Andrews, R. M., F. R. Méndez-De La Cruz & M. VillagránSanta Cruz (1997): Body temperatures of female Sceloporus
grammicus: thermal stress or impaired mobility? – Copeia,
1997: 108–115.
Asbury, D. A. & S. C. Adolph (2007): Behavioural plasticity in
an ecological generalist: microhabitat use by western fence lizards. – Evolutionary Ecology Research, 9: 801–815.
Beal, M. S., M. S. Lattanzio & D. B. Miles (2014): Differences
in thermal physiology of adult Yarrow’s spiny lizards (Scelopo
rus jarrovii) in relation sex and body size. – Ecology and Evolution, 4: 4220–4229.
Carothers, J. H., P. A. Marquet & F. M. Jaksic (1998): Thermal ecology of a Liolaemus lizard assemblage along an Andean altitudinal gradient in Chile. – Revista Chilena de Historia
Natural, 71: 39–50.
CONAGUA (Comisión Nacional del Agua) (2010): Información
climatológica del Servicio Meteorológico Nacional. – Available at http://smn.cna.gob.mx/es/climatologia/informacionclimatologica, accessed Oct 16, 2020.
Díaz de la Vega-Pérez, A. H., R. Barrios-Montiel, V. H.
Jiménez-Arcos, A. Bautista & E. Bastiaans (2019): Highmountain altitudinal gradient influences thermal ecology
of the Mesquite Lizard (Sceloporus grammicus). – Canadian
Journal of Zoology, 97: 659–668.

Du, W. G., X. Ji, Y. P. Zhang, X. F. Xu & R. Shine (2005): Identifying sources of variation in reproductive and life–history traits
among five populations of a Chinese lizard (Takydromus sep
tentrionalis, Lacertidae). – Biological Journal of the Linnean
Society, 85: 443–453.
Flores-Huitzil, E, A. J. Coombes & J. L. Villaseñor (2020):
Las angiospermas ruderales del municipio de Coronango,
Puebla, México. – Acta Botánica Mexicana, 127: e1601.
García, E. (2004): Modificaciones al sistema de clasificación climática de Köppen. Quinta edición. – Instituto de Geografía,
Universidad Nacional Autónoma de México, Ciudad de México, México.
García, A., M. Valtierra-Azotla & B. C. Lister (2010): Behavioral responses to seasonality by two Sceloporine lizard
species from a tropical dry forest. – Animal Biology, 60: 97–
113.
Garland, Jr. T., & J. B. Losos (1994): Ecological morphology of
locomotor performance in squamate reptiles – pp. 240–302 in:
Wainwright, P. C. & S. M. Reilly (eds): Ecological morphology: integrative organismal biology. – University of Chicago
Press.
Gillis, R. (1991): Thermal biology of two populations of redchinned lizards (Sceloporus undulatus erythrocheilus) living in
different habitats in Southcentral Colorado. – Journal of Herpetology, 25: 18–23.
Goodman, B. A., S. C. Hudson, J. L. Isaac & L. Schwarzkopf
(2009): The evolution of body shape in response to habitat: is
reproductive output reduced in flat lizards? – Evolution: International Journal of Organic Evolution, 63: 1279–1291.
Guidelines for the Use of Animals (2012): Guidelines for the treatment of animals in behavioural research and teaching. – Animal Behaviour, 83: 301–309.
Gunderson, A. R., D. L. Mahler, & M. Leal (2018): Thermal
niche evolution across replicated Anolis lizard adaptive radiations. – Proceedings of the Royal Society B: Biological Sciences, 285: 20172241.
Hammer, Ø., D. Harper & P. Ryan (2001): PAST: Paleontological statistics software package for education and data analysis.
– Palaeontologia Electronica, 4: 1–9.
Harris, B. R., D. T. Yorks, C. A. Bohnert, J. S. Parmerlee Jr.
& R. Powell (2004): Population densities and structural habitats in lowland populations of Anolis lizards in Granada. –
Caribbean Journal of Science, 40: 31–40.
Hernández-Salinas, U., A. Ramírez-Bautista, A. LeyteManrique & G. R. Smith (2010): Reproduction and sexual dimorphism in two populations of Sceloporus grammicus
(Sauria: Phrynosomatidae) from Hidalgo, Mexico. – Herpetologica, 66: 12–22.
Herrel, A., J. J. Meyers & B. Vanhooydonck (2001): Correlations between habitat use and body shape in a phrynosomatid
lizard (Urosaurus ornatus): a population-level analysis. – Biological Journal of the Linnean Society, 74: 305–314.
Herrel, A., J. J. Meyers & B. Vanhooydonck (2002): Relations
between microhabitat use and limb shape in phrynosomatid
lizards. – Biological Journal of the Linnean Society, 77: 149–
163.
Hopkins, K. P. & K. A. Tolley (2011): Morphological variation in
the cape dwarf chameleon (Bradypodion pumilum) as a consequence of spatially explicit habitat structure differences. – Biological Journal of the Linnean Society, 102: 878–888.

299

César A. Díaz-Marín et al.
Huey, R. B. (1974): Behavioral thermoregulation in lizards: importance of associated costs. – Science, 184: 1001–1003.
Huey, R. B. (1991): Physiological consequences of habitat selection. – The American Naturalist, 137: 91–115.
Huey, R. B. & E. R. Pianka (1977): Seasonal variation in thermoregulatory behavior and body temperature of diurnal Kalahari lizards. Ecology, 58: 1066–1075.
Huey, R. B. & E. R. Pianka (2007): Lizard thermal biology: do
genders differ? The American Naturalist, 170: 473–478.
Kiefer, M. C., M. Van Sluys & C. F. D. Rocha (2005): Body temperatures of Tropidurus torquatus (Squamata, Tropiduridae)
from coastal populations: Do body temperatures vary along their
geographic range? – Journal of Thermal Biology, 30: 449–456.
Kiefer, M. C., M. Van Sluys & C. F. D. Rocha (2007): Thermoregulatory behaviour in Tropidurus torquatus (Squamata,
Tropiduridae) from Brazilian coastal populations: an estimate
of passive and active thermoregulation in lizards. – Acta Zoologica, 88: 81–87.
Lattanzio, M. S., M. J. McCann & M. Manion (2020): Geographic variation in the ecomorphology and thermal ecology
of a widespread lizard. – Herpetologica, 76: 31–42.
Lemos-Espinal, J. A. & R. E. Ballinger (1995): Comparative
thermal ecology of the high-altitude lizard Sceloporus gram
micus on the eastern slope of the Iztaccihuatl Volcano, Puebla,
Mexico. – Canadian Journal of Zoology, 73: 2184–2191.
Leyte-Manrique, A., U. Hernández-Salinas, A. RamírezBautista, V. Mata-Silva & J. C. Marshall (2017): Habitat
use in eight populations of Sceloporus grammicus (Squamata:
Phrynosomatidae) from the Mexican Plateau. – Integrative
Zoology, 12: 198–210.
Losos, J. B. (2009): Lizards in an evolutionary tree: ecology and
adaptive radiation of anoles. – Berkeley, California, University
of California Press.
Losos, J. B., D. J. Irschick, & T. W. Schoener (1994): Adaptation
and constraint in the evolution of specialization of Bahamian
Anolis lizards. – Evolution, 48: 1786–1798.
Losos, J. B., J. C. Marks & T. W. Schoener (1993): Habitat use
and ecological interactions of an introduced and a native species of Anolis lizard on Grand Cayman, with a review of the
outcomes of anole introductions. – Oecologia, 95: 525 – 532.
Losos, J. B., T. W. Schoener, R. B. Langerhans, D. A. Spiller
(2006): Rapid temporal reversal in predator–driven natural
selection. – Science, 314: 1111.
Losos, J. B., T. W. Schoener, & D. A Spiller (2004): Predator–
induced behaviour shifts and natural selection in field–experimental lizard populations. – Nature, 432: 505–508.
Lovich, R. E. (2012): Techniques for reptiles in difficult-to-sample habitats. – pp. 167–196 in: McDiarmid, R. W., M. S. Foster, C. Guyer, J. W. Gibbons & N. Chernoff (eds): Reptile
biodiversity: standard methods for inventory and monitoring.
– University of California Press.
Lozano, A., A. Ramírez-Bautista & R. Cruz-Elizalde (2020):
Intraspecific variation in a lizard from the Central Mexican
Plateau: intersexual differences in size and shape explored. –
Biological Journal of the Linnean Society, 131: 656–666.
Maia-Carneiro, T. & C. F. D. Rocha (2013): Seasonal variations
in behaviour of thermoregulation in juveniles and adults Lio
laemus lutzae (Squamata, Liolaemidae) in a remnant of Brazilian restinga. – Behavioural Processes, 100: 48–53.

300

Maia-Carneiro, T. & C. F. D. Rocha (2020): Diverging temporal and thermal niche dimensions favor syntopy of Tropidurus
hispidus and Tropidurus semitaeniatus (Squamata: Tropiduridae). – Biologia, 76: 1–14.
McConnachie, S., G. J. Alexander & M. J. Whiting (2009):
Selected body temperature and thermoregulatory behavior in
the sit-and-wait foraging lizard Pseudocordylus melanotus. –
Herpetological Monographs, 23: 108–122.
Melville, J. & R. Swain (2000): Evolutionary relationships between morphology, performance and habitat openness in the
lizard genus Niveoscincus (Scincidae: Lygosominae). – Biological Journal of the Linnean Society, 70: 667–683.
Muñoz, M. M. & J. B. Losos (2018): Thermoregulatory behavior
simultaneously promotes and forestalls evolution in a tropical
lizard. The American Naturalist, 191: 15–26.
Ortega, Z., A. Mencía, K. Martins, P. Soares, V. L. Ferreira
& L. G. Oliveira-Santos (2019): Disentangling the role of
heat sources on microhabitat selection of two Neotropical lizard species. – Journal of Tropical Ecology, 35: 149–156.
Quinn, G. & M. Keough (2002): Experimental design and data
analysis for biologists. – Cambridge University Press, New
York.
Ramírez-Bautista, A., & M. Benabib (2001): Perch height of
the arboreal lizard Anolis nebulosus (Sauria: Polychrotidae)
from a tropical dry forest of Mexico: effect of the reproductive
season. – Copeia, 2001: 187–193.
Rzedowski, J. (2006): Vegetación de México, 1ra edición digital.
Comisión Nacional para el Conocimiento y Uso de la Biodiversidad. – Limusa, Ciudad de México, México.
Sales, R. F. D. & E. M. X. Freire (2019): Behavioral adaptations
in Ameivula ocellifera (Squamata: Teiidae) in response to thermal environmental changes. – Phyllomedusa, 18: 225–240.
Scharf, I. & S. Meiri (2013): Sexual dimorphism of heads and
abdomens: Different approaches to “being large” in female and
male lizards. – Biological Journal of the Linnean Society, 110:
665–673.
Shine, R. (1989): Ecological causes for the evolution of sexual dimorphism: a review of the evidence. – The Quarterly Review
of Biology, 64: 419–461.
Shine, R. (1992): Relative clutch mass and body shape in lizards
and snakes: is reproductive investment constrained or optimized? – Evolution, 46: 828–833.
Shine, R. & S. J. Downes (1999): Can pregnant lizards adjust their
offspring phenotypes to environmental conditions? – Oecologia, 119: 1–8.
Sites, J. W. Jr. (1982): Morphological variation within and among
three chromosome races of Sceloporus grammicus (Sauria:
Iguanidae) in the north-central part of its range. – Copeia,
1982: 920–941.
Smith, G. R. & R. E. Ballinger (2001): The ecological consequences of habitat and microhabitat use in lizards: a review. –
Contemporary Herpetology, 2001: 1–28.
Stevenson, R. D. (1985): Body size and limits to the daily range
of body temperature in terrestrial ectotherms. – The American
Naturalist, 125: 102–117.
Terra, J. S., Z. Ortega & V. L. Ferreira (2018): Thermal ecology and microhabitat use of an arboreal lizard in two different Pantanal wetland phytophysionomies (Brazil). – Journal
of Thermal Biology, 75: 81–87.

Life history variation of Sceloporus grammicus
Tinkle, D. W. (1967): The life and demography of the sideblotched lizard, Uta stansburiana. – Miscellaneous Publications, University of Michigan Museum Zoology, 132: 1–182.
Vitt, L. J., T. C. S. Avila-Pires, M. C. Espósito, S. S. Sartorius & P. A. Zani (2003): Sharing Amazonian rain-forest trees:
ecology of Anolis punctatus and Anolis transversalis (Squamata: Polychrotidae). – Journal of Herpetology, 37: 276–285.
Vitt, L. J., G. R. Colli, J. P. Caldwell, D. O. Mesquita, A. A.
Garda & G. R. Franca (2007): Detecting variation in microhabitat use in low-diversity assemblages across small-scale
habitat gradients. – Journal of Herpetology, 41: 654–663.
Vitt, L. J., D. B. Shepard, G. H. C. Vieira, J. P. Caldwell, C.
R. Colli & D. O. Mesquita (2008): Ecology of Anolis nitens
brasiliensis in Cerrado Woodlands of Cantão. – Copeia, 2008:
144–153.
Vrcibradic, D. & C. F. D. Rocha (1998): The ecology of the
skink Mabuya frenata in an area of rock outcrops in southeastern Brazil. – Journal of Herpetology, 32: 229–237.
Williams, S. C. & L. D. McBrayer (2015): Behavioral and ecological differences of the Florida scrub lizard (Sceloporus woodi)
in scrub and sandhill habitat. – Florida Scientist, 78: 95–110.
Woolrich-Piña, G. A., J. A. Lemos-Espinal, L. Oliver-López,
M. E. Calderón-Méndez, J. E. González-Espinoza, F. Correa-Sánchez & R. Montoya-Ayala (2006): Ecología térmica de una población de la lagartija Sceloporus grammicus
(Iguanidae: Phrynosomatinae) que ocurre en la zona centrooriente de la Ciudad de México. – Acta Zoológica Mexicana,
22: 137–150.
Zar, J. H. (2010): Biostatistical analysis. – Prentice Hall, –Upper
Saddle River, New Jersey, United States.
Zeng, Z. G., J. M. Zhao & B. J. Sun (2013): Life history variation
among geographically close populations of the toad–headed
lizards (Phrynocephalus przewalskii): Exploring environmental and physiological associations. – Acta Oecologica, 51: 28–
33.

Supplementary Figure S1. Structural differences between habitats
used by the central Mexican Sceloporus grammicus populations
analysed.
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Supplementary Table S2. Multiple nonlinear regression between
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Supplementary Table S3. Multiple nonlinear regression between
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Supplementary Table S4. Multiple nonlinear regression between
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Supplementary Table S5. Multiple nonlinear regression across
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