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A B S T R A C T

The transformation of natural habitats into urban landscapes dramatically alters thermal environments, which
in turn, can impact local biota. Ectothermic organisms that are oviparous are particularly sensitive to these
altered environments because their embryos cannot behaviorally thermoregulate and the surrounding
environment determines the temperature experienced during development. We studied the effects of urban
and forested thermal environments on embryo development and hatchling phenotypes in two non-native lizards
(Anolis sagrei and A. cristatellus) in metropolitan Miami, Florida. To determine if embryos from urban and
forested sites are adapted to their respective thermal environments, we incubated eggs from each site using
temperatures that simulate likely nest conditions in both urban and forested environments. For both species,
urban thermal environments accelerated embryonic development, but had no impact on egg survival or any of
the phenotypic traits that were measured (e.g., body size, running performance, and locomotor behavior). Our
results provide no evidence that embryos from urban and forested sites are adapted to their respective thermal
environments. Instead, the lack of any major effects suggest that embryos of both species are physiologically
robust with respect to novel environments, which could have facilitated their success in establishing in non-
native ranges and in human-modified landscapes.

1. Introduction

Urbanization results in numerous physical changes to the environ-
ment that can dramatically impact organisms, populations, and
ecosystems (Shochat et al., 2006; Forman, 2014). Temperature is an
important abiotic factor that is consistently altered when natural
habitat is converted to an urban landscape. Indeed, the urban heat
island effect is characterized by markedly higher temperatures (as high
as 12 °C increase) in cities compared to nearby natural areas due to the
reduction in tree canopy and solar radiation being retained in materials
like asphalt and concrete (Rizwan et al., 2008; Brazel et al., 2000;
Tereshchenko and Filonov, 2001). Thermal changes due to urbaniza-
tion can have substantial effects on the local biota (e.g., Frankie and
Ehler, 1978; Hamer and Parris, 2011), and in many cases organisms
have responded positively to urban temperatures. For example, native
ant species in North Carolina have increased in abundance in warm/
open disturbed areas in cities (Menke et al., 2011), and larval survival
of some European butterflies is increased under urban temperatures
(Kaiser et al., 2016). Indeed, dramatic changes in temperature in urban
environments have the potential to exert a substantial ecological and

evolutionary pressure on organisms that inhabit cities.
Adaptation or acclimation to novel thermal environments (such as

those in urban areas) can occur across all life stages, from embryos to
adults (Angilletta et al., 2004). However, most studies of thermal
adaptation have focused primarily on adult stages, rather than early
developmental periods (Angilletta et al., 2002; Angilletta, 2009; but see
Oufiero and Angilleta, 2006; Du et al., 2010). Early developmental
stages are important because (1) embryos cannot behaviorally thermo-
regulate to the same extent as adults, and (2) phenotypic development
is very sensitive to environmental conditions. Oviparous ectotherms
that lack parental care may be particularly sensitive to developmental
environments because embryos have a limited capacity to adjust their
immediate temperature (Telemeco et al., 2016), and surrounding
environments largely determine egg incubation temperatures after
oviposition. Thus, exposure to novel embryonic environments may be
a cause of rapid physiological adaptation. For example, many reptiles
and fish from cool climates have embryos that develop faster than those
from warm climates when incubated under the same controlled
temperature (Conover and Schultz, 1995; Angilletta et al., 2002;
Ewert et al., 2005; Niewiarowski and Angilletta, 2008; Du et al.,
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2010), providing evidence for local adaptation to thermal environ-
ments. These examples illustrate countergradient variation, which
occurs when genetic influences act against environmental effects such
that populations of the same species exposed to different conditions
react to their environmental stressors differently. Importantly, adapta-
tion to thermal environments during development may be further
influenced by maternal nesting behavior (Angilletta et al., 2004; Doody
et al., 2006). Thus, studies that assess the effects of urban versus
natural environments on embryos from those respective locations will
be highly informative for understanding how these organisms might
cope in human-modified landscapes.

Lizards of the genus Anolis have been useful models for studies of
adaptation and acclimation to novel environments (e.g., Huey et al.,
2003; Kolbe et al., 2012, 2014; Stuart et al., 2014), including urban
areas (Kolbe et al., 2015; Winchell et al., 2016). Many Anolis species
have experienced rapid environmental change during biological inva-
sions and habitat modification such as urbanization. However, nearly
all studies of adaptation to local environments in Anolis have focused
on adult stages (Losos et al., 2004; Kolbe et al., 2012; but see Kolbe
et al., 2014), and rarely assess plastic responses of embryos to novel
environments in controlled experiments. The lack of research on
developmental plasticity of Anolis embryos may be partially due to
little information about natural nest conditions. Indeed, the extent of
current knowledge of Anolis nesting behavior is that females select a
variety of microhabitats for nests (Rand, 1967; Andrews, 1988) and
prefer relatively moist environments (Socci et al., 2005; Reedy et al.,
2013). To our knowledge, nothing is published about the thermal
conditions of natural nests in the field.

We studied the effects of incubation temperatures on development
and hatchling phenotypes of two non-native Anolis lizard species: the
Cuban brown anole (Anolis sagrei) and the Puerto Rican crested anole
(Anolis cristatellus). Both species are found in urban and forested sites
across their non-native ranges in Miami-Dade County, Florida. These
Anolis species occur in high densities in urban and forested areas in
Miami (Kolbe et al., 2016). We sampled populations of both species
from urban and forested areas, and housed individuals under a
common laboratory environment. The eggs produced by females from
both sites were assigned to incubation temperature regimes that
mimicked potential nest sites in both sites to determine how embryos
from urban and forest populations respond to the developmental
temperatures in these respective environments. If anole embryos from
urban or forested sites are adapted to their respective environments,
then we predict that urban incubation temperature would be beneficial
to embryos from urban environments, but detrimental to those from
forested environments, and vice versa for the effects of incubation
temperature in forested areas (i.e., population x temperature interac-
tion). However, if anole embryos from each site respond to urban and
forested thermal environments in similar ways, then this finding would
rule out local adaption. Lastly, if incubation temperature does not
contribute to variation in phenotypic development, then this finding
would also suggest that Anolis embryos are not adapted to urban
temperatures, but are physiologically robust to novel environments,
which might facilitate their ability to establish in non-native ranges or
in human-modified landscapes.

2. Material and methods

2.1. Lizard collection and husbandry

Both Anolis species were collected from urban and forested areas in
Miami-Dade County and shipped to the University of Alabama at
Birmingham. The forested areas consist of large fragments of dense
forest within an urban matrix, and are structurally and thermally
different from the urban collection site (Kolbe et al., 2016). On 17
March 2015, adult A. cristatellus were collected at an urban site along
Red Road in South Miami, FL (14 females, 7 males) and at a forested

site at Matheson Hammock Park (10 females, 5 males). Additional
lizards from these urban (5 females, 3 males) and forested (9 females, 4
males) sites were collected on 21 May 2015. On 1 July 2015, adult A.
sagrei were collected from the same urban site (11 females, 6 males),
and a nearby forested site at Montgomery Botanical Center (11
females, 6 males). The urban site was located 1.2 km from the forested
site at Matheson Hammock Park and 1.6 km from the site at
Montgomery Botanical Center. These two species occur sympatrically
at the urban site, but occur alone at the forested sites, A. cristatellus at
Matheson Hammock Park and A. sagrei at Montgomery Botanical
Center.

These lizards formed a captive breeding colony. Females were
housed in cages (29 cm high ×26 cm wide ×39 cm deep) containing a
small pot filled with moist soil to encourage oviposition, and two
perches and an artificial plant used for perching and hiding. Males were
rotated among cages weekly to ensure egg fertility and to minimize any
potential bias due to paternity; each female was exposed to most of the
males used in this study, but males and females from different
populations were never housed together. Cages were illuminated with
ReptiSun 5.0 UVB bulbs (ZooMed Inc.) on a 12-h light: dark cycle.
Daily room temperature was set at 26.7 °C. Due to space limitations, at
a given time there were 12 cages of the A. sagrei breeding colony that
were not exposed to ReptiSun 5.0 UVB bulbs, but cages were rotated
weekly to eliminate cage location effects. Lizards were fed live crickets
(dusted in a mix of calcium and vitamins) three times per week and
cages were misted with water daily to maintain high humidity.

2.2. Experimental design

From 1 May to 21 August 2015, pots from each cage were
thoroughly checked three times per week for freshly laid eggs. After
collection, eggs were immediately weighed (to 0.0001 g) and placed
individually in glass jars filled with moist vermiculite (−150 kPa) and
covered with plastic wrap (sealed with a rubber band) to prevent
evaporation. Eggs were allocated to one of two incubation treatments
that mimicked thermal regimes of potential nest sites in urban and
forested sites. Because Anolis lizards produce approximately one egg
every 7–10 days, eggs were allocated to each treatment such that
successive eggs produced by a given female were alternated between
urban and forested incubation temperatures. This allocation of eggs to
treatments minimized any potential biases associated with the order of
egg production.

To determine the temperature regimes for the incubation treat-
ments, thermal data were collected at each site. Temperature loggers
(iButtons) were placed in potential nest sites in urban (Red Road, n=3)
and forested areas (Matheson, n=5). The canopy openness over nest
sites at the urban location ranged from 20% to 90% (mean=42%), and
from 1% to 10% (mean=5%) at the forested location. This difference
reflected the relatively open canopy at the urban site compared to the
very dense canopy at the forested sites, rather than a biased-selection
of potential nest sites. Thus, the potential nest sites chosen were likely
within the range of conditions that lizards choose among at each
location. All iButtons were placed at 4–6 cm depth in the soil. From
thermal data collected from 1 June – 15 Sept 2014 at each potential
nest site, we calculated the average temperature for each hour of the
day. The daily thermal profile (based on hourly averages) for urban and
forested sites (Fig. 1) was uploaded into programmable incubators
(Memmert IPP 400 incubators) and looped daily for the duration of the
study. Thus, the incubation temperatures mimicked an average daily
thermal regime that eggs would likely experience in urban and forested
areas in the field. This 2×2 experimental design (two temperature
fluctuation regimes and two different populations) enabled us to
evaluate if embryos from different sites differ in their response to
urban vs forested incubation temperature regimes.

Eggs were checked daily for hatchlings. For each hatchling, we
recorded the date of hatching, body mass (to 0.0001 g), snout-vent
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length (SVL) to 1 mm, and tail length (TL) to 1 mm. The sex of A.
sagrei was identified based on dorsal pattern and the presence (male)
or absence (female) of enlarged scales posterior to the cloaca; the sex of
hatchling A. cristatellus was not identified because sexually dimorphic
characters are not present in this species. All hatchlings were marked
with unique toe-clips before being individually housed in small cages.
Hatchling cages (13 cm high×21 cm wide×17 cm deep) contained one
perch and some artificial leaves for perching. Hatchlings were fed three
times a week with small crickets and misted with water daily. At about
1 week after hatching, we measured locomotor performance of each
lizard on a 1-m long electronically timed race track set at a 20° angle.
The race track contained infra-red sensors (spaced at 25-cm intervals)
connected to a computer, which enabled us to quantify running speed
over relatively short (25 cm) and long (1 m) distances. Each individual
was encouraged to run along the racetrack with a soft paint brush and
each lizard was run five times. Only the fastest 25-cm and 1-m speeds
(over all the trials for an individual) were used in the statistical
analyses. During running trials, the number of pauses that lizards
made over the 1-m track were counted. Because some individuals

showed no motivation to run during any trial, locomotor behavior of
individuals was classified as either “ran” versus “did not run.” All
running trials were conducted at 28 °C.

2.3. Statistical analysis

All data were analyzed with SAS software. All dependent variables
were inspected for normality and log-transformed to improve normal-
ity when necessary. Data sets for each species were analyzed separately.
The sexes were combined for analyses of the A. sagrei data set because
preliminary results demonstrated no differences between males and
females for any trait measured (all p-values > 0.144). A generalized
linear model with Poisson distribution was used to evaluate the effect of
site on egg production. Generalized linear mixed models with a
binomial error structure were used to quantify the effects of site of
origin (i.e., urban vs forested), incubation thermal regime (urban vs
forested), and their interaction on egg survival, hatchling survival, and
locomotor behavior (ran vs did not run). Mixed model analyses of
variance or covariance were used to quantify these same effects on
incubation length, SVL, TL, body mass, locomotor performance, and
the number of stops when running over 1 m. The number of stops
made by lizards was calculated as the average across the five running
trials. The covariates used in each analysis are listed in Table 1.
Maternal identity was used as a random effect in every model.

3. Results

The number of eggs produced by females did not differ between
sites (A. sagrei, F1,20=1.5, p=0.228; A. cristatellus, F1,32=0.9,
p=0.348). Egg survival was relatively high for A. sagrei (89%), but
substantially lower for A. cristatellus (51%) regardless of incubation
treatment or site of origin (Tables 1 and 2). Incubation temperature
influenced incubation period in the same direction for eggs from both
sites (i.e., urban vs forested; Tables 1 and 2, Fig. 2). Eggs incubated
under a thermal regime that mimicked an urban environment hatched
sooner than those incubated under a forested thermal regime, and this
pattern was similar for both A. sagrei and A. cristatellus.

Site of origin, incubation temperature, and their interaction had
minimal, if any, effect on the morphological, performance, or beha-
vioral traits for either species (Tables 1 and 2; Figs. S1 and S2). The
only traits that were significantly influenced by incubation temperature
was SVL and mass for A. cristatellus; offspring from the urban
incubation treatment were only 0.4 mm shorter and 0.007 g lighter
than those from the forested incubation treatment. Of the eggs that
hatched, most hatchlings survived until they were tested for locomotor
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Fig. 1. Daily temperature fluctuations at potential nest sites in urban and forested areas
in Miami-Dade County. The open/blue circles represent average hourly thermal profiles
for each nest in the forested site, and the closed/red circles represent average hourly
thermal profiles for each nest in the urban site. The hourly thermal regimes (repeated
every day during incubation) for the egg incubation study are represented by the thick
dashed line (urban site) and thick solid line (forested site).(For interpretation of the
references to color in this figure legend, the reader is referred to the web version of this
article.)

Table 1.
Effect of habitat of origin (urban vs forested), incubation treatment (urban vs forested), and their interaction on embryonic development and hatchling morphology of the brown anole
(Anolis sagrei). The analysis did not converge for the model that included an interaction term on hatchling survival; thus, the interaction term was removed from that analysis. Effect
sizes (β ± SE) were calculated from each analysis, which included transformed data in most cases. Covariates: *egg mass, **snout-vent length, ***body mass just prior to racing.

Dependent variable Habitat Treatment Interaction

df β ± SE F p β ± SE F p β ± SE F p

Incubation Period 1,62 0.009 ± 0.024 1.8 0.185 0.166 ± 0.016 284.6 < 0.001 0.040 ± 0.022 3.3 0.073
Egg survival 1,87 1.784 ± 1.200 1.1 0.306 −0.021 ± 0.712 2.6 0.129 −2.004 ± 1.334 2.3 0.137
Snout-vent length (mm)* 1,69 0.015 ± 0.014 0.8 0.364 0.018 ± 0.011 2.6 0.111 −0.009 ± 0.016 0.4 0.549
Mass (g)* 1,69 0.038 ± 0.028 1.7 0.197 0.022 ± 0.023 0.8 0.374 −0.015 ± 0.033 0.2 0.645
Condition, Mass (g)** 1,69 0.027 ± 0.029 0.8 0.381 0.010 ± 0.026 0.0 0.834 −0.013 ± 0.036 0.1 0.728
Tail Length (mm) 1,69 0.019 ± 0.020 0.2 0.667 0.007 ± 0.015 0.2 0.646 −0.024 ± 0.021 1.3 0.264

Running performance
Over 25 cm*** 1,61 0.463 ± 0.243 3.3 0.075 0.044 ± 0.207 0.1 0.750 −0.180 ± 0.289 0.4 0.535
Over 1 m*** 1,59 −0.007 ± 0.183 0.0 0.881 −0.075 ± 0.183 0.1 0.717 0.057 ± 0.255 0.1 0.824
Number of stops 1,62 −1.400 ± 1.531 0.3 0.559 −1.370 ± 1.616 0.3 0.577 1.476 ± 2.257 0.4 0.516
locomotor behavior 1,62 −0.268 ± 0.621 0.7 0.413 −0.613 ± 0.685 2.2 0.139 −0.307 ± 1.024 0.1 0.765
Growth 1,12 −0.385 ± 0.559 1.1 0.310 −1.367 ± 0.632 1.8 0.208 1.642 ± 0.821 4.0 0.069
Hatchling survival 1,71 1.157 ± 0.848 1.9 0.177 −0.655 ± 0.770 0.7 0.398 – – –
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performance (A. sagrei, mean: 8.0 days old, range 6–16 days; A.
cristatellus, mean: 7.5 days old, range 4–10 days) for both A. sagrei
(87%) and A. cristatellus (78%). Variation in hatchling survival was not
explained by the treatments or their interactions.

4. Discussion

Because reptile embryos are sensitive to temperature, the elevated
thermal conditions in cities due to the urban heat island effect could
influence embryonic development. To address whether embryos are
physiologically adapted to urban nest temperatures, we quantified the
effects of incubation temperatures on two non-native species of Anolis
lizards that have established populations in both urban and forested
areas in the Miami metropolitan area of south Florida. Our results
demonstrate that the relatively warm temperatures of urban sites
accelerate embryonic development (as seen in all reptiles; Deeming,
2004), but have no major consequences on morphology or locomotor
performance of hatchlings. These results provide no evidence that
embryos of A. sagrei or A. cristatellus from urban and forested sites are
locally adapted to their respective thermal environments. Instead, the

lack of any major effect of incubation temperature suggests that both
these species are physiologically robust with respect to variation in nest
temperatures.

Although we show no evidence of adaptation of embryos to the
thermal environment of the nest, some results suggest that fitness may
be enhanced in urban environments. First, the increased developmen-
tal rate of embryos under urban conditions suggests that eggs in urban
sites have less time exposed to potentially adverse conditions or to
predators compared to eggs in forested sites (Shine, 2002). Moreover,
the reduced incubation length results in earlier hatching, which has
been shown to positively affect survival in other lizard species (Olsson
and Shine, 1997; Warner and Shine, 2007; Wapstra et al., 2010). These
benefits are consistent with another study of an Anolis lizard that
shows egg survival is higher and incubation length reduced in human-
modified habitat (pastures) compared to undisturbed forested habitat
(Schlaepfer, 2003). In addition, although fecundity did not differ
between urban and forested sites when females were housed in a
common laboratory environment, previous work on A. cristatellus
suggests that open/warmer environments could increase reproductive
output by allowing females to remain reproductively active throughout
the year (Otero et al., 2015). Indeed, the relatively warm conditions in
cities may accelerate reproductive cycles in ways that increase egg
output over the season; similar patterns have been shown in other
organisms (Pörtner et al., 2001; Gotthard et al., 2007; but see Meineke
et al. (2013)). These overall positive effects on developmental rate and
fecundity in relatively warm environments may contribute to the
success of A. sagrei and A. cristatellus in urban areas.

The lack of evidence for adaptation to site-specific incubation
environments in terms of embryonic development and hatchling
performance may be explained by multiple factors. First, the two
forested sites in this study are only 1.2–1.6 km from the urban
collection site, and gene flow between sites could prevent local
adaptation (Slatkin, 1987; Lenormand, 2002). Second, even if gene
flow was absent, maternal nest site choice could reduce differences in
nest thermal environments (Doody et al., 2006; Refsnider and Janzen,
2012), thereby hindering thermal adaptation by embryos. At present,
nest conditions of anoles are poorly understood, except that females
use a variety of nest sites (e.g., under leaf litter, under logs, in tree
holes; Rand, 1967; Andrews, 1988) and tend to prefer relatively moist
conditions for nesting (Socci et al., 2005; Reedy et al., 2013). Although
the temperatures of potential nest sites used in this study may not
reflect the exact conditions that females choose, we still selected a
variety of microhabitats that likely encompassed the range of tempera-
tures that are selected by females. Notably, the forested site showed
relatively low thermal variation (Fig. 1), which is indicative of the

Table 2.
Effect of habitat of origin (urban vs forested), incubation treatment (urban vs forested), and their interaction on embryonic development and hatchling morphology of the crested anole
(Anolis cristatellus). Effect sizes (β± SE) were calculated from each analysis, which included transformed data in most cases. Covariates: *egg mass, **snout-vent length, ***body mass
just prior to racing.

Dependent variable Habitat Treatment Interaction

df β ± SE F p β ± SE F p β ± SE F p

Incubation Period 1,88 −0.061 ± 0.051 2.7 0.105 0.182 ± 0.015 152.9 < 0.001 −0.039 ± 0.026 2.2 0.139
Egg survival 1171 −0.055 ± 0.538 0.6 0.499 −0.760 ± 0.396 1.3 0.254 0.812 ± 0.618 1.7 0.190
Snout-vent length (mm)* 1,85 −0.016 ± 0.014 0.7 0.399 0.017 ± 0.011 6.3 0.015 0.013 ± 0.019 0.5 0.502
Mass (g)* 1,85 −0.053 ± 0.030 3.7 0.057 −0.036 ± 0.020 5.6 0.020 0.006 ± 0.034 0.0 0.853
Condition, Mass (g)** 1,85 −0.029 ± 0.034 0.2 0.643 −0.001 ± 0.021 0.8 0.379 0.031 ± 0.036 0.7 0.391
Tail Length (mm) 1,85 0.018 ± 0.025 0.8 0.364 −0.001 ± 0.017 0.0 0.995 0.002 ± 0.029 0.0 0.954

Running performance
Over 25 cm*** 1,62 −0.214 ± 0.238 0.4 0.517 −0.284 ± 0.196 1.2 0.283 0.210 ± 0.328 0.4 0.524
Over 1 m*** 1,56 −0.175 ± 0.180 0.8 0.365 −0.132 ± 0.146 0.3 0.572 0.124 ± 0.244 0.3 0.612
Number of stops 1,63 −1.874 ± 1.356 2.3 0.136 −1.094 ± 1.143 0.5 0.490 0.865 ± 1.905 0.2 0.651
locomotor behavior 1,63 −0.083 ± 0.827 0.1 0.803 −0.231 ± 0.699 0.3 0.618 −0.147 ± 1.214 0.1 0.904
Growth 1,63 −0.001 ± 0.001 2.1 0.153 −0.001 ± 0.0008 3.5 0.067 −0.001 ± 0.001 1.8 0.185
Hatchling survival 1,87 0.125 ± 0.638 0.3 0.587 0.170 ± 0.539 0.4 0.525 0.280 ± 0.972 0.1 0.774
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Fig. 2. Mean incubation duration and 95% confidence intervals for eggs from urban and
forested locations that were incubated under temperatures that mimic nest sites at each
site in Miami for (A) Anolis sagrei and (B) A. cristatellus. The gray points represent raw
data.
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uniform and highly shaded habitat at this site. Overall, we are confident
that the thermal regimes used in this experiment reflect ecologically-
relevant conditions that eggs are likely to experience at each site. Even
so, temperatures may not be extreme enough between urban and
forested sites (possibly due to their close proximity) to elicit site-
specific responses despite large differences in canopy cover and
ambient temperatures at these sites (Kolbe et al., 2016).

A third explanation for the lack of evidence for adaptation to site-
specific thermal environments may involve the timing and patterns of
colonization to Miami, which could influence the degree to which
populations are adapted to current environments. For example, both
species have been present in Miami for relatively short periods (~60
years for A. sagrei and ~40 years for A. cristatellus), and it is unclear
whether thermal adaptation of embryos is likely over these time
periods. However, anoles can exhibit morphological adaptation to
novel environments within this timeframe (Losos et al., 1997; Kolbe
et al., 2012). Indeed, A. cristatellus exhibits morphological adaptations
that confer better performance on artificial substrates in urban areas
(Kolbe et al., 2015; Winchell et al., 2016). However, multiple introduc-
tions and admixture over time (Kolbe et al., 2004) in urban and
forested sites could reduce the likelihood of any population-specific
responses to urban or forested incubation temperatures. Importantly,
the source populations for both these species were likely from urban
environments within their native ranges (Kolbe et al., 2004, 2007),
suggesting that adaptation to urban conditions may have preceded
biological invasion. If adaptation prior to invasion occurred, then
population-specific responses to urban incubation temperatures would
not be expected in their non-native ranges. Studies of survival in urban
and natural post-hatching environments will provide further insights
into the potential for adaptation to urban incubation environments.

Paternal effects may also contribute to phenotypic variation in a
way that reduces the effects of the incubation environment. For
example, males in our breeding colony were rotated among females
(but populations were never mixed), which could result in males siring
offspring from more than one female. Our breeding design could
potentially increase genetic relatedness (and reduce independence)
among offspring, and therefore decrease variation in how embryos
respond to different thermal environments. This possibility could have
been eliminated if each female was paired with a different male over
the duration of the experiment. Despite this possibility, however, it is
unknown whether paternity was truly biased, as females can store
viable sperm for several months (even from mating events in the field
prior collection for to the experiment) (Calsbeek et al., 2007).
Additionally, although our design may have influenced the order of
mating events with males, past work on A. sagrei suggests that mating
order has little impact on siring success (Calsbeek et al., 2007), and
that paternal phenotype has little to no impact on offspring phenotypes
(Warner et al., 2013; but see Cox et al. (2011)). Thus, paternal factors
likely contributed little to variation in our dataset.

Overall, our study provides no evidence for adaptation to urban
thermal environments by embryos of two non-native anole species in
Miami, but suggests that urban conditions are conducive for successful
establishment. Indeed, accelerated developmental rate and possible
increased fecundity in urban environments suggest that these species
may have already been well suited for urban thermal environments.
Moreover, the lack of any site-specific phenotypic response to incuba-
tion temperature suggests that these species are robust to environ-
mental changes. These factors likely contributed the success of A.
sagrei and A. cristatellus in non-native ranges and urban environ-
ments. Studies that further explore the effects of novel early-life
environments on fitness-relevant phenotypes will be critical in under-
standing establishment of populations in non-native ranges and in
human-modified environments.
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