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Abstract Human-modified habitats often harbor
non-native populations and may facilitate the transport
and establishment of invasive species. Disturbed areas
are typically warmer than adjacent natural habitats
(e.g. urban heat island effect), and thus, ectotherms
may benefit from landscape modifications. Although
much research has considered how urban areas
facilitate invasion, greenhouses may enhance success-
ful invasion to rural areas via transport of exotics
through plant shipments and increased temperatures.
However, for non-native species to establish and
become invasive, populations must adapt to the local
climate outside the protection of greenhouses. We
studied a population of non-native lizards (Anolis
sagrei) that have been naturalized for at least 10 years
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in a greenhouse in Opelika, Alabama, USA, which is
far above the northernmost point of the species’
continuous invasive range. The greenhouse was
warmer than adjacent outdoor habitat at all hours of
the day and often reached temperatures above the
critical thermal maximum of lizards. Our measure-
ments of behavior and thermal physiology suggest that
lizards have not physiologically adapted to these novel
conditions, but rather, behavioral modifications likely
allow the population to persist. Moreover, we found no
evidence that lizards are dispersing from the green-
house, and we conclude that this population is
dependent on this structure for survival. While human
structures and human-modified habitats may facilitate
the transport of non-natives, these environments
potentially shield populations from selective pressures
necessary for species to spread throughout non-native
areas. This may contribute to a long lag phase which
characterizes many invasions.

Keywords Anolis - Greenhouse - Invasion biology -
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Introduction
Urbanization creates novel environmental conditions

to which many native species are unable to adapt or
acclimate, resulting in extirpation. Although some
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native species can persist or even thrive in cities
(Gahbauer et al. 2015), urban biodiversity is often
composed of non-native species for several reasons
(McKinney 2006). First, epicenters of human activity
are replete with shipping connections with distant
locations; therefore, the accidental transport of non-
native species is high in urban areas (Davis 1974;
Latellaetal. 2011). Second, structural modifications in
cities alter abiotic conditions (e.g. temperature; Tia-
tragul et al. 2019), which often favor the establishment
of some species over others (McKinney 2006). One
such phenomenon is the “urban heat island effect”,
which is the tendency for urban areas to have warmer
temperatures than surrounding natural habitats (Arn-
field 2003). These increased temperatures can be more
favorable for the establishment of non-native species,
especially ectotherms (Battles and Kolbe 2019).
Because ectotherms rely on environmental heat to
regulate their body temperature, the thermal environ-
ment greatly influences their growth, reproduction,
and survival (Angilletta 2009). Therefore, non-native
ectotherms are likely to establish and spread in areas
with climates like their native range (Bomford et al.
2009; van Wilgen and Richardson 2012). Because the
establishment and spread of non-native ectotherms is
often limited by cold temperatures (Kolbe et al. 2010;
Suzuki-Ohno et al. 2017), the urban heat island effect
may enhance the probability of successful establish-
ment (Leniaud et al. 2009; Suzuki-Ohno et al. 2017,
Wessels et al. 2018). Moreover, urban thermal envi-
ronments can lower the cost of thermoregulation
(Battles and Kolbe 2019), which frees up energy for
growth and reproduction, potentially enhancing inva-
sion success. For some species, however, urban areas
may be too hot during certain hours of day or seasons
of the year, which can restrict the spread of ectotherms
throughout the urban landscape (Kolbe et al. 2016;
Hall and Warner 2018). Populations may mitigate the
effects of these extreme temperatures in several ways.
First, they can behaviorally thermoregulate by using
microhabitats that limit their exposure to suboptimal
temperatures (Vickers et al. 2011; Battles and Kolbe
2019). Alternatively, physiological adaptation or
acclimation can enable ectotherms to tolerate extreme
temperatures. Indeed, physiological responses to
novel thermal environments is well documented in
ectotherms, particularly arthropods (Angilletta et al.
2007; Leal and Gunderson 2012; Logan et al. 2014;
Martin et al. 2019); however, the extent to which urban
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environments facilitate invasion success is less studied
(Hufbauer et al. 2012).

Like cities, greenhouses are human-made structures
that produce unnatural biotic and abiotic conditions,
but on a smaller scale. First, greenhouses are designed
to be warmer than surrounding areas to provide
optimal conditions for year-round plant growth.
Second, greenhouses receive a large quantity of non-
native plants, which can harbor non-native animal
species. For example, the greenhouse frog (Eleuthero-
dactylus planirostris) is named for its widespread
occurrence in greenhouses across the United States
(Somma 2019). Thus, like cities, greenhouses may
serve as springboards for biological invasion; how-
ever, this possibility has received little attention
(Wang et al. 2015). Although greenhouses can serve
as reservoirs for non-native populations (Wang et al.
2015), adaptation to the local climate outside the
protection of greenhouses is required for populations
to become invasive.

The invasion biology of the brown anole (Anolis
sagrei) has received considerable attention. This
small, tropical lizard is native to the Bahamas and
Cuba but has spread to various parts of the world (Tan
and Lim 2012; Norval et al. 2016; Powell et al. 2016).
Most notably, A. sagrei has colonized the southeastern
United States where it was first observed in the Florida
Keys in the 1880s. By the 1940s, A. sagrei was well
established in south Florida, and its present non-native
range is continuous from south Florida to the upper
portion of the Florida peninsula, but many isolated
populations occur outside of this continuous range
(e.g. North and South Carolina, Georgia, Alabama,
Mississippi, Texas, California; Powell et al. 2016).
Brown anoles occur in both natural and urban areas in
their non-native range but are most associated with
urban structures (Battles and Kolbe 2019). Moreover,
abiotic factors associated with urbanization enhance
their growth and reproduction (Thawley and Kolbe
2020). Shipments of plants have likely been a major
contributor to their current distribution (Steffen and
Birkhead 2007; Perry et al. 2008). Indeed, observa-
tions on iNaturalist.com report individuals in plant
nurseries and greenhouses well outside their contin-
uous range, occasionally at high latitudes where this
species is unlikely to persist due to cold winter
temperatures.

An established population of non-native A. sagrei
was discovered at a plant nursery in Opelika,
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Alabama, USA in 2006 (Steffen and Birkhead 2007).
The brown anoles likely arrived via transport of
commercial plants from Florida, and the population
has mainly resided in and around the greenhouse. This
is one of the most northern occurrences of an
established A. sagrei population, even though winter
temperatures in Opelika, AL occasionally fall below
freezing and frequently fall below the critical thermal
minimum (i.e. CT,,;,) of this species (6—12 °C; Kolbe
et al. 2013). Additionally, the greenhouse has not been
in operation, and consequently not ventilated since
spring of 2016, resulting in extremely warm indoor
temperatures during the summer (e.g. > 50 °C) which
exceed the critical thermal maximum (i.e. CT,,,) for
A. sagrei (Kolbe et al. 2013). Although the greenhouse
is not in an urban center, the building represents a
model urban structure surrounded by semi-natural and
natural habitat that experience normal climatic tem-
peratures. Intriguingly, this population potentially
experiences temperatures that exceed the CT,,,x in
summer, as well as the CT,,;, during winter. Thus, this
established population provides an important and
unique opportunity to examine how behavior and
thermal adaptation might facilitate population persis-
tence of a non-native species in a novel, anthropogenic
habitat.

We quantified spatiotemporal variation in thermal
characteristics of the greenhouse and adjacent outdoor
habitat during the summer and examined associations
between thermal variation and lizard habitat use. We
predicted that individuals retreat to microhabitats with
suitable thermal conditions to avoid extreme ambient
temperatures. We also examined the potential for local
thermal adaptation (CT,.x and CT,;,) of lizards by
comparing their thermal physiology to that of brown
anole populations in the southeast United States along
a latitudinal gradient. We considered that CT,,,, of the
greenhouse population may be high compared to other
populations due to unusually warm summer temper-
atures. However, because CT,,.x and CT,,;, likely
covary (Angilletta 2009), positive shifts in CT,,,x may
be constrained by selection favoring lower CT,.
Indeed, the northern latitude of this population may
place significant directional selection on cold toler-
ance due to relatively low winter temperatures. Thus,
although we do not explicitly examine winter temper-
atures in this study, we also quantify whether CT,;,
shifts across latitude. This work is a novel assessment
of how a non-native species responds to unusual

thermal characteristics of anthropogenic structures
that have facilitated their naturalization. Additionally,
this study provides insight on how ectotherms may
respond to increased temperatures in urban centers and
due to climate change.

Materials and methods
Study species

Anolis sagrei is an extremely successful invader and
has dispersed both naturally and via human transport
to many parts of the Caribbean, the south-eastern
United States, and many other places that are well
outside this range (e.g. California, Hawaii, Singapore,
Taiwan; Goldberg and Bursey 2000; Norval and Chen
2012; Mahrdt et al. 2014). Females frequently lay eggs
across a broad reproductive season, offspring mature
within 3-6 months, and the lifespan is generally less
than 2 years (Mitchell et al. 2018). High population
densities (1.2 individuals/m?; Campbell and Echter-
nacht 2003), high fecundity, short time to maturity,
and tolerance of a diversity of microhabitats (espe-
cially disturbed habitats) by both adults and eggs are
characteristics that likely contribute to its success as an
invader (Losos et al. 2003; Tiatragul et al. 2017; Hall
and Warner 2019; Battles and Kolbe 2019). Anolis
sagrei is a diurnal, generalist predator that consumes a
wide variety of invertebrate prey. This species is
considered a “trunk-ground” ecomorph (Losos 2011);
thus, individuals typically perch 1-2 m above the
ground on a vertical surface (e.g. tree trunk) with their
head down, surveying the ground and lower branches
for food. They often move to the ground to forage, and
commonly utilize cover objects (e.g. rocks, logs) and
subterranean retreats to sleep at night or escape
predation (Delaney et al. 2014). Across the non-native
range, this species has potential to cause ecological
harm via competition with native lizards and depre-
dation of native arthropods (Huang et al. 2008; Stuart
et al. 2014; Stroud et al. 2017).

Site description
Our study population resides in a greenhouse at a plant
nursery in Opelika, Alabama (Fig. 1a). The surround-

ing area is mostly rural with a mix of forest, creeks,
farmland, and residential properties. The greenhouse
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Opelika

Fig. 1 a Satellite view via Google Earth of the greenhouse and
surrounding area. Outside surveys were conducted between the
red and blue lines, while inside surveys were within the blue
lines. Note that the greenhouse consisted of seven inter-
connected parallel sections. b Male A. sagrei clinging to a
wood table. ¢ Inside view of the greenhouse with wood tables,
metal pipes, and bare ground. d Map of anole populations
sampled for thermal tolerance trials

has not been well-maintained for several years prior to
the start of our study (e.g., tears in greenhouse walls
and roof). The immediate vicinity outside the green-
house is a combination of ornamental shrubs and trees,
concrete cinderblocks, grassy areas, and a few storage
sheds. The first record of A. sagrei at this site reports a
minimum of 50 adults of both sexes observed over just
1 h of searching (Steffen and Birkhead 2007), which
suggests that this population was large and was present
for several generations prior to its discovery in 2006.

The greenhouse contained seven interconnected
sections that comprised an area of 3300 m” (Fig. 1a).
Airflow was minimal within the greenhouse because
ventilation fans were not functional during our study.
The greenhouse frames were mostly metal, while the
roof and walls were polycarbonate plastic, which
further increased indoor temperature and humidity.
The plastic walls had many slits that enabled lizards
and other animals to move in and out of the
greenhouse. Center aisles within each greenhouse
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structure consisted of tables made from a combination
of wood, metal wire, and/or cinderblocks (Fig. 1b, c).
Plastic pots and flattened cardboard boxes were
scattered on the tables and the ground, which were
often used as retreat sites for lizards. Two concrete
walkways extended along the length of each section;
thus, the substrate was a mix of concrete, exposed soil,
and weed mat overtop soil. Many hollow steel pipes,
that provide structural support for tables, served as
retreat sites that enabled lizards to get beneath the
concrete or travel below ground. Low vegetation was
abundant in areas that received water from leaks in the
roof. Invertebrate prey (e.g. ants, grasshoppers, moths)
were highly abundant.

Temperatures

We placed temperature loggers (Thermochron iBut-
tons; Embedded Data Systems) inside (n = 13) and
outside (n = 6) the greenhouse from 7 June to 31
August, 2016. Each iButton was wrapped in Parafilm
for protection from water damage and solar radiation
and programmed to record hourly. In natural popula-
tions, lizards move among a variety of microhabitats
to thermoregulate (e.g. shade cover, subterranean
retreats, rocks warmed by the sun). Thus, temperature
loggers inside the greenhouse were placed in four
microhabitat types that were commonly used by
lizards based on our preliminary observations: (1)
under cover (n = 2), (2) on wood (n = 3), (3) inside
metal pipes (n =4), or (4) subterranean (n = 4).
Loggers for undercover microhabitats were placed
beneath various objects, such as plastic pots and tarps
that were above ground. Loggers on wood microhab-
itats were placed on wooden tables and stands.
Loggers for metal microhabitats were placed within
pipes that provided structural support for tables,
benches, and the greenhouse. Thus, loggers in the
wood microhabitats were exposed to sun, whereas
those in the pipes tended to be shaded by the wooden
tables, benches, and pipes that enclosed the loggers.
Loggers for subterranean microhabitats were placed
beneath concrete slabs or in holes in the ground that
lizards were commonly observed using as refugia.
Temperature loggers placed outside in the visual
survey area (details below) were either under cover
(e.g. beneath logs) or exposed. Our goal in deploying
iButtons was to quantify the thermal environment
commonly used by lizards (based on our observations)
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and not to quantify the general thermal conditions of
the greenhouse. For example, when we placed iBut-
tons under cover objects or inside metal pipes, we did
not randomly select locations, but chose locations that
we had observed lizards utilize. Additionally, we
recorded air temperatures with a thermocouple
(Omega model HH801A) at chest level outside and
inside the greenhouse before each visual survey
(details below).

To quantify spatiotemporal variation in tempera-
ture, we averaged the mean, minimum, maximum, and
range of temperatures for each day that each logger
was deployed. We used general linear mixed effects
models with these temperature metrics as the response
variables and location (inside vs. outside) as the
independent variable. [Button ID was the random
effect. To compare temperature variables among
microhabitats inside the greenhouse, we performed
similar models, but used microhabitat as the indepen-
dent variable. Because visual encounter surveys
spanned different locations (inside vs. outside) and
times (7:00-18:59), we used a two-way ANOVA to
analyze variation in survey temperature due to both
these factors and their interaction. Time was consid-
ered a factor with three groups: morning (7:00-10:59;
n = 7), mid-day (11:00-14:59; n = 8), and evening
(15:00-18:59; n =6). We used Levene’s test and
visual inspection of the model residuals to assess the
assumptions of ANOVA. We log-transformed survey
temperatures to reduce heteroskedasticity and used
Tukey Post Hoc tests for pairwise comparisons.

To assess the suitability of thermal conditions for
lizards, for each iButton, we calculated the percentage
of typical active hours (i.e., 6:00-20:00) that temper-
atures were within the range of preferred body
temperatures (30-36 °C; Battles and Kolbe 2019).
Henceforth, we refer to this as the PTg.. For A.
sagrei, preferred body temperature does not differ
between populations exposed to different ambient
temperatures (e.g. urban vs. forest; Battles and Kolbe
2019; Thawley et al. 2019). Moreover, across the
native and non-native range, body temperatures tend
to fall within the aforementioned temperature range
(Lister 1976, Losos et al. 1993). Our use of PTpe
makes two notable assumptions. First, we assume that
the iButton temperatures reflect operative body tem-
peratures of lizards. Second, we assume that all
potential microhabitats are equally available for use
by lizards. Although these assumptions are tenuous,

our primary goal was to quantify temperatures of
microhabitats most commonly used by lizards (based
on our observations) and not to quantify the general
thermal conditions of the greenhouse. Thus, although
there are many microhabitats that are not represented
in our temperature data (because we did not randomly
distribute iButtons), these microhabitats were also not
commonly used by lizards. To validate these assump-
tions, we would need to deploy copper lizard models
(rather than iButtons) and randomly deploy tempera-
ture loggers rather than place them strategically.
Therefore, PT,. should only be interpreted as the
percentage of active hours that commonly used
microhabitats are within the preferred body tempera-
ture and not as a proxy of the opportunity for lizards to
thermoregulate. To compare PTy,. between inside
and outside the greenhouse, we performed a general
linear mixed effects model with PTy,,,. as the response
variable and location (inside vs. outside) as the
independent variable. iButton ID was the random
effect. To compare PTy;;,,c among microhabitats inside
the greenhouse, we performed a similar model, but
using microhabitat as the independent variable.

Visual surveys

We conducted 21 visual surveys from 28 May to 8
August, 2016 (Supplemental Table S1). Surveys were
conducted at various times during the day (i.e.
morning, afternoon, evening) so we could quantify
daily variation in lizard behavior. Before each survey,
we recorded the air temperature inside and outside of
the greenhouse. To conduct surveys, a single individ-
val slowly walked through each section of the
greenhouse and the surrounding outside area while
carefully searching for lizards. Each survey took
approximately 30 min. The inside and outside areas
that were surveyed were 3300 m*> and 2600 m?,
respectively (Fig. 1a). Since there were seven inter-
connected sections of the greenhouse, we randomized
the order of the sections we walked through during
each survey. Upon observing a lizard, we recorded its
location (e.g. inside vs. outside the greenhouse) and
the substrate it was on. We walked through each
compartment once during each survey to minimize the
chance of double counting lizards.

To quantify the effects of location (inside vs.
outside), time (morning, mid-day, evening) and their
interaction on lizard activity (indexed by counts
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Table 1 Mean monthly mean, minimum, and maximum temperatures of the past 10 years from weather stations near brown anole

populations included in this study

Locality Collection coordinates Weather station 10-year mean (°C) 10-year min, max (°C)
Opelika, AL (Greenhouse) 32.5663, — 85.3588 USC00010425 17.81 11.85, 23.62
Tifton, GA 31.4477, — 83.5331 USC00098703 18.46 12.12, 24.79
Palm Coast, FL 29.6004, — 81.1966 USC00086767 21.44 16.64, 26.20
Miami, FL 25.6768, — 80.2768 USC00085667 24.78 20.50, 29.05

Temperatures from weather stations were extracted from the National Climatic Data Center. All weather stations were within 15 km
of each study population. See Fig. 1d for a map of the study populations

during surveys), we initially used a generalized linear
model with a Poisson distribution. Due to mild
overdispersion (dispersion parameter = 1.84), we fit
our final model with a quasi-Poisson distribution. To
determine if extreme temperatures inside the green-
house reduced lizard activity, we tested for a relation-
ship between temperature and the total number of
lizards sighted during each survey using two separate
generalized linear models: one for surveys inside the
greenhouse and one for outside surveys. These also
assumed a quasi-Poisson distribution due to mild
overdispersion (dispersion parameters = 1.37, 2.42).

To assess how microhabitat use was influenced by
temperature inside the greenhouse, we divided the
substrates on which lizards were seen into three
microhabitat categories: ground, wood, or metal.
Ground included lizards standing on the ground or
on horizontal substrates resting on the ground (e.g.
bricks, weed mat, grass, concrete walkways). Wood
and metal are the structures from which tables and
benches were constructed, so these categories
included lizards perched above ground on tables.
Two lizards were perched on small shrubs growing in
the greenhouse. These were included in the wood
category. We performed a multinomial logistic
regression with perch microhabitat as the response
variable and air temperature inside the greenhouse as
the independent variable to quantify how air temper-
ature influenced microhabitat use.

Thermal tolerances
To quantify potential thermal adaptation, we measured
the CT,.x and CTy;, of A. sagrei from the greenhouse

and from three other non-native populations collected
across a broad latitude within the invasive range in
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Florida and Georgia (Fig. 1d). CT,,,x and CT,;, are
the upper and lower body temperatures at which a
lizard loses its righting response (i.e. cannot right
themselves after being placed on their back; Lutter-
schmidt and Hutchison 1997).

We collected adult male (2.8-8.1 g) A. sagrei from
the Opelika, AL greenhouse on 9 April 2016 (n = 14),
Miami, FL on 9 April 2016 (n = 16), Palm Coast, FL
on 1 April 2016 (n = 18), and Tifton, GA on 9 May
2016 (n = 17). Like the focal study population, the A.
sagrei population in Tifton, GA is disjunct from the
continuous invasive range in Florida, and Tifton and
Opelika experience similar temperatures (Table 1).
Additionally, lizards from Tifton, GA were captured
on the outside of hotel buildings and are likely reliant
on these structures for winter survival at this latitude
(AH, JMH personal observation). Miami, FL is near
the first point of colonization of A. sagrei into Florida
and experiences the warmest temperatures among our
study populations (Table 1). Latitudinally, Palm
Coast, FL is approximately mid-way between Miami,
FL and Opelika, AL and experiences intermediate
temperatures (Table 1).

Lizards were transported to Auburn University and
kept in ReptiBreeze screen cages (46 x 46 x 91 cm)
at a room temperature of 25 °C. Each cage consisted
of multiple bamboo perches, fresh cut branches from
landscaping bushes, and plastic vines. Five or six
lizards were housed in each cage. We provided each
cage with three crickets per lizard (dusted with
vitamins and calcium) twice weekly, and cages were
misted with water daily. Lights (Reptisun 5.0 UVB
and Tropic Sun 5500 K daylight bulbs, Zoo Med Inc.)
were kept on a 12-h photoperiod. To reduce field
effects on thermal tolerances, we acclimated lizards
for 2 weeks before conducting trials (Leal and
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Gunderson 2012; Kolbe et al. 2013). We fasted lizards
for 48 h before each trial to reduce effects of food
availability on our measures of CT,,;, and CT,.,
although fasting does not influence thermal tolerance
in another species of lizard (Gilbert and Miles 2016).

After 2 weeks of acclimation, individuals were
randomly assigned by coinflip to be tested for CT,x
or CT,,;» on the first day, and the other measurement
on the next day. Before measuring CT ., most lizards
were kept inside a VWR INCU-line incubator for ~
60 min at 37 °C, which is 6 °C lower than the mean
CT,,ax of brown anoles (Kolbe et al. 2013). However,
for logistical reasons many of the Palm Coast lizards
were held in the incubator for a variety of durations
(60-120 min). Lizards were placed in small, plastic
containers (GladWare Designer Series Rectangular
Containers with Lids, UPC:0001258778514) while
inside the incubator. We drilled a small hole in a
waterproof case (Pelican 1040 Micro Case Series,
model number: 1040-025-100) and threaded a ther-
mocouple wire inside the case. Each lizard was
removed from the incubator and transferred from the
plastic container to the open case. To measure lizard
body temperature, we inserted the thermocouple probe
1 cm into each lizard’s cloaca and held the probe in
place with surgical tape (Leal and Gunderson 2012;
Campbell-Staton et al. 2016). We raised body tem-
peratures by approximately 1 °C per minute by
holding the case containing the lizard above a 60-W
heat lamp (Kolbe et al. 2013). To later calculate
warming rates, we recorded cloacal temperatures
every 15 s. Each time the lizard temperature increased
by 1 °C, the lizard was flipped on its back by turning
the container upside down. CT,,,,x was determined as
the temperature that the lizard could not right itself
within 30 s (Kolbe et al. 2013; Campbell-Staton et al.
2016). If the lizard righted itself before 30 s, we
continued to increase its body temperature (Kolbe
et al. 2013; Campbell-Staton et al. 2016).

Before testing for CT,;,, lizards were placed inside
a watertight container and kept inside a VWR
circulating water bath for ~ 60 min at 16 °C, which
is 3 to 6 °C warmer than the mean CT,,;, of brown
anoles (Kolbe et al. 2013). However, for logistical
reasons, many of the Palm Coast lizards were held in
the water bath for a variety of durations (60—120 min).
We determined CT,,;, in the same manner as CT,,,,
except we attempted to decrease lizard body temper-
atures by approximately 1 °C per minute by placing

the case containing the lizard in a cooler filled with ice.
To later calculate cooling rates, we recorded cloacal
temperatures every 15 s.

One lizard from Palm Coast and one from Opelika
died during or shortly after trials, and these were
excluded from analyses. For each anole, we calculated
the temperature difference for every 15 s interval,
which gave us a set of warming or cooling rates for
each lizard with A°C/15 s as units, which we then
averaged and converted to A °C/min. We performed
two Analyses of Covariance (ANCOVA): one to
determine effects of locality on CT,,,x and one for
CTin- Body mass (g), warming rate (A °C/min), and
pre-trial duration were covariates. Initially, we also
included all possible interactions between locality and
covariates; however, in a backwards stepwise fashion,
we dropped interaction terms from the final model if
they were not statistically significant (alpha = 0.05).

Results
Temperatures

The average daily minimum, mean, maximum, and
range of temperatures were 1.9, 3.6, 7.57, and 5.67 °C
greater inside the greenhouse than outside, respec-
tively (Fig. 2a); however, only the effect on mean
temperature was statistically clear (Table 2). Given
these large effects, the lack of statistical significance is
likely due to low sample sizes. Moreover, tempera-
tures varied considerably among microhabitats within
the greenhouse; however, these differences were
primarily between the subterranean microhabitat and
the other locations. Subterranean sites had cooler
mean and maximum temperatures and a smaller
temperature range; however, the minimum tempera-
ture of subterranean sites was warmer than all other
microhabitats (Table 3). The effect of microhabitat on
mean temperature was not statistically clear (Table 3).

During visual surveys, temperatures were warmer
inside the greenhouse than outside (Fj3; = 11.39,
p = 0.017) (Fig. 2a). Mean (£ S.E.) temperatures for
inside and outside the greenhouse were 37.76 (£ 1.77)
°C and 29.14 (4 0.82) °C, respectively. Survey
temperatures  differed among time  groups
(Fy32 = 6.33, p < 0.001), where mid-day
(11:00-14:59) and evening (15:00-18:59) tempera-
tures were warmer than morning temperatures
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Fig. 2 Summer temperatures throughout the day at the
greenhouse. Vertical dotted lines denote the boundary between
time groups (morning, mid-day, evening) from visual surveys.
Shaded areas represent the preferred body temperatures of A.
sagrei (30-36 °C; Battles and Kolbe 2019). a Inside and outside
temperatures at the greenhouse. The lines represent mean

temperatures from hourly iButton logger recordings from June 7
to August 31, 2016. The points represent air temperatures taken
before visual surveys. b Mean hourly substrate temperatures
inside the greenhouse from iButton logger recordings from June
7 to August 31, 2016

Table 2 Estimated marginal means (£ S.E.) for temperatures (°C) from iButton loggers inside and outside the greenhouse

Temperature Inside

Outside Welch’ t test result

Daily minimum 23.52 (£ 0.51)
32.34 (£ 0.54)
48.88 (£ 2.16)

25.36 (£ 2.51)

Daily mean
Daily maximum

Daily range

21.62 (£ 0.75)
28.74 (£ 0.74)
4131 (£ 3.18)
19.69 (£ 3.69)

t;7 = — 2.09, p = 0.052
tyy = — 3.77, p = 0.002
ti7 = — 1.97, p = 0.065
t; = — 1.27, p = 0221

Across all iButtons, we averaged the daily mean, daily minimum, daily maximum, and daily range of temperatures. Bold text denotes

statistical significance (alpha = 0.05)

(7:00-10:59) (p < 0.001, p =0.007, respectively)
(Fig. 2a). The mean (£ S.E.) survey temperatures
during morning, mid-day, and evening were 28.74
(£ 1.55) °C, 37.41 (£ 2.01) °C, 34.76 (& 2.08) °C,

@ Springer

respectively. The interaction between time group and
location did not influence survey temperatures
(Fp32 =234, p =0.113).
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Table 3 Mean (£ S.E.) daily temperatures from iButton loggers in variable microhabitats from inside the greenhouse

Mean daily Under cover Metal Subterranean Wood ANOVA result
Minimum 22.72 (£ 0.79)* 2231 (£ 0.56)* 26.09 (£ 0.56)° 22.24 (£ 0.65)* F39 = 10.14, p = 0.003
Mean 32.96 (£ 1.17)* 32.17 (£ 0.83)* 30.80 (+ 0.83)* 34.23 (£ 0.96)* F39 =2.56, p = 0.120
Maximum 52.97 (£ 2.84)* 50.55 (£ 2.01)* 39.33 (& 2.01)° 56.68 (£ 2.32)* Fi9 = 12.23, p = 0.002
Range 30.25 (£ 2.67)* 28.24 (+ 1.89)" 13.24 (£ 1.89)° 34.44 (£ 2.18)* F30 = 21.40, p < 0.001

To calculate mean daily temperatures, we averaged the mean, minimum, maximum, and range of temperatures for each day that each
iButton was deployed. Lowercase letters represent significant differences (p < 0.05) among microhabitats based on Tukey Post-Hoc

tests

The PTy ., outside the greenhouse was 33.0%
(£ 3.8 S.E.) which was 6.7% (£ 6.8 S.E.) greater than
inside, but this difference was not statistically signif-
icant (t;; = 1.0; p = 0.33) (Fig. 2a). We suspected this
lack of effect might be due to subterranean temper-
atures inside the greenhouse being much cooler than
the other microhabitats (see Fig. 2b), so we repeated
the analysis without the subterranean temperatures.
PTime Was then 14.3% (£ 5.3 S.E.) greater outside
versus inside (t;3 = 2.7; p = 0.02). The PT,, inside
the greenhouse differed among  substrates
(F39 = 20.11, p = 0.0003). Post hoc analysis revealed
that metal, under cover, and wood did not differ from
one another in PT,,.; however, all three had a lower
PTime than subterranean (all p < 0.002). PTyne
(£ SEE.) was 195 (£2.6), 184 (£3.7), 179
(£ 3.0), and 43.2 (& 2.6) % for metal, under cover,
wood, and subterranean, respectively (Fig. 2b).

Visual surveys

The number of anoles observed per survey was 2.99
(1.11-8.08; 95% C.L.) times greater inside (n = 67)
the greenhouse than outside (n =27) (p = 0.033;
Fig. 3). Inside the greenhouse, we observed fewer
anoles during mid-day than in the morning or evening;
however, this was not statistically significant
(Xz =2.38; df =2; p =0.30; Fig. 3). Additionally,
the interaction between location and time did not
influence the number of anoles observed per survey
(x* = 3.19; df = 2; p = 0.20).

We observed a negative correlation between survey
temperature and number of lizards observed inside the
greenhouse: for each 1 °C decrease in survey temper-
ature, we observed 1.06 (1.02-1.10, 95% CL;
p = 0.005) times as many lizards (Fig. 4a). There

8.
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2
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0 ° I I
Mor'ning Mid:day Evelning
Time Group

Fig. 3 Counts of Anolis sagrei inside (grey bars) and outside
(white bars) the greenhouse from surveys conducted during
morning (7:00-10:59), mid-day (11:00-14:59), and evening
(15:00-18:59) hours. Box plots show the median value (line
within box), middle 50% of data (box), and values within 1.5
times the interquartile range (whiskers), with individual points
as outlying data

was, however, no relationship between temperature
and the number of lizards observed outside the
greenhouse (X2 =0.11; df = 1; p = 0.75). Air temper-
ature influenced microhabitat use inside the green-
house: at warmer temperatures, lizards were more
likely found on the ground than on wood or metal
(Fig. 4b). For every 1 °C increase in air temperature,
lizards were 1.63 (£ 1.22 SE) and 1.12 (£ 1.04 SE)
times as likely to perch on the ground than metal
(z=-241; p=002) or wood (z=-— 273
p = 0.01), respectively. For each 1 °C increase in
temperature, lizards were 1.45 (& 1.22 SE) times as

@ Springer



2026

A. C. Hulbert et al.

Anole Count
D

0 om 0O o o ° °

25 30 35 40 45 50
Air Temperature (°C)

1.0
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0.0

Probability

25 30 35 40 45 50
Air Temperature (°C)

Fig. 4 Relationships between air temperature and a anoles
sighted during surveys and b anole microhabitat usage.
a Number of anoles seen inside (closed circles) and outside
(open circles) the greenhouse versus survey temperature. The
solid line shows the model estimates for lizard count inside the
greenhouse versus temperature. Dotted lines show 95% CI, and
circles show the raw data. The relationship between lizard count
and temperature was not significant outside the greenhouse (see
results). b The probability of a lizard being sited on a
microhabitat against air temperature. Symbols show raw data
for ground (closed circles), wood (open circles), and metal
(triangles). Each symbol represents a single lizard sited at a
particular temperature; thus, y values have no meaning for the
raw data points. Data are jittered to reduce over plotting

likely to perch on wood than metal, but this was not
significant (z = — 1.87; p = 0.06).
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Thermal tolerances

Heat tolerance did not vary among localities
(Table 4). The mean (+ S.E.) CT,,,x measurements
for the Opelika greenhouse, Tifton, Palm Coast, and
Miami anoles were 43.16 (& 0.31) °C, 42.48 (£ 0.27)
°C, 43.18 (£ 0.20), and 43.52 (£ 0.12) °C, respec-
tively (Fig. 5a). Neither warming rate, incubator
duration, nor body mass influenced CT,,,x (Table 4).

Cold tolerance did not differ among localities
(Table 4). After adjusting for cooling rate, the mean
(£ S.E.) CT,;, measurements for the Opelika green-
house, Tifton, Palm Coast and Miami lizards were
9.74 (£ 0.50) °C, 8.95 (£ 0.48) °C, 8.76 (£ 0.47) °C,
and 8.74 (£ 0.48) °C, respectively (Fig. 5b). Cooling
rate influenced CT,;, (Table 4). For every 0.2 °C/min
decrease in cooling rate, we observed a 1.17
(£ 0.39; £ S.E.) °C increase in CT,;, (Supplemental
Fig. S1). Neither body mass nor water bath duration
influenced CT,;, (Table 4).

Discussion

The establishment and spread of non-native species
can be facilitated by human structures due to the
creation of novel thermal environments and high rates
of shipping (Locey and Stone 2006; McKinney 2006).
Although large urban areas, such as cities, are often the
focus of invasion studies, greenhouses also serve as a
reservoir of non-native species due, in part, to their
warm temperatures (Wang et al. 2015). We quantified
spatiotemporal variation in thermal characteristics of a
greenhouse inhabited by a non-native lizard. We found
that summer temperatures inside the greenhouse were
much warmer than outside temperatures and often
exceeded the CT,,. of brown anoles. Moreover,
inside the greenhouse, temperatures of commonly
used microhabitats were outside the range of preferred
body temperatures for brown anoles throughout much
of the day, except in subterranean retreats. Regardless,
A. sagrei were observed more frequently inside the
greenhouse than outside, even at times when temper-
atures were extremely hot. The thermal physiology of
our study population did not differ from those of other
populations, suggesting that brown anoles might
mitigate the adverse effects of extremely warm
temperatures via behavioral, rather than physiological
means.
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Table 4 Results from Type Thermal Tolerance Effect Effect df Residual df F P

III ANOVA on effect of

locality, rate of temperature CToax Locality 3 58 251 0.067

change, and body mass on Warming rate 1 58 134 0252

thermal tolerances of Anolis

sagrei Body mass 1 58 1.85 0.179
Incubator Duration 1 58 0.43 0.425

CTin Locality 3 58 1.10 0.355

Cooling rate 1 58 8.36 0.005
Body mass 1 58 0.51 0.476

Bold p values denote Water Bath Duration 1 58 191 0.172

statistical significance

Despite the extremely warm and suboptimal tem-
peratures inside the greenhouse, we observed more
anoles inside than outside. The extreme thermal
environment inside the greenhouse must be costly to
these lizards. Not only was the greenhouse warmer
than the surrounding habitat which should reduce the
time available for foraging, air temperatures much
more closely matched surface temperatures inside the
greenhouse compared to outside (Fig. 2a). Excepting
the subterranean habitat, commonly used microhabi-
tats in the greenhouse were somewhat thermally
homogenous, which could make thermoregulation
more costly compared to a heterogenous environment
(Huey and Slatkin 1976, Basson et al. 2017). More-
over, the only microhabitat inside the greenhouse with
a high percentage of PTy,,. were the subterranean
spaces. Thus, for much of the day, lizards probably
shelter underground or shuttle between shelter and
open spaces to maintain preferred body temperatures.
These activities would come at costs due to reduced
foraging time and/or increased energy expenditure on
thermoregulation (Sinervo et al. 2010; Basson et al.
2017). Because lizards were concentrated inside the
greenhouse, these potential costs are likely matched by
significant benefits. The greenhouse likely reduces
predation pressure by excluding many potential
predators (e.g. birds; though some predators were
observed—i.e. snakes), and food appeared to be highly
abundant inside the greenhouse. Lizards may also
benefit from reduced competition with native wildlife.
Although we regularly encountered a diversity of
native competitors in the greenhouse (Supplemental
Table S2), brown anoles were by far the most abundant
species. Brown anoles appear much better able to
exploit this disturbed habitat than native lizards (e.g.
green anoles, Anolis carolinensis). The ability of this
population to grow so prolifically in this environment

is a testament to their hardiness in disturbed areas,
which certainly contributes to their success as
invaders.

We saw no evidence of brown anoles shuttling
outside the greenhouse to avoid extreme temperatures,
but we observed an inverse relationship between anole
sightings and temperature inside the greenhouse
(Fig. 4). Moreover, lizards were much more likely to
be seen on or near the ground when temperatures were
warm. Given the proximity of ground microhabitat to
subterranean retreats, they might move to these cooler
microhabitats to avoid the hottest hours of the day.
Additionally, anoles may be transferring body heat to
the cooler ground via conduction. Such behavioral
flexibility can allow populations to adjust to novel
conditions and may be a common trait among invasive
species (Wright et al. 2010; Stroud et al. 2019).
Moreover, changes in behavior are often a first step in
the invasion process and may precede adaptive
responses in physiology (Webb et al. 2014). Impor-
tantly, however, while temperatures measured with
iButtons provide information about the thermal con-
ditions of each microhabitat, we do not know the
operative temperatures of the lizards, which may have
been lower than what was measured in each micro-
habitat. Indeed, on two occasions, we opportunisti-
cally measured lizard body temperatures and found
that body temperatures were substantially lower than
the air temperature inside the greenhouse; however,
body temperatures were greater inside than outside the
greenhouse (Supplemental Table S3). Overall, our
observations of behavior may explain, in part, why we
found no evidence for differences in thermal physiol-
ogy (which would be suggestive of thermal adapta-
tion) in our study population compared to other
populations.
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Fig. 5 Boxplots of critical thermal maxima (a) and critical
thermal minima (b) of Anolis sagrei populations. Box plots
show the median value (line within box), middle 50% of data
(box), and values within 1.5 times the interquartile range
(whiskers), with individual points as outlying data

Neither CT,,,x nor CT,,;, differed between the
greenhouse population and other invasive populations.
Although thermal physiology of A. sagrei can rapidly
adapt to novel conditions (Logan et al. 2014), thermal
physiology and behavior exhibit low additive genetic
variation (Logan et al. 2018), which can constrain the
pace of adaptation (but see Martin et al. 2019; Logan
et al. 2019). The lack of physiological adaptation in
CT,ax provides additional evidence that lizards utilize
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behavioral adjustments to deal with extremely hot
temperatures. Likely, A. sagrei are seeking cooler
microhabitats, such as subterranean crevices, inside
the greenhouse for refuges, which shields them from
selection on thermal physiology (Huey et al. 2003).
Indeed, our anecdotal observations of lizards emerg-
ing from inside pipes and beneath concrete sidewalks
supports this speculation. Upper thermal tolerance is
thought to be relatively conserved, so strong selection
would be required for the adaptation of this trait
(Hoffmann et al. 2013). We also found no evidence of
adaptation to cold temperatures, which would be
necessary for our population to spread to the rural area
outside the greenhouse. Opelika commonly experi-
ences winter temperatures that fall below the lower
thermal limits of A. sagrei. Although we did not
quantify winter temperatures in the greenhouse, air
temperatures inside the greenhouse likely stay above
the lizard’s CT,,;,, since the greenhouse traps heat
from solar radiation in the winter (Wang et al. 2015).
Additionally, thermally stable greenhouse microhab-
itats, such as subterranean crevices, likely serve as
ideal refuges for A. sagrei during the winter, even if
temperatures drop close to the lizards’ lower thermal
tolerances. One caveat of our study is that we only
measured CT,,., and CT,,;,, while other aspects of
ectotherm physiology, such as optimal performance
temperatures, preferred body temperature, field body
temperatures, thermal tolerance breadth or the thermal
sensitivity of metabolism might have been responsive
to selection.

Since minimum temperatures are major limits on
the spread and establishment of non-native ectotherms
(Kolbe et al. 2010; Suzuki-Ohno et al. 2017), the
thermal buffering of the greenhouse is likely respon-
sible for the establishment of this northern A. sagrei
population. Virtually nothing is known about how
brown anoles utilize human structures to survive
winter temperatures; however, the Mediterranean
gecko (Hemidactylus turcicus) is a small, nocturnal
lizard that is naturalized on a global scale. These
lizards depend heavily on human structures to survive
winter temperatures; consequently, their diffusion
dispersal is slow, and they almost never invade natural
habitats in their non-native range (Locey and Stone
2006). We expect that brown anoles follow a similar
invasion process whereby jump dispersal to northern
latitudes is facilitated by humans, but once estab-
lished, populations remain dependent on human
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structures for survival. The Tifton, GA population
provides additional support for this hypothesis. ACH
and JMH collected these specimens from hotel
buildings. Lizards utilized crevices in the buildings
as retreats. Despite thoroughly searching the area, we
found no lizards away from buildings. This population
has been established since at least the early 1990’s
(Kolbe et al. 2013), yet the lizards have not spread into
the surrounding landscape. Like the greenhouse pop-
ulation, the lizards in Tifton are likely dependent on
human structures for winter survival. Had these
introductions occurred in more urbanized areas, the
spread of these lizards would probably have been more
extensive.

Much research in urban ecology and invasion
biology assumes that human-altered landscapes facil-
itate the invasion of non-native species (e.g. Hufbauer
et al. 2012; Battles and Kolbe 2019). Our research,
however, implies that these novel habitats might
simply shield non-native species from the very selec-
tive pressures that are required for them to adapt to the
local climate. Often, urban populations are character-
ized by smaller home ranges and increased population
density, and many reasons have been given for these
phenomena (e.g. increased density of food) (Fernan-
dez-Juricic 2001; Chamberlain et al. 2009; Lowry et al.
2013). In our study system, we expect there is strong
selection against dispersal of lizards far from the
greenhouse since local thermal conditions (i.e. winter
temperatures) are unfavorable for long-term survival.
Indeed, soon after our study, a severe storm removed
the roof from the greenhouse, and the population
appears to have gone extinct over the subsequent
winter (Warner et al. 2019). This evidence further
illustrates the important role the greenhouse played in
facilitating persistence of this invasive population. In
addition to the surveys reported here, we have on
numerous occasions searched for brown anoles far
from the greenhouse (i.e. up to 30 m) and almost never
find brown anoles at this distance, despite observing
native lizards. Selection against dispersal may result in
reduced home range size. It is, thus, conceivable that
greenhouses do not facilitate biological invasion per
se, but rather provide a habitat for naturalization.
Through random mutation, alleles that increase cold-
tolerance may appear in the population; however, if the
greenhouse buffers individuals against the cold, there
will be little selective pressure to propagate those novel
genes in future generations unless cold-adapted

genotypes are able to disperse to novel areas that
might increase fitness. In addition, it is unlikely that
standing genetic variation in thermal physiology traits
is great enough for selection to effectively operate
given that winter temperatures drop far below what A.
sagrei can tolerate. Moreover, many generations of
strong selection against dispersal would reduce the
likelihood that potentially cold-hardy individuals
would travel far from the greenhouse. If our green-
house, which could be considered a microcosm for
human-altered habitat at a grander scale, does facilitate
biological invasion, then the pace at which it does so
may be rather slow for these reasons.

North of their continuous range, brown anoles
likely depend on human structures for survival, and
their use of these structures may limit physiological
adaptation to local conditions. Our focal population
clearly inhabits a novel thermal landscape that expe-
riences temperatures well above and below their
thermal limits. As such, behavioral flexibility and
use of human structures may be necessary to avoid and
mitigate the costs associated with such thermal
extremes. We conclude that human altered habitats
may enhance the probability of naturalization of non-
native species, but adaptation to surrounding natural
areas may be slow if these habitats shield populations
from selection on thermal traits. This could potentially
increase the lag time that precedes invasion.
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