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ABSTRACT
DETERMINING HOW ANTHROPOGENIC CHANGE FILTERS BIOLOGICAL COMMUNITIES AND HOW

SPECIES MODIFY THEIR TRAITS IN RESPONSE TO URBANIZATION

Kristopher Warren Row
The University of Texas at Arlington, 2023

Supervising Professor: Luke O. Frishkoff, PhD

Humans are significantly altering the environment at an alarming pace, leading to a reduction in
species diversity. This transformation has created modified habitats where some species
struggle to survive, while a few others not only manage to survive but thrive. One of the most
drastic forms of habitat modification is urbanization, which is spreading worldwide and
contributing to the decline of biodiversity. Urbanization has given rise to urban-tolerant species
that differ ecologically from species that avoid urban areas across various niche dimensions.
These urban-tolerant species must adapt to changes in food sources, microhabitat conditions,
and alterations in physical habitat structures. The focus of my dissertation is to investigate the
impact of urbanization on morphological and dietary changes in lizard populations. First, | aim
to identify and characterize specific morphological traits associated with urbanization by
determining how ecological filters are shaping urban lizard communities. Secondly, | will
determine if lizard species inhabiting urban environments are undergoing phenotypic changes

and categorize these changes as convergent, divergent, or idiosyncratic. Lastly, | will assess



whether dietary niche breadth is expanding or contracting in urban environments compared to

natural ones.
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CHAPTER 1:

INTRODUCTION

The transformation of natural habitats into urban areas due to human activities
represents a significant driver of biodiversity loss (Brooks et al., 2002; Pereira et al., 2012;
Newbold et al., 2015). Urbanization, a particularly drastic form of habitat modification, is
expanding globally and is becoming an increasingly significant factor contributing to declines in
biodiversity. The human population living in urban areas has increased significantly, from 751
million in 1950 to 4.2 billion today, representing 55% of the world's population. It is projected
to grow by an additional 2.5 billion by 2050 (United Nations, 2018). As urban areas replace
natural habitats, substantial biodiversity losses occur, often resulting in a decrease in species
richness by more than 50% (Newbold et al., 2015). The environmental changes triggered by
human-mediated habitat conversion led to significant alterations in ecological conditions,
favoring the loss of locally endemic species and promoting the proliferation of a few species

that thrive in human-altered environments (McKinney & Lockwood, 1999).

Urban-tolerant species likely differ ecologically from species that avoid urban areas
along multiple niche dimensions. Urban species must adapt to changes in food sources (Reznick
& Ghalambor, 2001), microhabitat conditions (including light pollution and temperature
increase; (Shochat et al., 2006)), and physical habitat structure (McKinney, 2002). It has been
suggested that these environmental changes act as an environmental filter, limiting the

presence of species based on their biological traits (Clergeau et al., 2005). Environmental



filtering is considered a preliminary step in understanding community assembly before the

processes addressed by coexistence theory (Kraft et al., 2015).

Morphology plays a crucial role in establishing the connection between an organism's
physical traits and its ability to thrive in natural environments. In human-altered ecosystems,
understanding how morphology contributes to ecological success is vital for comprehending the
structure of flourishing urban communities. Existing research has primarily focused on
examining the morphological changes within individual species as they adapt to urban settings,
thereby showcasing adaptive evolution in response to novel habitats (Marnocha et al., 2011,
Winchell et al., 2016; Putman et al., 2019). However, there remains a significant gap in our
understanding of how morphology influences entire communities in urban environments.
Drawing inspiration from similar approaches used in other systems, such as Mediterranean fish,
where morphology helps predict successful species invasions in communities (Azzurro et al.,
2014), we aim to investigate which morphological traits are associated with urban success. Our
strategy involves categorizing species morphospaces, representing all possible organism
morphologies, with each axis corresponding to distinct shape or morphological characteristics
(Mitteroecker & Huttegger, 2009). By comparing these morphospaces between species that
persist in urban environments and those that do not, we seek to unravel the role of

morphology in shaping urban communities.

Previous research on convergent evolution has revealed that over long periods,
evolution can surprisingly exhibit predictability (Mahler et al., 2013; Hart et al., 2018). However,
it remains uncertain whether rapid environmental changes will trigger convergent physiological

evolution across species as they strive to adapt. This question poses an intriguing area for



exploration, as the impact of swift environmental transformations on convergent evolution is

yet to be fully understood.

A crucial determinant of how successful a species will be in a novel environment lies in
its dietary interactions with existing resources (Baiser et al., 2010). Notably, insects serve as a
primary dietary component for many other species, but unfortunately, their populations are
declining worldwide, primarily due to habitat loss (Sdnchez-Bayo & Wyckhuys, 2019). The
dynamics of a species' dietary niche space are intricately tied to the availability of prey
resources (Macarthur & Pianka, 1966; Schoener, 1971). Consequently, when the abundance of
food changes, predators are expected to also alter their dietary niche (Stephens et al., 2019).
The ongoing decline in insect populations could potentially reshape the dietary preferences and
interactions of various predators, leading to significant shifts in the structure and functioning of
ecological communities. Understanding these cascading effects is essential for predicting the

broader implications of insect declines on the stability and dynamics of ecosystems.

My dissertation focuses on exploring how urbanization impacts community assembly,
specifically in relation to multiple lizard species distributed across Texas. Lizards are chosen as
the primary subjects of investigation for three key reasons. Firstly, considerable prior research
has extensively studied the correlation between lizards, their adaptive traits, and the
environment (Losos, 2009; Luxbacher & Knouft, 2009; Kaliontzopoulou et al., 2010). Secondly,
lizards have demonstrated a remarkable ability to swiftly adapt in response to sudden
environmental changes (Kolbe et al., 2012; Eloy De Amorim et al., 2017). Lastly, numerous
lizard species are frequently found thriving in urban settings, where they often occupy man-

made structures in significant numbers (Perry et al., 2008; Meshaka Jr, 2011; Winchell et al.,



2018). In Chapter 2, | asses the morphological constraints imposed by urban environments on
lizard communities to understand how urbanization filters species based on their physical traits.
In Chapter 3, | determine if urban lizards undergo phenotypic changes, and if so, examining
whether these changes lead to (a) species approaching a global optimum and becoming more
similar, (b) species showing phenotypic changes towards multiple local optima, forming groups
of more similar species, or (c) species undergoing idiosyncratic phenotypic changes. In Chapter
4, | Identify the impact of urbanization on dietary niche breadth by comparing the insect family

consumption of lizards in urban areas to those in natural habitats.
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ABSTRACT

Habitat conversion in general, and urbanization in particular, are thought to create ecological
filters that eliminate some species while simultaneously replacing them with others that thrive
under novel conditions. The specific nature of these filters is unclear, but morphology may play
an important role. Here, we seek to assess which lizard morphologies are favored in urban
habitats. We quantified 17 linear measurements of morphology from museum specimens from
37 lizard species from across the continental United States. We then correlate these
morphological measurements with the relative incidence of observations in urban versus non-
urban environments from the citizen science database iNaturalist to determine whether
particular morphologies predispose species to tolerate urban environments. We then use
functional diversity and morphospace volume metrics to quantify both the total amount of
unique morphological diversity represented by urban associated species, versus those
restricted to natural areas. Based on our results morphology appears to be filtering lizard
species from urban environments. Specifically, species with intermediate body sizes and
relative tails lengths, as well as larger heads and shorter hind-limbs were more likely to occupy
urban zones. As a result of this filtering, there was substantially diminished morphological
diversity among urban tolerant species. While natural restricted species had a high amount of
morphological diversity that was unrepresented in urban tolerant species, most urban species’
morphologies were shared by natural restricted ones. Only a small subset of morphologies
found in natural environments persist in urban ones, but urban lizards do possess a small
number of unique morphological features that may facilitate their success. Strong selection

pressures in evolutionarily novel environments are not only diminishing species diversity but

10



pruning phenotypic diversity to favor a much smaller subset of functional possibilities. Due to
the connection between phenotype and function, such diminished morphological diversity is

likely to impact ecosystem functioning in impoverished human-modified systems.
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INTRODUCTION

Habitat conversion is a primary driver of biodiversity loss (Brooks et al., 2002; Pereira et al.,
2012; Newbold et al., 2015). The environmental impacts unleashed by such conversion result in
drastically altered ecological conditions that promote the loss of locally endemic species and
replace them with a few expanding species that thrive in human-altered environments
(McKinney & Lockwood, 1999). Urbanization is an especially drastic form of habitat
modification (McDonald et al., 2013), and is expanding rapidly across the globe (Seto et al.,
2013). While we have a broad understanding of how urbanization effects biodiversity and
species richness, we are only beginning to understand the impact that urbanization is having on
the phenotypic and morphological diversity of biological communities (Sol et al., 2020; Winchell

et al., 2020).

Urban areas create massive changes in the environment, such as increases in impervious
surfaces and pollution, elimination of natural vegetation, and elevated local temperatures
(Shochat et al., 2006; Grimm et al., 2008). As a result of these changes, urbanization negatively
affects the abundance and diversity of many native species (McKinney, 2008) while also
disrupting the availability of resources that animals need to survive (Raupp et al., 2009). As
such, the replacement of natural habitats by urban areas can precipitate large biodiversity
losses—often diminishing species richness by >50% (Newbold et al., 2015). For example, in
Southern Chile, the total number of bird species declined in urban environments due to the
severe reduction in green space availability (Silva et al., 2016). The combination of the extreme
environmental difference from natural environments and their burgeoning prevalence makes

urban areas an increasingly relevant force in biodiversity declines.

12



However, some species buck the trend and tolerate urban areas quite well. These
urban-tolerant species are likely ecologically different from urban-avoiding species along
multiple niche axes. Urban species must simultaneously withstand changing food sources
(Reznick & Ghalambor, 2001) altered temperatures regimes (Shochat et al., 2006), and broad
changes in physical habitat structure (McKinney, 2002). Because morphology provides one of
the key links between phenotype and fitness, many of the required shifts in niche necessary for
persistence in urban environments will likely be reflected in species” morphologies. As a result,
determining whether and how morphology equates to ecological success in human-modified
environments constitutes a core requirement for explaining community structure in

proliferating urban ecosystems.

To date, most morphology-based research into urban-associated phenotypes has
focused on quantifying the change within single species from natural to urban environments—
building a case for contemporary adaptive evolution within species to novel urban habitats
(Marnocha et al., 2011; Winchell et al., 2016; Putman et al., 2019; Putman & Tippie, 2020). For
example, populations of Anolis cristatellus lizards in Puerto Rico possess longer limbs and more
sub-digital lamallae than those in natural areas, adaptations that facilitate grasping broad
surfaces such as buildings. Similarly, urban dark-eyed juncos (Junco hyemalis), located in
southern California, have developed shorter wings and tails than their neighboring natural
populations (Rasner et al., 2004). While evidence of such adaptation illustrates the power of
strong selective pressures in individual species, the ways in which entire communities or faunas
are filtered by urbanization based on their morphology remains largely unexplored (but see Sol

et al., 2020; Winchell et al., 2020).

13



A community-wide morphological perspective has been illuminating in understanding
the mechanisms behind other global change drivers: For example, in the Mediterranean, fish
species with unique morphologies are most successful in invading communities (Azzurro et al.,
2014). Elucidating community-level morphological filters determining community membership
in urban areas will help contextualize species-specific results, pointing towards the generality of

adaptation and pre-adaptation for survival in the city.

In this study, we assess the morphological limits imposed on lizard communities by
urban environments. To do so we compare the morphological traits of lizard species that are
commonly found within urban areas to lizards that rarely associate with urban zones and ask
what morphologies correlate with urban success. We address three interrelated questions:
First, do urban tolerant species on average come from distinct zones of morphospace in
comparison to their natural counterparts? Second, do urban species take up less morphospace
— indicative of only a subset of possible morphologies being viable? Finally, are morphologies
that succeed in urban zones a nested subset of those in natural environments, or are urban
lizards morphologically unique possessing traits that rarely occur in species restricted to natural
zones? To answer these questions, we use observational data from the citizen science initiative
iNaturalist, which has been shown to be a valuable resource in determining specie sensitivity to
modified land use (Todd et al., 2016, 2017), along with the National Land Cover Database to
establish the frequency with which species use urban areas. We then gather morphological
data for species that span the continuum of urbanization use. By comparing morphological data
to species’ frequency of occurrence in urban areas, we test the hypothesis that urbanization

imposes morphological limits on lizards.

14



METHODS

Occurrence data and urban tolerance

Observational occurrence data were obtained for lizards in the continental United
States from the iNaturalist database in March 2019. These data were filtered to only include
research-grade observations, meaning each observation is georeferenced, has a photo, is not
captive, have been reviewed and agreed upon by the iNaturalist community, had a positional
uncertainty of less than 20 meters, and were observed after 2010 to ensure the observations
were in line with the National Land Cover Database map used (see below). We included only
species that had at least 100 post-filtering observations. The initial search yielded 67 species, of
which 43 remained after filtering. Of these 43 species, on average ~52% of the original

observations remained post-filtering.

To estimate each species’ affinity to urban environments we first obtained landcover
data of the United States at 30-meter resolution from the National Land Cover Database for the
year 2011 (Homer et al., 2015). The NLCD classified urban land-covers into four categories
based on the inferred amount of urban land-surface within the cell (1-19%, 20-49%, 50-79%,
and 80-100% urban cover). We assigned urban values to each raster cell based on the upper
level of urban cover that it contained: i.e. 80-100% received a value of 1, 50-79% received 0.8,
20-49% received 0.50, less than 20% received 0.2, and all other land-use types received a 0. We
then extracted the urbanization values around the coordinates of each iNaturalist observation
locality, averaging over a 100m, 500m, and 1000m radius. This buffer accommodates the 20m

uncertainty tolerated around observations, and represents the degree of urbanization within

15



the general vicinity where the observation was made and therefore the likely habitats that a
lizard would encounter. The mean value for all individuals within a species constituted that
species “urbanization score”, and roughly corresponds to the expected percentage of urban
area within the selected radius. Comparing the averages between the different radii showed
minor changes in urbanization score while not affecting the species classification as being urban
or natural associated allowing the use of a 100m radius as a standard metric to determine the
urbanization score of the average individual. Urbanization scores ranged from 0.0130 to 0.371,

with a mean of 0.101 £ 0.084 (Figure S1).

Some analyses are facilitated by categorizing species into discrete groups of urban
tolerant vs. non-urban tolerant. For the purpose of categorization, we applied a cutoff value of
0.1: species with urbanization scores above this cut-off value were deemed urban tolerant, and
those below it were deemed natural habitat affiliated. We additionally conducted a sensitivity
analysis considering alternative cut-off values (Figure S2), but the overall biological conclusions

are identical to those reported in the main text for a broad range of potential cut-offs.

Morphological analysis

We assessed species’ morphology using linear morphometrics of museum specimens.
Due to limitations on specimen availability, of the 43 species with urbanization scores, we
collected morphology data for 37 species, and the remaining 6 species were dropped from the
analysis. After identifying the five largest males for each of the 37 species (N = 185 individual
lizards), we used digital calipers to make 17 individual measurements which together

characterized fore- and hind-limb length, head shape, body, and tail length and shape (Figure

16



1). Not all specimens measured had complete tails, due either to (presumed)
predation/competition events prior to collection, or from damage to fragile tails after
preservation. Because the tail length is an important ecological feature for many lizards, we
sought to estimate the total tail length of individuals with incomplete tails based on
information from individuals with tails. To do so we built a linear mixed effect model to predict
log total tail length as a function of log SVL, with a random effect of identity species. The
conditional R? of the model revealed 93% total variance of the log tail length is explained. The
model allowed us to predict the total tail length of individuals with broken tails based on SVL
and species identity. The predicted tail length was used as data for all individuals with broken

tails (N = 23 out of 185), while real tail length was retained for individuals with complete tails.

To assess whether urban tolerant species occupy distinct zones of morphospace from
their natural counterparts, we first ran a principal component analysis (PCA) based on the
covariance matrix of all 17 morphological variables for all individuals (N = 185). All morphology
measurements were log-transformed to account for body size variation being log-normally
distributed. PCA reduced the dimensionality of the data by creating synthetic axes for multiple
morphological traits that are highly correlated with one another. The first three principal
component axes, which accounted for 95% of the total variation, were extracted and used for
all subsequent analyses (Table 1). To understand whether specific morphologies predispose
species to tolerate urban environments we ran linear models predicting each species’ (log)
urban score based on the species’ averages of the three PC axes, as well as the corresponding
qguadratic terms. We conducted the analysis in a multi-model framework, assessing the full

model (as described previously), along with all combinations of the six predictor variables (3

17



linear and 3 quadratics). This multi-model framework was followed by an assessment of AIC to
determine the best model. For individual models we used Wald estimates to determine the

significance of model terms.

To test whether urban species take up less morphospace, we used the FD package
(Legendre & Laliberté, 2010; Laliberté et al., 2014) to calculate two functional diversity indices:
functional richness (FRic) and functional dispersion (FDis). Functional richness represents the
volume resulting from the convex hull whose vertices are defined by the species in
morphological space (Villéger et al., 2008). Functional dispersion in contrast describes how
morphologically variable species in a community are, by calculating the average distance of
each species from the morphological center of all species (Legendre & Laliberté, 2010).
Together, FRic and FDis provide both the total size of occupied morphospace, as well as a
holistic measure of morphological variation. We use both measures because functional richness
can be susceptible to outlier species. These functional diversity indices were calculated using
the PC axes for both urban classified species and natural classified species (with an urban score
of 0.1 applied as cutoff). To control for the differences in sample number between urban and
natural species we implemented bootstrap resampling by randomly selecting between 3 and 14
species for each classification, which was repeated 100 times to create a distribution of possible

functional diversity values.

Finally, we determined the level of redundancy and uniqueness between morphologies
that succeed in urban zones and those in natural environments. To do so we estimated the
total amount of shared morphospace between urban and natural species groups using the

‘hypervolume’ package (Blonder, 2019). This package estimates the volume and shape of the
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morphospace occupied and calculates the overlap and uniqueness between urban and natural
morphospaces. The volume of morphospace was calculated for both urban classified species
and natural classified species. The volume of unique urban morphospace was then compared to
the volume of unique natural morphospace to ascertain the level at which these two species
groups overlapped morphologically. Again, to control for the differences in sample size
between the number of urban versus non-urban species we implemented bootstrap resampling
by randomly selecting between 3 and 14 species for each classification, which was repeated

100 times to create a distribution of possible morphospace overlaps.
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RESULTS

The final dataset included a total of 185 individual specimens across 37 species.
Urbanization scores ranged from 0.0130 to 0.371, with a mean of 0.101 + 0.084 (Figure S1). This
mean urbanization score, corresponding to the average individual of the average species
occurring in an area with roughly 10% urban land cover within a 100m radius, was used as the
cut-off value between classifying a species as either urban or natural. Doing so led to 14 species
classified as “urban affiliated” and 23 classified as “natural affiliated”. The average body length
between urban and natural lizards was broadly similar (84.2mm vs 87.5mm; t =-0.845, P =
0.34). The range of body lengths was however smaller among urban species, ranging from

50.02mm to 138.5mm, whereas natural species spanned from 49.87mm to 207.4mm.

To determine if urban tolerant species occupy distinct zones of morphospace we
examined the correlation between a species’ morphology and its tolerance to urbanization. The
first three principal component (PC) axes accounted for 95% of the total variation (Figure 2a,
2b). The first axis (78% of morphological variation) was positively correlated with all measured
morphological variables and represents overall lizard body size. Positive values of the second PC
axis (11%) corresponded to species with long tails, narrow heads, and short forelimbs, while
negative values indicated species with short tails, relatively wide heads, and long forelimbs.
Finally, the third axis (7%) pertained to body length, head size, and hindlimb length relative to
SVL, with positive values, linked to long, slender bodies, larger heads, and shorter hindlimbs.
Our full model including both linear and quadratic effects of the three major morphological
axes suggested that morphology strongly predicted tolerance to urbanization (F = 2.985, R2 =

0.25, P =0.0209). Urban environments favored species of an intermediate size, with both large
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and small species filtered out (multiple linear regression, quadratic PC1 effect: beta=-0.083, t = -
2.111, P = 0.043; linear PC1 effect: beta = -0.145, t =-1.817, P=0.079; Fig 3a). Similarly, species
were more likely to occur in urban areas if they had longer body lengths, larger heads and
shorter hindlimbs (quadratic PC3 effect: beta =-0.360, t=-0.664, P=0.512; linear PC3 effect:

beta = 0.866, t=3.129, P=0.004; Fig 3c).

To verify the patterns from the full model are robust, we assessed all combinations of
parameters using AIC in a multimodel framework (Table 2). The full model was 3.0 AIC units
worse than the best-supported model. Across all models, the AIC weight of the linear
component of PC3 (correlated to body length, head size, and hindlimb length) was most
important (importance value: 0.92). While neither the quadratic nor the linear effect of PC2
(correlated to head size, tail length, and fore-limb length) is statistically significant in the full
model (quadratic PC2 effect: beta=-0.573, t=-1.560, P=0.129; linear PC2 effect: beta=0.150,
t=0.538, P=0.595), the quadratic effect of PC2 is significant in best-supported models based on
AIC, and multimodel inference flags it as being relatively important (quadratic PC2 effect
importance value: 0.58; Fig 3b). Finally, the quadratic effect of PC1 is also important (quadratic
PC1 effect importance value: 0.56) which reaffirms the idea that intermediate body size is

correlated to urban success.

To assess the volume of morphospace occupied by urban species we used functional
richness (to determine the total volume of morphospace) and functional dispersion (to
determine variation in morphospace). Non-urban species as a whole take up a larger amount of
morphospace (FRic: 21.32) and have greater morphological variation (FDis: 1.67) than do their

urban counterparts (FRic: 7.93, FDis: 1.33; Figure 4a, 4c). However, because 23 species were

21



classified as non-urban while only 14 were urban these differences could simply arise from
differences in sampling depth. But even when numbers of species in each category are
equalized through bootstrap resampling, the morphospace occupied by urban species is still

more limited than non-urban species (Figure 4b,4d).

Finally, to understand whether urban species contained unique morphologies, or simply
represented a nested subset of morphologies contained within natural habitats, we examined
the total amount of unique morphospace occupied by urban and natural species groups. When
examining all species, the amount of morphospace shared by urban and natural species was
relatively small (Sorensen similarity: 0.36; total overlap volume: 4.90, Figure 5a). Natural
species possessed numerous unique morphologies—on average, 74% of morphospace occupied
by ‘natural’ species did not overlap with urban morphospace (Natural unique volume: 13.97). In
contrast, only 44% of morphospace occupied by urban species was unique from that of natural
species (Urban unique volume: 3.83). These results were robust to resampling, such that when
equal numbers of urban and natural species were analyzed, natural morphospace occupancy

was 74% unique, while urban morphologies were 45% unique (Figure 5b).
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DISCUSSION

We provide three key pieces of evidence that suggest that urban environments impose
morphological limitations on lizard communities. First, species most prevalent in urban
environments are predictable based on their morphology alone: urban areas favor species with
intermediate body sizes, large heads, and short hind-limbs. Second, the morphological variation
and the total amount of morphospace occupied by urban species is much smaller than that of
their natural counterparts—a signal of ecological filtering, since filtering removes non-viable
variation from a system. Finally, urban and natural species share only 35% of their
morphospace, while >70% of morphospace occupied by natural habitat species is
unrepresented among urban tolerant ones. As such, only a small subset of morphologies

available in natural communities actually persist in urban environments.

While the exact reasons linking specific morphologies to tolerance of urbanization are
not entirely clear, our findings suggest some likely mechanisms. Typically, large-bodied
organisms are thought to be disfavored by anthropogenic impacts and are most threatened by
extinction (Gaston & Blackburn, 1995; Cardillo et al., 2005), since body size tends to correlate
with a host of life-history strategies including small clutch sizes, long times to maturity, and
large home range requirements. Together these slower life-history strategies and greater
requirements are thought to be poorly adapted to resource-limited environments with high
potential mortality. While we do show that large-bodied lizards are absent from urban areas,
their small-bodied counterparts are also excluded. The propensity for intermediate body sizes
being favored could have a variety of causes. The existence of an “optimal body size” has long

been postulated (Stanley, 1973; Brown et al., 1993), such that in the absence of competition, a
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given clade with a given diet and general ecology is best equipped to be a specific size due to
energetic tradeoffs (Brown et al., 1993). A clade’s optimal body size is thought to be
approximately the observed mean, as stabilizing selection pulls most species towards this
mean, while competition between species for resources pushes a few species far from the
mean. If species near the mean size are energetically more efficient than either small or large-
bodied species, such intermediate-sized organisms may be best able to handle the stresses
associated with urban life. Indeed, more recent and taxonomically expansive assessments of
overall extinction risk back up the findings presented here—extinction risk is highest for both
the largest and smallest species and is lower for those of intermediate size (Ripple et al., 2017).
Other organisms experience similar reductions in body size variability in urban environments, as
birds from either end of the body size distribution are also typically absent from cities (La Sorte

etal., 2018).

Other explanations related to resource competition or physiological tolerance may
however exist that specifically filter out small-bodied lizards. Thermotolerance may be essential
for ectotherm survival in hotter and more variable anthropogenic environments (Frishkoff et
al., 2015; Nowakowski et al., 2018b), but small-sized lizards retain less heat, directly affecting
their ability to thermoregulate (Michael et al., 2014). Alternatively, resource limitation and both
interference and exploitative competition may play a role in explaining the failure of smaller
species. Most lizards are generalist insectivores and select prey based on their size. Insect
abundance is severely reduced in urban environments (Merckx et al., 2018). Due to gape
limitation, intermediate-bodied species have access to a larger range of prey sizes (both small

prey and large prey), while smaller lizards are forced to compete for small prey both amongst
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themselves and with larger lizards (Herrel et al., 1995; Lima et al., 2000; Vitt, 2000). This
mechanism would also explain why species with large head sizes are preferentially abundant in
urban areas. Interference competition between species in urban environments may similarly
play a role, as larger heads are also paramount in aggressive displays, both within and between
species (Donihue et al., 2016; Wegener et al., 2019). More behaviorally aggressive species and
individuals are often more common in human-modified environments, with the best cases
coming from studies of birds (Shochat et al., 2010; Scales et al., 2011; Hernandez-Brito et al.,
2014). For example in agricultural landscapes, birds feedings at isolated trees are primarily
aggressive dominant species with large bill sizes, while subordinate species are restricted to

trees near forest-agriculture ecotones (Daily & Ehrlich, 1994).

Limb length reflects a trade-off between agility and speed on broad surfaces versus
narrow surfaces. In general, longer hind-limbs are associated with faster-running speeds and
ecologies in which an individual needs to flee from predators and run-down prey. Shorter limbs
in contrast grant individuals the ability to navigate narrow and irregular surfaces, greater
climbing ability, and are often associated with sit-and-wait predator strategies (Losos, 2009).
Urban environments are dominated by buildings and older trees, and possess a denuded
understory—features that in some ways mimic natural environments where the need to climb
benefits lizards with shorter limbs (Herrel et al., 2001). This trend was also directly observed in
western fence lizards where females in urbanized environments had shorter limbs than their
non-urban counterparts (Sparkman et al., 2018). However, urban populations of Anolis
cristatellus possess longer limbs than natural populations (Winchell et al., 2016), indicating that

the benefits of short limbs are not ubiquitous and that multiple eco-morphological strategies
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might exist to maximize fitness in urban environments. Alternatively, the preference for short
limbs may come about due to its association with sit-and-wait foraging, a strategy that in
contrast to active foraging, may avoid risks from enhanced predation from mesopredators, like
feral cats, or pseudo-predation from automobiles. Indeed our findings are consistent with some
emerging patterns of urban success found in other lizard faunas. In the Caribbean urban
tolerance is negatively associated with relative hind limb length across the genus Anolis

(Winchell et al., 2020)

At the level of the “urban lizard fauna”, we find that the total morphological diversity
represented in these urban systems is much smaller than that of the primarily natural fauna.
Such a reduction of morphological variation among the urban assemblages mirrors general
losses of functional diversity (of which morphological diversity is a subset) that are frequently
observed in human-modified environments. For example, urban bird assemblages show an
average decrease of 20% in functional diversity when compared to their surrounding natural
habitats (Sol et al., 2020), and for birds and mammals, functional diversity declines sharply as
agricultural land use intensifies (Flynn et al., 2009). Among these North American lizards, the
reduction in morphological variability is partially attributable to large and small-bodied lizards
being preferentially excluded from urban areas. While overall the urban tolerant species group
contained less overall morphological diversity, the remaining diversity was not a simple subset
of the diversity among the natural habitat affiliated species. Instead, roughly 40% of the
morphological diversity of urban species was unique. This finding does not necessarily mean
that there are truly unique morphotypes in urban environments, as even the most urban

affiliated species in this dataset still occur frequently in natural environments as well.
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Addressing whether urban environments typically contain morphologically unique species that
are absent or rare in nearby natural environments would require standardized surveys of
individual lizard communities, a task that presence-only citizen science occurrence data is not
suited for. Regardless, the overall reduction in morphospace occupation, along with the shift
towards some unique morphologies among the most urban tolerant lizards, suggest that urban

environments represent a strong selection pressure at the community level.

The ability of anthropogenic pressures to reduce diversity beyond the taxonomic level
has become more widely recognized as a conservation challenge (Devictor et al., 2010). In
particular, phylogenetic and functional diversity a multiple scales are eliminated by intense
forms of anthropogenic change (Sol et al., 2020). often above and beyond that expected from
species loss alone (Flynn et al., 2009; Frishkoff et al., 2014; Hagen et al., 2017). Such diversity
declines are especially worrisome because functional diversity is more tightly linked with
ecological functioning (Tilman et al., 1997), and its decline therefore likely portends loss of the
services that ecosystems provide to humans (Karp et al., 2013; Monagan et al., 2017; Echeverri
et al.,, 2021). Whether reductions in lizard diversity observed here result in meaningful
declines in the services lizards provide, such as pest control, remain unknown. However, lizard
abundance has been linked with agricultural insect pest consumption (Monagan et al., 2017),

suggesting that their role as service providers may be relevant in urban areas.

Together our data show that the urban lizard fauna is a morphologically restricted set of
species, implicating the urban environment as imposing ecological filters on urban community
assembly. Importantly we go beyond simply demonstrating morphological diversity losses, but

show specifically how changes in morphological composition results in this diversity loss—
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namely through reduction of large and small body sizes and elimination of lizards with smaller
heads and longer limbs. While our analysis shows that morphology predicts roughly 25% of the
variation in relative affiliation with urban versus natural environments, other unconsidered
features likely also play a role. For example, species with higher trophic positions, or those that
depend on aquatic habitats may be especially vulnerable to changing land-use (Todd et al.,
2016, 2017). Critically however, many of these ecologies will be reflected in species
morphologies. However, other traits will not be reflected in morphology. Of these, physiological
traits, especially heat tolerance, are likely to be paramount, as thermal tolerance has been
repeatedly linked with success in human-modified systems (Frishkoff et al., 2015; Nowakowski

etal., 2018a).

This study highlights an analytical framework to assess the prevalence of morphological
filters in human-dominated landscapes using widely available, and ever-increasing citizen
science data. Whether the patterns documented here are general features of urban systems
across taxa or across geographic space remains to be seen. The traits that predict tolerance to
other forms of anthropogenic change are sometimes inconsistent between regions (Hatfield et
al., 2018) or types of habitat conversion (Bartomeus et al., 2018). Indeed the same species
traits may increase tolerance to land-use change in some climate zones while decreasing
tolerance in others (Murray et al., 2021). As more of the filters determining community
composition in anthropogenic systems are understood, the ecological rules that define the
prevailing biological communities of the Anthropocene will come into focus. Hopefully, with an

appreciation of these rules, targeted interventions to make anthropogenic systems more
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wildlife-friendly can be implemented, which will support species with traits that were

previously filtered out.
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Figures and tables

Table 1: Principal component axis loadings of the 17 morphological measurements across
the 185 individuals and 37 species included in the study. All loadings above 0.15 and below
-0.15 are color-coded to indicate the strength of positive (red) and negative (blue)

correlation with each axis.

Measurement PC1 PC2
0.18

Snout Vent Length
Head Length

Head Width

Head Height
Lower Jaw Length
Outlever

Jugal to Symphasis
Femur

Tibia

Metatarsal

Longest Toe (4t")
Humerus

Radius

Longest Finger (4)
Pelvis Height

Pelvis Width

Tail Length

Prop. Variation 0.78 0.11 0.07
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Table 2: Significance and parameter values of key models evaluated in the manuscript

regressing species’ (log) urbanization index score against the three major morphospace

axes and their quadratic terms. ‘Rank’ displays the most likely models (all models within 2

AIC of best model) as well as the AIC ranks of the full model, and the null model against all

65 possible combinations of the six predictor variables. ‘Weight' indicates the AIC weight,

and AAIC indicates the difference in AIC between the focal model and the best model.

Intercept and PC terms denote parameter estimates. Significance of parameter estimates is

indicated by adjacent symbols (+ p<0.1, * p<0.05, ** p<0.01). Finally, the ‘importance

values’ indicate the sum of model weights over all 65 models that include each parameter.

Weigh Intercep

Rank AIC AAIC t t PC1 PC12 PC2 PC2Z PC3 PC32
1 83.0 0.0 0.16 -2.25 -0.14+ -0.08 * -0.63 * 0.84 **
2 84.4 1.4 0.08 -2.14 -0.15+ -0.09 * -0.70 * 0.88 ** -0.38
3 84.5 1.5 0.08 -2.28 -0.07 + -0.61* 0.84 **
4 84.6 1.6 0.07 -2.3 -0.14+ -0.08+ 0.16 -0.49 0.83 **
7 Full 86.0 3.0 0.04 -2.19 -0.15+ -0.08* 0.15 -0.57 0.87** -0.36
64 180.9
Null 6 98.0 0.00

Importance Values: 0.50 0.56 0.40 0.58 0.92 0.21
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Figure 1: A representation of the 17 morphological traits measured, depicted against a

Sceloporus olivaceus specimen.
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Figure 2: Morphological associations with urban environments. (A) Scatterplot of all individuals
of all species PC1 (body size) and PC2 values (tail length, head width, fore-limb length). (B)
Corresponding PC3 (body length, head size, and hind-limb length) versus PC1 (body size) values.
In A and B each point represents an individual of either an urban (red) or natural (blue)

affiliated species. Ellipses represent the 95% confidence intervals.
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Figure 3: Relationships between morphology and urbanization based on the full model
containing linear and quadratic effects of three major morphological PC axes. (A) Relationship
between PC1 and the average amount of urban area where species is encountered (log
urbanization score), depicting that intermediate-sized species are most likely to occur in urban
environments. (B) Relationship between PC2 and log-transformed urbanization score. While not
significant, the multimodel framework highlighted a high amount of importance in the
quadratic PC2 effect. (C) Relationship between PC3 and (log) urbanization score, highlighting
that urban environments favor long bodies, bigger heads, and short hind-limbs. Each point
represents a species’ mean PC value. Lines depict best-fit relationship from multiple linear

regression models (after taking into account the effects of other PC axes).
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Figure 4: Functional diversity contained within the urban-associated and natural-restricted
lizard faunas. (A) Barplots showing the total functional richness contained in urban (N = 14
species), and natural restricted (N = 23 species) faunas, with (B) bootstrap resampling used to
account for a difference in sample size between faunas. Panels (C) and (D) show corresponding
differences between urban and natural species for functional dispersion. In B and D points

represent the bootstrapped means, and the shaded regions represent standard deviation.
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Figure 5: Unique and overlapping morphospace volumes occupied by urban-associated and
natural-restricted lizard faunas. (A) Venn diagram showing the volume of unique and
overlapping morphospace occupied by urban-associated (N = 14 species), natural-restricted (N
= 23 species) faunas, with (B) bootstrap resampling used to account for a difference in sample
size between faunas. In B points represent the respective the bootstrapped means, and the

shaded regions around B represent standard deviations.

45



Supplemental Figures
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Figure S1: Histogram showing the distribution of urbanization score across all 37 species used in

the analysis. Note that x-axis is on log-scale.
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Figure S2: Sensitivity analysis evaluating the consequences of alternative cut-off values to
determine “urban” species. In the top two panels functional richness (FRic) and functional
dispersion (FDis) are evaluated under alternative cut-off values by considering the X most
“urban” species, based on their urbanization index value, and then resampling (without

replacement) the remaining (more natural affiliated) species down to X, and calculating FRic
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and FDis on this equal-sized subset. We evaluated all values of urbanization cut-offs, starting
with the five most urbanized species up to 32 when there were only 5 species in the “natural”
category. In top and middle panel points depict means and lines show the standard deviations
over 1000 resamplings for each value of X. Black arrow shows the number of species considered
“urban” in the main text. The lower panel shows the corresponding urbanization values for all
species in the dataset, ordered from most to least urban affiliated, such that placement along
the x-axis corresponds to the resampled values of species in the upper two panels. The dashed

line shows the urbanization cut-off (0.1) used in the main text. Note that the y-axis is

logarithmic.
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Abstract:

Urbanization represents a crucial aspect of global transformation that is exerting
substantial selection pressures on species inhabiting these areas. While it is widely known that
numerous plant and animal species manage to survive in these urban environments, there is
still a limited understanding of whether these urban inhabiting populations are undergoing
adaptations to prove successful and even less information is known regarding this effect on a
global level. Here we seek to look at the local effects of urbanization on the morphological traits
of two lizard species found in the state of Texas, Anolis carolinensis and Sceloporus olivaceus.
Furthermore, we then compare our findings to two other species shown to alter their
morphology in response to urbanization, Anolis cristatellus and Sceloporus occidentalis. In
Texas, we found that both A. carolinensis and S. olivaceus show alterations in their morphology
in urban environments presenting with longer fore limb and hind limb lengths while urban A.
carolinensis are also increasing their head length, S. olivaceus are increasing their head height.
Finally, when comparing our findings to other known accounts of phenotypic change brought
on by urbanization, we find a similar pattern in A. cristatellus but an opposite trend in S.
occidentals where limb length is reportedly getting shorter. Our findings suggest that while
most species found in urban environments are altering their morphologies in predictable ways,
there remains a subset of species that will have unique experiences resulting in unpredictable

phenotypic change.
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Introduction

Human-mediated habitat conversion is one of the primary drivers of biodiversity loss
(Brooks et al., 2002; Pereira et al., 2012; Newbold et al., 2015). Urbanization is an increasingly
relevant form of habitat modifications due to its rapid expansion and drastic change on the
landscape. This rapid expansion can be seen in the massive increase in human populations
concentrated in urban areas. In 1950, the human population in urban areas was roughly 750
million, today, that number is 4.4 billion (56% of the world’s population) and is expected to
grow by another 2.5 billion by the year 2050 (United Nations, 2018). Natural habitats are being
replaced by urban ones to accommodate the rapid increase in population, which is precipitating
large biodiversity loses, often reducing species richness by great than 50% (Newbold et al.,

2015).

The expedited nature of urban growth leads to almost instantaneous selection
pressures that alter the topography and dimensionality of the adaptive landscape (Svensson &
Calsbeek, 2013). Species found in urban environments are forced to not only adapt to altered
microhabitat conditions (Shochat et al., 2006) and changing food sources (Reznick &
Ghalambor, 2001) but they must also adapt to novel physical structures (McKinney, 2002).
Determining the link between morphology and ecological success in these urban environments

constitutes a core requirement in understanding how species adapt and thrive there.

To date, most morphology-based research into urban phenotypes has been focused on
studying its effect on single species (Marnocha et al., 2011; Winchell et al., 2016; Putman et al.,

2019). While this invaluably builds a case for contemporary adaptive evolution within species to
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novel urban habitats, the field is lacking in how combined communities adapt and if they
exhibit similar patterns. Based on the single species studies we have a general idea on how the
adaptive landscape of urban environments effects phenotypic traits, but it remains unknown if
rapid environmental change will precipitate predictable convergent evolution (Mahler et al.,
2013; Hart et al., 2018) across species or if the landscape will drive multiple species in a more
idiosyncratic fashion (Obolski et al., 2018). For example, convergent evolution would be seen
where multiple related species alter their morphology along similar vectors in response to
urbanization. We also see evidence of morphological similarities in lizards with species that are
found in high abundance in urban areas, specifically, we see that urban associated species tend
to favor more intermediate body sizes (filtering out species to large or small), larger heads, and

shorter hind limbs than naturally associated species (Row et al., 2023).

Lizards offer an excellent opportunity for studying the impact of urbanization on
morphological traits. Extensive research has focused on lizards and their adaptive traits in
relation to the environment. Studies have solidly established the correlation between
morphology and habitat preferences (Losos, 2009; Kaliontzopoulou et al., 2010), which suggests
that lizards may undergo morphological adaptation in response to urbanization. Moreover,
lizards have demonstrated their ability to rapidly adapt to sudden changes (Kolbe et al., 2012;
Eloy De Amorim et al., 2017). Furthermore, a notable characteristic of many lizard species is
their frequent presence in urban environments, where they utilize man-made structures for
basking, foraging, nesting, and social interactions (Perry et al., 2008; Meshaka Jr, 2011). This
unique behavior makes them particularly well-suited for investigating how urbanization

influences morphological traits. Together, due to their well-documented relationship with
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environmental factors, rapid adaptability, and propensity for inhabiting urban areas, lizards
represent an ideal model system for studying the effects of urbanization on morphological

traits.

Here we seek to understand and characterize the phenotypic change of the two major
urban-associated lizards in the state of Texas: Anolis carolinensis and Sceloporus olivaceus.
Based on previous studies that strongly associate structural habitat performance to morphology
(Macrini & Irschick, 1998; Calsbeek & Irschick, 2007) and our knowledge on how Anole species
have shown increases in limb length (Winchell et al., 2016) we predict a similar pattern to
present in main-land A. carolinensis while the opposite can be predicted in S. olivaceus based
on the findings of previous studies (Sparkman et al., 2018; Putman et al., 2019). Furthermore,
due to our predictions, we suspect that when comparing our findings to previous studies we

will find morphological convergence within species on how they respond to urbanization.

Methods

Species and Study Locations

Data collection was conducted between the months of May and July 2019-2022 in four
regions centered around urban centers in Texas: Austin, Dallas — Fort Worth (DFW), Houston,
and San Antonio. Each region consisted of a single urban site, with natural sites placed nearby
in habitat representative of minimally modified forest habitat in the given ecoregion. All urban
sites selected were university campuses, which are primarily comprised of buildings, impervious

surfaces, with limited tree cover and manicured greenery. A. carolinensis was sampled at all
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cities where S. olivaceus was only sampled in San Antonio (the only city where a substantial

urban population seemed to be present).

Each site was visited for 2-4 days and adult individuals were captured indiscriminately
using a pan fish pole with a lariat made of fishing line. The capture of lizards indiscriminately
was done to prevent a bias in data due to targeted collection of, say, larger individuals. Both
males and females were collected in an effort to ascertain phenotypic differences for an entire

population.

Once captured, local habitat data were recorded including GPS coordinates,
substrate/perch description (i.e. was is natural or man-made), ambient and lizard temperatures
(using a handheld thermometer gently inserted into the cloaca), and canopy cover (using a
convex spherical densiometer). After capture the lizards were first sedated using orally
administered 20% benzocaine (Oragel) or a 0.7% dose of calcium carbonate buffered Tricaine
Methanesulfonate (MS-222), then weighed using a standard field scale. Lizards were then

euthanized with an unbuffered 50% MS-222 and preserved in 70% ethanol.

Morphological Analysis

Using Mitutoyo digital calipers, 15 individual measurements were made which,
collectively, characterized fore- and hind-limb lengths, head shape, body length, tail length, and
hip shape. While the right limb was usually used for measurements, the left limb was used

instead if the right limb was damaged or was otherwise in better condition.

To determine the effect of urbanization on morphology we compared all measured

traits from urban populations to that of their natural counterparts. For the comparison, we
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used the R programing language (R Core Team, 2021) to conduct multiple ANCOVAs, all of
which included SVL as a covariate in order to account for the overall size of the lizards. First, a

III

“global” model was run which included “habitat type” (hereafter referred to as simply “type”),
which tested the effect of urban vs natural environments, locality (i.e. which of the four urban
associated regions they came from) to determine if different cities had an effect on the trait,
sex (male vs female), to test if differences in traits are not due to sexual dimorphisms, a locality-
by-type interaction, to see if each cities environments are having the same effect on
morphology, and finally a type-by-sex interaction (to test whether urbanization affects the
sexes differently). In summary, the global model accounts for how large an individual is (SVL), if
the specimen was from an urban or natural environment (type), which city the specimen was

found in (locality), the sex of the individual (sex), how environment type interacts with different

cities, and how sex interacts with environment type.

To facilitate comparing regions independently, a separate set of ancova models were
used, one per region. This model accounted for body size (SVL), which environment the
individuals came from (type), and their sex. After determining that urbanization was having an
effect on morphological traits, we used emmeans (Lenth et al., 2020) to quantify the effect

across populations.

Consistency of morphological change in urban environments

Previously, there has been notable studies which have also looked at the effects of
urbanization of morphology (Marnocha et al., 2011; Winchell et al., 2016; Sparkman et al.,

2018; Putman et al., 2019; Putman & Tippie, 2020). We selected two of those studies that
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contained species similar to the two species we targeted here and made their morphological
data available. First, Winchell et al. (2016) was selected to compare Anolis cristatellus to A.
carolinensis while Sparkman et al. (2018) was selected to compare Sceloporus occidentalis to S.
olivaceus. We incorporated the raw data from these two studies on two lizard species, with
ours to ascertain whether changes in morphology between species were (i) consistently
converging towards some specific value, (ii) were consistently moving in the same direction, or
(iii) were idiosyncratic, with each species moving in unique directions. Using relative trait data
(obtained by dividing all trait values by SVL) we standardized the effect of change and eliminate
the comparisons of larger lizards to smaller ones and just focus on the traits of interest. We
then reanalyzed the data from the Winchell et al (2016) and Sparkman et al (2018) data on all
shared traits that we measured, through our global models (for the Winchell data all terms
involving sex were removed due to the data only containing males). Emmeans were then used
to quantify the magnitude of change for the morphological traits that showed a significant

difference.

Results

In total the morphologies of 308 Anolis carolensis were measured across the four
urbanized regions studied, of them, 125 from urban environments, and 183 from natural
settings. Similarly, 57 Sceloporus olivaceus were analyzed from a single region, 39 from urban
habitats, and 18 from natural ones. When assessing all regions together, but allowing for the

potential for regions to have different effects of urbanization on morphology (i.e. the “global”
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model), multiple aspects of morphology were consistently different between urban and natural
populations. Furthermore, in almost every model run, the sex term shows up as significant
indicating that there is a significant difference in all traits between males and females which is

congruent with sexual dimorphism found in both A. Carolinensis and S. Olivaceus.

In A. carolinensis, measurements related to overall head length (head length, lower jaw,
outlever, and jugal), hind limb length (tibia, metatarsals, and full hind limb [femur + tibia +
metatarsal], but not femur on its own), and radius, were all significantly larger for a given
overall body size (SVL) in individuals from urban environments (Table 1, Figure 1). For example,
tibia length was significantly longer in urban environments in our global model (p < 0.001) while
also being significantly longer in all individual regions with the exception of Austin (Austin P =

0.059, DFW p = 0.039, Houston p = 0.004, and San Antonio p < 0.001, Figure 2).

In general, region-by-urbanization interaction effects were non-significant (all P > 0.05),
suggesting that urbanization operated in similar ways across all cities. The exceptions were
pelvic width, where DFW deviated from all other regions by urban individuals having smaller

pelvic widths versus minimal differences elsewhere.

We further examined evidence for consistency in morphological shifts between regions
by running individual models in each of the four regions where A. carolinensis occurred. Most of
the individual regions showed the same patterns of morphological change displayed in the
global models with one region just barely falling outside the range of significance (Table 2).
Specifically, for the outlever measurement, urban associated lizards had larger traits in all 4

regions while the head length, lower jaw, jugal to symphasis, and tibia measurements showed

57



all but one region following the same pattern as the global model. For the other traits identified
as significant by the global model, at least 2 cities were identified as having non-significant
trends, though in all cases the trend was in the same direction in the non-significant and

significant regions.

Many similar features were also enlarged in urban S. olivaceus. These lizards possessed
increased head heights (instead of lengths as in A. carolinensis), hind limb lengths (femur, tibia,
and full hind limb) and fore limb length (specifically the radius) in urban affiliated individuals
(Table 1, due to S. olivaceus only being collected in one region, their global model represents

the entirety of their samples).

Consistency of morphological change in urban environments across species

To evaluate the potential for either parallelism or the convergence of a morphological
evolutionary response to urbanization we combined our data with previous data for the crested
anole (A. cristatellus; (Winchell et al., 2016)) from Puerto Rico, and the western fence lizard (S.
occidentalis; (Sparkman et al., 2018)), which is distributed along the west coast of North
America. While not all traits were measured in these two species, all limb traits that varied
between urban and natural populations for A. carolinensis were also varied in the same
direction for Anolis cristatellus, however urban A. cristatellus also had greater femur and
humerus lengths. When observing relative tibia length, we see this difference across all sites
and studies where A. carolinensis, A. cristatellus, and S. olivaceus show relative tibia length
getting significantly longer in urban environments but S. occidentalis showing an opposite

trajectory (Table 1). Additionally, while urban A. carolinensis had longer jaws (and longer heads
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generally), urban A. cristatellus did not differ from their natural counterparts in jawlength (head
length was not measured). Instead, natural A. cristatellus had taller heads than urban

populations, unlike A. carolinensis, and the opposite direction as displayed in S. olivaceus.

Only a subset of limb measurements exists for Sceloporus occidentalis, and of these only
femur and upper hind limb length were different between urban and natural populations. In
contrast to the other species, urban associated individuals had shorter hindlimbs than their

natural counterparts.

Comparing the SVL-standardized combined limb lengths (i.e. femur + tibia; humerus +
radius) of all populations of all species shows that S. olivaceus, A. carolinensis, and A.
cristatellus all exist on the same plane of relative hind to fore limb lengths, with A. carolinensis
having the shortest limbs, and A. cristatellus having the longest. Rather than converging on

III

some “optimal” cross species value for limb length, urban populations all simply possess longer
limbs, making the urban A. carolinensis shift in the direction of the limb lengths of S. olivaceous,
while urban S. olivaceous limbs lengths shift towards A. cristatellus. Sceloporus occidentallis in
contrast has hindlimbs that are comparatively longer than their forelimbs, and urban

populations shift to have shorter hindlimbs, which has the effect of shifting them towards the

limb length ratio exhibited by the other species (Figure 3).

Discussion

In A. carolinensis populations we found consistent morphological change where urban

populations presented with significantly longer head length traits (head length, lower jaw,
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outlever, and jugal to symphasis), longer radius, and longer hind-limbs (tibia, combined tibia +
femur, metatarsal, and combined tibia + femur + metatarsal). These findings are congruent with
what we expected to find based on previous research, specifically in regard to limb morphology

(Winchell et al., 2016, 2018).

In Puerto Rican anoles, head shape has a tendency to correlate with substrate usage in
that species found to mostly use broad perches are found to have taller heads where species
occupying narrower perches present with flatter head shapes (Harmon et al., 2005; Losos,
2009). With that information we would expect to see a similar pattern to present itself in urban
environments being that urban substrates tend to be much wider, but we did not. Interestingly,
we did find evidence that urban A. carolinensis have longer heads in all related head
morphologies which is commonly associated with dietary changes. In San Antonio we also
collected S. olivaceus where urban individuals presented with taller heads rather than the
longer heads found in urban A. carolinensis. Taller heads have been known to correlate to with
increased bite forces (De Meyer et al., 2019) which could indicate a similar adjustment in diet
we predict in urban anoles. Furthermore, it has been documented that insect abundance in
urban areas is severely reduced (Merckx et al., 2018) which in theory should force urban anoles
to broaden their diets. This information, along with the evidence that most lizard species tend
to be insectivores, selecting prey based on size (Costa et al., 2008), leads us to the conclusion
that urban lizards may be presenting with longer heads to allow them to eat a more size diverse

diet.

In addition to the differences in head morphology, the differences in limb length

observed between urban and natural areas this study are captivating. Previously conducted

60



research which has extensively compared ecomorphological studies shows that not only are
longer limb lengths in anoles associated with increased locomotory performance on wider
surfaces (Losos, 1990; Larson & Losos, 1996; Macrini & Irschick, 1998; Calsbeek & Irschick,
2007), but that these individuals with longer limbs also have a preference of using broader
substrates (Losos, 1994). Our data suggests that Texas populations of urban A. carolinensis have
longer limbs which we believe is due to the greater abundance of broad substrates that
dominate urban habitats (e.g. building walls, and large shade trees). Furthermore, we detected
a very similar pattern to that of A. carolinensis in urban limb morphologies where urban S.
olivaceus presented with longer hind limbs (all measured traits except metatarsal) and longer
radius. Interestingly, this is opposite to the trends detected in S. occidentalis individuals from

Sparkman et al. (2018) as well as S. occidentalis samples reported from Putman et al. (2018).

Another factor which may drive longer limb lengths in urban populations is the
openness (lack of tree cover and sparsely distributed perches) of the environment. Generally,
we find that urban areas are much more open which leads to greater distances between perch-
able substrates. Given these longer distances, longer limb length (which facilitate faster sprint
speeds (Vanhooydonck et al., 2006)) would be advantageous in aiding individuals swift
transition between perches. Given the evidence, we suspect that the longer hind limbs
detected in Texas urban anoles improves locomotory performance not only on the wider
perches available but on the ground in urban areas which is the same conclusion found by

Winchell et all. (2016) and Marnocha et al. (2011).

Community morphological predictions
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While the number of urban phenotypic effects in lizard studies are increasing, we are
still trying to piece together the global effects of urbanization on lizard populations. Here we
combine our findings on A. carolinensis and S. olivaceus with published data looking at the
effects of urbanization on A. cristatellus (Winchell et al. 2016) and S. occidentalis (Sparkman et
al. 2018). While we are unable to draw conclusions on all traits we measured in Texas, we can
directly compare the effects of urbanization on limb morphology between on all four species
groups. While A. carolinensis, A. cristatellus, and S. olivaceus all showed similar significant
trends of limb length being longer in urban environments is this interestingly opposite of what
was detected in S. occidentalis. Sparkman et al. (2018) concludes that these reductions in limb
length are most likely correlated with a decline in predation, but this may be specific to their
study sites. While three out of four of our studies show similar trends which also tend to be in
line with a recent meta-analysis (Putman & Tippie, 2020), the deviation seen in S. occidentalis is
most informative and emphasizes the captivating notion that diverse lizards could be
experiencing morphological transformations due to urbanization at a global level with the
acknowledgement that these reactions might vary based on urban characteristics and/or
specific species. Together, Anoles appear to be altering their limb morphology in a parallel
pattern (both A. carolinensis and A. cristatellus are developing longer limbs) but we are unable
to determine if they are convergent due to the size differences while Sceloporus species appear
to modify their limb lengths in a more idiosyncratic fashion due to their morphological changes

being in opposite directions.
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Conclusion

In recent years we have started seeing an increased interest into the effects of
urbanization on lizard morphology not just on a local scale (Winchell et al., 2016; Sparkman et
al., 2018; Putman et al., 2019), but globally (Putman & Tippie, 2020). Here, we show that
locally, Texas A. carolinensis and S. olivaceus urban populations present with longer forelimbs
compared to their natural counterparts. Furthermore, by comparing our findings to that of
Winchell et al. (2016) and Sparkman et al. (2018) we attempted to determine if globally, lizard
morphology changes in predictable ways across species. While it appears, most species are
modifying morphology in predictable patterns, the presence of one or more species behaving
differently highlights a need for further analysis. Specifically, Anoles appear to modify
morphology predictably due to similar directions of morphological change, but Sceloporus

present with opposite directions.
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TABLES

Table 1: The raw output of the global ancova models which accounts for how large an individual
is (SVL), if the specimen was from an urban or natural environment (type), which city the
specimen was found in (locality = region), the sex of the individual (sex), how environment type
interacts with different cities, and how sex interacts with environment type. A. carolinensis and
S. occidentalis Included all terms, S. olivaceus is missing the locality (region) term due to only
being captured in San Antonio, A. cristatellus is missing the sex term since only males were
collected. A green box in the type row signifies a significant difference between urban and
natural associated lizards of that species for a giving trait where yellow is close to significant. In
difference row a red box signifies that lizards associated with the urban habitat type were
larger/longer while a blue box signifies it was smaller. The difference row is only highlighted for

traits that were deemed significant in the type row.

N - crctH] Fead Width [ Head Height|Lower Jaw |Outlever |Jugal to Sym | Femur |Tibia_[Upper Hind Full Hind ] Humerus [Radius |Upper Fore JlPelvis Height Pelvis Width
ANCA GLOBAL| svi|<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001 <0.001 <0.001
ANCA GLOBAL| type|<0.001 0.340 0.538|<0.001 <0.001 <0.001 0.852|<0.001 0.017] 0.015] 0.005 0.353|  0.026 0.090 0.052] 0.0499
ANCAGLOBAL[ localityf<0.001  [<0.001  [<0001  [<0001  [<0001  [<0.001 0,014 0.068 0.004 0069 0004 0038 0156 0.201 [fl<0.001 <0.001
ANCA GLOBAL sex[<0001  [<0001  [<0001  [<0001  [<0001  [<0.001 0006|<0001 |<0.001  |<0001 <0001 [l 0.009611|<0.001 [<0.001 0.003/<0.001
ANCA GLOBAL| typerlocality| 0576 0.34 0.850) 0.158 0.707 o4osffl 0.238] 0137 0.799 0235] o6o4fl 0190 0949 0334 0.345 0.016]
ANCA GLOBAL] type:sex 0.553] 0.148| 0.373 0.346| 0.143] 0.253] 0.536] 0.533 0.482] 0.382] 0.371 0.228|  0.850] 0.429 0.142] 0.591]

emmeans|  natural| 17319 9.129) 6669  17534]  16.033]  12.064ffl 10.668| 10.095|  20.769 6230] 26994  8703| 7431 16135 5618 5.386]
emmeans urban| 17.442 9.120) 6622) 17730 16.184]  13.116[fl 10.664] 10300] 20966 6280 27245l 8781) 7498] 16279 5.546] 5.350)
difference| -0.009) -0.046) -0.004] 0.078] 0.144 -0.072
SCOL global svi|<0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001 <0.001 <0.001
SCoL global type 0.402) 0.059) 0.003] 0.093 0.118 os2sfl  0.001|<0.001 [<0.001 0.049|<0.001 0.693|170.004 0.072 101001 0.009
SCoL global sex 0.020] 0.47) 0.098 0.010 0.401 oos4ffl 0291 0329 0.173 0763 o3s0fl 0528 0339 0.968 0.221 0.042
SCOL global| _type:sex 0.814) 0.685) 0.310) 0.968 0.035 0257ffl 0441 0.493 0.330) 0550] 0200  0.409] 0847, 0625 0475 0.581
emmeans| natural 19.927| 14.632 10.343 19.550 17.819 12.679 17.259| 17.168 34.427| 11.216| 45.643 13.626| 12.909| 26.535 10.511] 10.384f
emmeans uban|  20142]  14921]  10695| 19860|  18056|  12777f 18.507| 18.399|  36.996| 11823 ass10M 13726| 13313] 27030 11057 10.806
difference 0.215] 0.289) 0.310] 0.237] 0.099] 0.100] 0.504
ANCR GLOBAL| svl <0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001
ANCR GLOBAL| type| 0.723] 0.048| 0.474] <0.001 |<0.001 |<0.001 <0.001 <0.001 <0.001 |<0.001 |<0.001
ANCR GLOBAL| locality] <0.001 <0.001 <0.001 0.518|<0.001 |<0.001 <0.001 <0.001 0.558|  0.003| 0.573
ANCR GLOBAL| typerlocality <0001 |<0.001 0.009 <0.001 [<0.001 |<0.001 0362] ooo1ll oo01) 0367 0.013
emmeans| natural 11.466) 8.951] 16.639| 16.229| 13.587 29.816 8.237| 38.053 12.198| 9.843] 22.041
emmeans| urban 11.448 8.881] 16.687| 16.651| 13.938 30.589 8.455| 39.044 12.489| 10.023] 22.512
difference| -0.018| 0.048)
SCOC GLOBAL svi <0.001 |<0.001 |<0.001 <0.001  |<0.001 |<0.001
SCOC GLOBAL| type 0.014] 0.118 0.008| 0.606| 0.072] 0.212
SCOC GLOBAL| sex <0.001 |<0.001 |<0.001 <0.001 0.002|<0.001
SCOC GLOBAL| locality] 0.027| 0.002 0.560] 0.842|  0.925| 0.951
SCOC GLOBAL| type:locality] 0.142| 0.133 1.000] 0.318| 0.779] 0.685
SCOCGLOBAL| _typessex 0107 0.720) 0.188) 0943] 0742 0.829
emmeans| natural 13.957| 13.023 26.980 9.433| 9.469| 18.902
emmeans| urban 13.540| 12.859 26.399 9.309]  9.300] 18.609
difference -0.163) -0.125| -0.169) -0.294
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Table 2:

The raw output of the regional ancova models for A. carolinensis after being subset to each
region, which accounts for how large an individual is (SVL), if the specimen was from an urban
or natural environment (type), the sex of the individual (sex), how environment type interacts
with different cities, and how sex interacts with environment type. A green box in the type row
signifies a significant difference between urban and natural associated lizards of that species for
a giving trait where yellow is close to significant. In difference row a red box signifies that
lizards associated with the urban habitat type were larger/longer while a blue box signifies it
was smaller. The difference row is only highlighted for traits that were deemed significant in

the type row.

_Head Length |Head Width|Head Height] Lower Jaw | Outlever |Jugal to Sym [ Femur |Tibia Upper Hind | Metatarsal |Full Hind

Radius

Upper Fore Pelvis Width

Austin svi|<0.001 <0.001 <0.001 <0.001 <0.001 |<0.001 <0.001 |<0.001 |<0.001 <0.001 <0.001 <0.001
Austin type 0.005| 0.005 0.553|<0.001 <0.001 |<0.001 0.063| 0.059] 0.031] 0.321] 0.026 0.650|  0.006) 0.852]
Austin sex|<0.001 0.011] 0.217|<0.001 <0.001 |<0.001 0.001]<0.001 |<0.001 <0.001 <0.001 0.001| 0.027, <0.001
Austin type:sex] 0.570) 0.136) 0.458| 0.206]  0.031 0.643]  0.006 0.650) 0.726| 0.337,
natural 17.332] 9.070] 6.736 17.584| 16.004 10.532| 10.232 20.772 7.488] 5.418
emmeans urban| 17.434] 9.167| 6.705) 17.715] 16.095 . 10.738] 10.260) 20.998 .. . .. 7.582] . . 5.494

DFW| sl <0.001 <0.001 <0.001 <0.001 . <0.001 |<0.001 <0.001
DFW| type 0.022] 0.416| 0.287| 0.014]  0.013| 0.039 0.300

0.388|

DFW sex| 0.159] 0.033] 0.511] 0.014| 0.017| 0.382] 0.108| 0.924] 0.078] 0.776|<0.001
DFW| type:sex] 0.362] 0.699) 0.408| 0.367|  0.198 0.701]  0.520] 0.578] 0.116| 0.363 0.571)
emmeans natural 17.102] 9.269) 6.756 17.492| 15.874] 10.468| 10.016 20.483 6.210] 5.678] 5.671

urban|
difference|

emmeans| 9.170]

-0.098)

6.654 17.700 16.072 . . 10.249 20.745 6.226
-0.102] . 0.263| 0.016|

Houston| <0.001 <0.001 <0.001 . <0.001 |<0.001 <0.001

Houston| type 0.354] 0.704] 0.463| 0.147| 0.027| 0.004 0.090] 0.029|

Houston| sex|<0.001 <0.001 <0.001 <0.001 <0.001 |<0.001 0.085/<0.001 |<0.001 <0.001 <0.001 .. . 0.007|<0.001

Houston| type:sex| 0.321] 0.926) 0.955 0.961 0.570] 0.677| 0.124] 0.751] 0.166 0.756)
emmeans| natural 17.548| 9.184 6.693 17.699| 16.140 10.012] 20.713 6.168| 5.554] 5.242
emmeans| urban 17.562] 9.118| 6.636 17.742| 16.219 . 10.266 20.984f 6.327| . . .. 5.599 5.308

difference| -0.057 0.043/

San Antonio svl <0.001 <0.001 <0.001 |<0.001 . <0.001 |<0.001 <0.001
San Antonio type 0.005 0.363] 0.650§<0.001 <0.001 |<0.001 <0.001 0.684] 0.327] 0.399]
San Antonio sex|<0.001 <0.001 0.030]<0.001 <0.001 |<0.001 0.002] 0.128)<0.001 0.102|<0.001
San Antonio type:sex 0.855| 0.639] 0.918| 0.391 0.485 0.516 0.672] 0.740] 0.166] 0.718]
emmeans| _natural 17295 8993 6.4%| 17363 16115 10119 21108 6.225 5270 5217
emmeans urban 17534] 9.2 6494 17.764| 16.348 . 10702| 10425| 21138 6.265 5.235 5.185
diference [NNNNNNORAD] 0032 0.004 “0263|J0N08|  0.030 0.040 ~0.036 ~0.027
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Figure 1

Visual representation of the global trait emmeans associated with A. carolinensis. The top row
of graphs represents head morphology and the bottom row represents limb morphology. Only
morphological traits that were deemed significant are highlighted here. Blue lines represent

natural values where red lines represent urban ones.
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Figure 2

A. Carlinensis was collected in four regions across Texas: Austin, DFW, Houston, and San
Antonio. For all traits, ancova models were ran subsetting to each region to determine if the
significant signals detected in the global model held for each region. Here is an example of one
of those traits, relative tibia length. Blue hollow circles represent the individual naturally
associated lizards where the red hollow squared represent the individual urban ones. The solid
blue circle and red square symbolize their means along with standard error bars. Here, DFW,
Houston, and San Antonio show evidence of the urban and natural means being distinct from
one another with Austin being closer together. This is representative of the regional models for

the tibia trait where all but Austin show a significant signal of urban lizards having longer tibias.
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Figure 3

Comparing the standardized combined limb lengths of all individuals represented in this study.
All arrows are drawn from natural habitat means to urban habitat means to show the direction
of change. All replications in means and arrows signify multiple regions present for that species.
For A. carolinensis (ANCA) solid blue squares represent the mean value for each region where
red squares are urban ones. For A. cristatellus (ANCR) solid black circles are natural means and

solid green circles are urban ones. For S. occidentalis solid purple triangles represent natural
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means and solid pink triangles are urban ones. Finally, for S. olivaceus, the orange diamond

represents the natural mean where the yellow diamond represents the urban mean.
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Abstract

Due to massive environmental change caused by humans, there is a reported expected
decline in insect communities over the next few decades. Predictably, as insect communities
decline, we can expect cascading effects throughout the food web. We predict that if insect
abundance is decreasing in urban environments, then lizard species will be forced to broaden
their dietary niche space in order to maintain their required energy intake. We collected fecal
samples in four distinct regions across the state of Texas, in two lizard species (Sceloporus
olivaceus and Anolis carolinensis). For these samples we leveraged DNA barcoding techniques
to determine the diets of lizards in paired urban and natural sites and quantify their dietary
niche breadth. Here, we show that lizards found in urban environments are in fact consuming
significantly different insect families compared to natural populations. Furthermore, we also
provide evidence that urban lizards are expanding their dietary niche breadth when compared
to natural ones. Our observed shifts in dietary patterns among urban lizards shed light on the
potential resilience of these reptiles in the face of human modified environmental

transformations.
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Introduction

Humans are causing massive environmental change which in turn is leading to a major
reduction in species diversity. These environmental changes brought about primarily through
habitat conversion is driving biodiversity loss (Brooks et al., 2002; Newbold et al., 2015). One of
the more pervasive and drastic forms of habitat modification is urbanization which is rapidly
expanding across the globe. Urbanization creates a series of environmental pressures which in
turn alters ecological conditions and leads to the loss of endemic species at multiple trophic
levels, while also creating space for a few species, which are able to tolerate these modified

landscapes, to expand and thrive (McKinney & Lockwood, 1999).

One factor that is instrumental to the determination if a new species will be successful
in a novel environment are the dietary interactions with existing resources (Baiser et al., 2010).
Predictably, insects, which provide the primary dietary component for many other species is
declining all over the world and the primary driver of this decline is habitat loss (Sdnchez-Bayo
& Wyckhuys, 2019). As insect communities continue to decline, we can expect cascading effects
throughout the food web. The dynamics of a species dietary niche space are driven by prey
resources (Macarthur & Pianka, 1966; Schoener, 1971) so when the availability of food changes,

the dietary niche of the predator is liable to change as well (Stephens et al., 2019).

How a species responds to resource modification can directly influence its ability inhabit
a new environment. To determine how species respond to modifications in food availability we
seek to characterize the difference between urban and natural populations dietary niche

breadth. This goal requires the identification of and breadth of insects consumed by lizards. We
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predict that if insect abundance is decreasing in urban environments, then lizard species will be
forced to broaden their dietary niche space in order to maintain their required amount of
energy intake. This hypothesis is supported by the evidence that when high-quality food
resources are in abundance, diets tend to specialize leading to the decrease in dietary niche
space but when those resources become scarce, diets tend to generalize as alternative food
sources are consumed, which results in the broadening of the dietary niche space (Schoener,
1971; Stephens & Krebs, 1986). An example of this can be seen in hummingbird-plant
interactions where they looked at high-quality forest habitat foraging versus coffee plantations
and found that in coffee plantations with reduced resources, hummingbirds became more

opportunistic in their foraging becoming far less specialized (Morrison & Mendenhall, 2020).

Many lizard species are commonly found through urban environments in high
abundance (Winchell et al., 2018). Not only do lizard species persist in urban environments, but
they are prevalent across multiple regions, habitat types, and temperate zones (iNaturalist,
2018). Furthermore, there are also a subset of lizards that are generalists (Rose, 1976; Losos,
2009) that make them ideal for leveraging the intricacies of diet modification due to the

expectation of large diets.

Here, we target two lizard species, Anolis carolinensis and Sceloporus olivaceus to
answer two primary questions, (1) are lizards from urban habitats eating the same, or different
insect families than those found in natural habitats and is there a significant difference in that
insect consumption and (2) are urban lizards modifying their niche breadth in urban habitats.
Together, this will allow us to determine how urban lizard diets are changing in response to

urbanization.
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Methods

Four regions in the state of Texas were identified as target areas for lizard fecal
collection. The four regions are Austin, Dallas — Fort Worth (DFW), Houston, and San Antonio.
Due to them being present at high abundance and being known to feed on arthropods, Anolis
carolinensis was targeted in all regions and Sceloporus olivaceus was targeted only in San
Antonio. In each region one urban site was identified (a major university in the target region)
along with a paired natural site which was required to be undisturbed and disconnected from
large human modified environments. In two regions (San Antonio and Austin) multiple natural
sites were identified due to limited detectable abundance of target lizard species at the initial
natural site selected. These sites were sampled once per year (between May and July) for 4

years where lizard fecal samples were collected.

Fecal collection and processing

Lizards were identified in the target area and captured using lassos attached to fly
fishing poles. Following capture, the lizards were held in individual collected bags and observed
for no more than 48 hours. During that time all excrement was collected and preserved in RNA
later (Malmstrom, 2015). Some lizards were also collected as specimens as part of another
study. For these lizards, we collected fecal matter from the lower intestine to further add to our
sample size while they were being preserved. A total of 667 fecal samples were collected for
this project, with 580 from A. carolinensis and 87 from S. olivaceus. For each region samples
were collected in urban and natural environments across 14 unique sites (for a full breakdown

of samples by field season and site see Table 1(base)).
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Once back in the lab, all samples were stored in a -20C freezer pending DNA extraction.
Once ready for extraction, all fecal samples were removed from the RNA later and placed on
kim-wipes for no more than one minute to allow the RNA to run off but not too long to allow
the sample to dry out. The samples were then immediately put through a DNA extraction

protocol using the ZYMO Quick-DNA Fecal/Soil Microbe Miniprep Kit.

DNA amplification and sequencing

Arthropod DNA in fecal samples were amplified by PCR with a 16s mitochondrial primer
set (IN16STK-1F: TGAACTCAGATCATGAA and IN16STK-1R: TTAGGGATAACAGCGTAA; designed
by (Kartzinel & Pringle, 2015)). The arthropod amplicons were indexed with barcoded with
forward and reverse primers (Caporaso et al., 2012; Kozich et al., 2013). The PCR reaction
contained 0.5 umol/L forward and 0.5 umol/L reverse primer, 12.5 ul of Q5 master mix, 8 ul of
nuclease free water, and 2 ul of sample DNA in a total volume of 25ul. The thermocycler
program began with denaturation at 98C for one minute, followed by 35 cycles of denaturation
at 98C for 10 seconds, annealing at 55C for 30 seconds, and extension at 72C for 30 seconds,
with a final extension of 72C for 2 minutes (adapted from (Kartzinel & Pringle, 2015) and New

England Biology recommended annealing temperatures for Q5 master mix).

Arthropod PCR products were cleaned using AMPure XP magnetic beads followed by
sample quantification using a fluorometric 96-well plate reader (Qubit dsDNA HS kit). To create
the arthropod library an equal mass of DNA was added for each quantified sample. Finally, the
fecal arthropod library was sequenced on an illumina MiSeq platform at the University of Texas

in Arlington, with a v3 (1 x 150-cycle) reagent kit.
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Sequence data processing and cleaning

The program cutadadapt (Martin, 2018) was used to remove priming sites along with
poor quality bases at the 5" and 3’ ends of the sequences. The resulting sequences were then
run through the R package “DADA2” (Benjamin Callahan et al., 2020) which applies run-specific
quality scores and error rates along with quantifying the number of times each sequence was
observed to ascertain the true biological sequences that were present allowing for the analysis
to be ran at the arthropod family level. Furthermore, as a conservative measure, based on
expected read length of approximately 108 bp, and to eliminate any possible false reads, we
eliminated sequences that were shorter than 106 bp or longer than 110bp. Finally, using the
DADA?2 function “removeBimeraDenovo” we checked and removed any chimera sequences.
The remaining sequence variants were exported as a fasta file and ran through a BLAST
(Madden, 2013) pipeline to determine the accession IDs associated with each sequence from
GenBank (Sayers et al., 2022). Then, those accession IDs were run through the “taxonomizr” R
package (Sherrill-Mix, 2019) to assign taxonomic ranks to all sequence variants. Finally, the data
was then combined in R using the “phyloseq” (McMurdie & Holmes, 2013) package which

generated the data for downstream analysis.

Analysis

To account for variations in sequencing depth and ascertain the total number of reads
associated with each sequence variant, we employed a rarefaction technique on the complete
dataset, standardizing it to 5070 reads per sample. This chosen cutoff of 5070 reads allowed us

to maintain a maximum number of samples in the dataset while still effectively profiling the
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majority of arthropod reads present. First, to test for population-level differences in the insect
families consumed by lizard populations we calculated the Bray-Curtis distances between
samples using unrarefied, but proportion normalized data (McMurdie & Holmes, 2014). Next,
we used the R package “vegan” (Oksanen et al., 2020) to run a PERMANOVA test to determine
if for each region, the insect families being consumed in urban environments are statistically
different than those eaten in natural environments. Then, to further investigate the difference
between urban and natural diets we ran Principal Coordinates Analysis (PCoA) to visualize these

Bray-Curtis distances.

After determining if urban and natural lizard populations are consuming different insect
families, we ran differential abundance tests (R package “DESeq2” (Love et al., 2014)) of
individual insect families. This was done to determine specifically which insect families were

being targeted by either urban populations more commonly or natural ones.

Finally, to determine if the dietary niche space is changing in urban habitats compared
to natural ones, we first standardized all our samples to a depth of ten lizards. This was done to
account for some sites only having ten fecal samples and to ensure our results were not
influenced by other sites having much greater sampling. By merging all lizard samples within
each site, we use the alpha diversity mean as a proxy to dietary niche breadth, indicative of the
number of types of insects a standardized number of lizards are expected to consume. To do
this we ran extracted alpha diversity values at the maximum depth to include all samples and
replicated that extraction ten times sampling from random lizards. We then extracted the alpha

diversity means of each site and ran an ancova test looking to see if there are significant
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difference when comparing urban habitats from natural ones while accounting for the region

the lizards’ fecal samples were collected from.

Results

After sequence processing and quality filtering, 39,558,051 total reads were generated
from 680 samples, from across four MiSeq runs. Together, this led to 11,581 sequence variants
of which 9,469 blasted to known genbank samples. Furthermore, 7,947 of those were
arthropod samples (the remainder were a combination of bacteria, squamates, and other
random assortments of organisms that probably represent DNA that was extracted from the
lizards themselves and possible parasites that were occasionally observed in the samples rather
than actual components of the lizards’ diets). After sub-setting to arthropod only reads,
rarefaction curves were generated to determine at which point all the samples were
adequately sampled while minimizing the amount of samples lost. The samples were
standardized to 5070 reads resulting in the loss of 86 samples (leaving 594 in the dataset). This
rarefaction cut off allowed us to retain a minimum of 10 fecal samples per site (Table 1(rare)).
Once the data set was rarefied, all sequence variants were further pooled at the family level for
analysis with a total of 356 insect families found in the fecal samples. Finally, the data was
broken into five groups: the first four were made up of A. carolinensis samples in the regions
Austin, DFW, Houston, and San Antonio (to be referred to as San Antonio (A)) and the last was

for San Antonio S. olivaceus (San Antonio (S)) samples.

Looking at which insect families were found most commonly in fecal samples we

determined that prey populations of A. carolinensis and S. olivaceus most commonly consisted
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of Orthopterans (grasshoppers and crickets), Coleoptera (beetles), Diptera (flys) and Hemiptera
(true bugs) (Supplemental Table 2). We extracted insect families that were found in at least 5
lizard samples to ensure our comparison’s represented true dietary samples rather than one off
consumptions (we refer to these as “high abundance” insect families). Of the 116 high
abundance insect families, every insect was detected at least once in every region. Then, we
generated Bray-Curtis dissimilarity distances for each group (Figure 1) which showed that in all
regions except for San Antonio, urban lizards are eating more dissimilar insect families than one
another then their natural counterparts. Furthermore, In San Antonio, both S. olivaceus and A.
carolinensis show that both urban and natural habitat lizards are eating equally dissimilar insect
families. PERMANOVA tests revealed that in every region when comparing the insect families
between urban and natural habitat types, there is a significantly difference in their insect family
consumption (Austin: p = 0.001, r*2 = 0.046. DFW: p = 0.001, r*2 = 0.033. Houston: p = 0.001,
rA2 =0.021. San Antonio (A): p = 0.001, rA2 = 0.018. San Antonio (S): p = 0.001, 0.05). Finally,
PCoA plots highlight that while urban lizards are consuming a significantly different group of
insect families, there is still a large amount of overlap signifying that the difference in insect
family consumption is not only in the families but most likely in the amount consumed of insect

families found in both habitats (Figure 2).

To further investigate the difference in insect family consumption, differential
abundance testing was done in each region to determine which insect families are consumed at
significantly different rates (Supplemental Table 1). For some families, urban lizards are always
consuming insects in greater abundances in natural environments (ex. Figure 3a) while other

families show the opposite trend (ex. Figure 3b). Finally, there also exists variation across
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regions where it can be seen that in one region you see urban affiliated lizards eating more of a
given insect family while in another region natural affiliated lizards are eating more of that

insect family (ex. Figure 3c).

Using alpha diversity means of each site (Supplemental Table 3) the ancova showed that
the estimated dietary niche breadth of urban associated A. carolinensis is significantly broader
than those associated with natural environments while also showing that which region an anole
was sampled from did not have a significant effect on their niche breadth (habitat type p value
=0.012, region p value = 0.087, Figure 4). We were unable to measure the dietary niche

breadth of S. olivaceus due to only collecting samples from two sites.

Discussion

It has been documented that insect communities all over the world are declining
primarily due to habitat loss (Sanchez-Bayo & Wyckhuys, 2019). Given that the interwoven
dynamics of a species dietary niche space are driven by prey resources (Stephens et al., 2019),
our findings support our hypothesis that urban associated lizards are in fact eating a
significantly different group on insect families while also broadening their niche space
signifying, they are becoming less specialized. While most anoles tend to be generalists in
nature (Losos, 2009) the evidence that they are being even less selective of prey items further
illustrates that urban associated species need to be able to accommodate a wider range of prey
item to be successful. This is also evidenced by the hummingbird-plant system that in reduced
resource environments, they must become less selective (Stephens et al., 2019). Furthermore,

these finding of increased dietary niche space in modified environments make sense if insect
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communities are diminished in urban environments like expected (Merckx et al., 2018) then our
findings of urban lizards eating a wider selection of insect families are even more severe due to
the limited resources. Again, this is further evidenced by the bray-curtis dissimilarity showing
that urban lizards are eating more unique lizard families when compared to other urban lizards

in the same region.

While looking at the different families found in each habitat, we can discern that while
urban and natural lizards share a great deal of consumed insect families, they each have their
own subset of uniquely consumed insect families. This was determined by looking at the unique
and overlapping insect families the amount of overlapping insect families was between 75
(DFW) families and 98 (San Antonio (A)) or at a minimum, 65% of total insect families available
were shared between habitat types and a maximum of 84% (Supplemental Table 4). Along with
PERMANOVA testing we can conclude that in every region (and for both species), urban and
natural lizard populations are eating significantly different groups of insect families and can also
be visualized in the PCoA figures (Figure 3) which highlight the difference. While this allows us
to determine that they are consuming significantly different groups of insect families we used
differential abundance testing to determine specifically which of those insect families are most

different between urban and natural population.

Without quantifiable evidence describing the differences in insect communities
between urban and natural habitats, our conclusions on the severity of our findings are lacking.
While this doesn’t mean our interpretations are baseless, it just highlights a much-needed

addition to the overall project.
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Our study utilized high-throughput sequencing techniques to analyze the insect prey
consumed by urban and natural habitat-associated Anolis carolinensis (green anoles) and
Sceloporus olivaceus (Texas spiny lizards). We identified a total of 356 insect families in the fecal
samples, with Orthopterans, Coleoptera, Diptera, and Hemiptera being the most commonly
consumed prey. By comparing the diets of urban and natural habitat lizards, we found that
urban lizards consumed more dissimilar insect families than their natural counterparts, except
for San Antonio, where both urban and natural lizards showed similar dietary patterns while
also confirming significant differences in insect family consumption between these groups.
Additionally, our results indicated that urban-associated A. carolinensis had a significantly
broader dietary niche breadth compared to those associated with natural environments
showing that urban associated lizards are generalizing their diets consuming more unique prey
items than natural lizards. Overall, this study provides valuable insights into the dietary ecology
of urban reptile populations and highlights the influence of urbanization on their insect prey

consumption patterns.
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TABLES

Table 1

Summary of sample totals. First, of the species totals before (base) and after rarefaction (rare)
followed by the specimen totals of all the lizards captured and at which site they were from
before and after rarefaction. Finally, a summary of how each region is broken down by habitat

type and sample size before and after rarefaction.

Species Totals base rare
Anolis carolinensis 580 505
Sceloporus olivaceus 100 89
Austin DFW Houston San Ant
Site Totals base rare base rare base rare base rare
Balcones Canyonland 10 10 0 0 0 0| 0 0
Bastrop County 23 10 0 0 0 0 0 0
Barton Creek Greenbelt 24 17 0 0 0 0 0 0
Bexar County 0 0 0 0 0 0 24 21
Disc Golf Course 0 0 0 0 0 0 22 22
Flower Mound 0 0 47 40 0 0 0 0
Jester King 32 31 0 0 0 0 0 0
Lois Hays Park 0 0 0 0 0 0 14 13
Medina River, 0 0 0 0 0 0 71 65
Sam Houston Forest 0 0 0 0 69 63 0 0
University of Houston 0 0 0 0 76 66 0 0
University of Texas 57 49 0 0 0 0 0 0
University of Texas at Arlington 0 0 69 66 0 0| 0 0
University of Texas at San Antonio 0 0 0 0 0 0| 142 121
Austin DFW Houston San Ant
Habitat Type Totals base rare base rare base rare base rare
Natural 89 68 47 40 69 63 131 121
Urban 57 49 69 66 76 66 142 121
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Figure 1

Bray-Curtis dissimilarity plots show how dissimilar all the samples are within each group. The

closer to 1, the more dissimilar any two samples are within that group. For example, in Austin, if

you sampled any two urban associated their insect consumption would be more dissimilar than

if you compared two natural associated lizard. Furthermore, if you randomly sampled a lizard

from an urban site and compared it to one in an natural one, they would be even more

dissimilar than either two group independently.
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Figure 2

Principal coordinate analysis for each region broken up by target species. Within each plot, all
sites where lizards were captured are present with a 95% confidence ellipse. Furthermore, all

urban associated samples are denoted by triangles and natural ones are circles while the colors
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are based on the site (locGroup). On the top and right of every plot is a combined box plot
showing the merged urban versus natural comparison for each region to highlight how different

each group is.

94



Austin

' .
natural urban

Austin
[]

5000- §
L]
4000-
]
S3000-
=]
5 i
S2000
e .
1000 -
L
=t
= 0- = .
: natural urban
>
O Austin
O 5000 - .
© ’
M 4000~
Qv s
0 53000-
w5
QL 5200-
Q c
= < 4000-
(4]
(V]
©
| .
[
N
-

4000-

N w
o o
o o
o o

1 1

Chrysomelidae

1000~

0__

natural urban

Figure 3

DFW
5000- e
L]

4000-
3000-
2000-

1000-
o- I ke

' '
natural urban

DFW
5000 - .
4000 -
3000 -
2000 -
L]
1000~ "
0- — -
natural urban
DFW
L]
2000 -
1500 -
1000- »
L]
L
500 -
L]
o =

natural urban

Houston San Ant
4000- 3 5000- 8 T
4000- *
3000~
3000~
2000~
2000- .
1000~ F I
| 1000 - 5
0 o e 0_ —
natural urban natural urban
Houston San Ant
5000 - ] 5000 -
L]
4000- 4000-
3000~ 3000~
L]
2000~ 2000-
1000 - 1000 -
E——— W—— —
natural urban natural urban
Houston San Ant
. 5000- ¢
L]
4000-
. 4000- o
3000- . 3000 -
L
2000~ 2000- o
M
1000 - 1000- §
L]
0- T 1 0- —‘ ——
natural urban natural urban
Habitat Type

San Ant (s)
L
4000-
3000-
2000~
L
1000-
0 i L]
natural urban
San Ant (s)
5000 -
4000-
3000-
2000-
L]
1000-
.. =
natural urban
San Ant (s)
L]
400-
L]
L]
200~
0- ——
natural urban

habitatType

BEH natural
BE urban

habitatType

BEH natural
BE urban

habitatType

BH natura
BE urban

Differential abundance testing highlighted specific insect families which were consumed in both

urban and natural environments but were significantly consumed at different rates. Here, we

provide examples of the possible combinations of results. First, with the family Acrididae, in

every region they were always consumed more in natural habitats. Second, with the family

Anisolabididae, In every region they were always consumed more in urban habitats. Finally,
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with the family Chrysomelidae we see an example where in some regions it is consumed more

in urban environments and in other regions it is consumed more in natural ones.
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Figure 4

Visual representation of the dietary niche space (alpha diversity values) compared between
urban (red) and natural (blue) sites across each region. Only A. carolinensis was able to be
viewed due to the lack of sample sites where S. olivaceus was collected. In every region except
Houston there is a clear difference in dietary niche space showing that on average urban

associated lizard have a broader dietary niche space than natural lizards.
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Supplemental Tables

Table 1:

List of all the insect families that were flagged as being significantly differentially consumed
when comparing them between urban and natural lizards organized by region. A “stat” value
with a positive number means that it was consumed more in urban environments while a “stat”

value with a negative number means it was consumed more by natural lizards. Note: SAN = A.

carolinensis San Antonio samples and SANs = S. olivaceus San Antonio samples.

stat pvalue | class order family region
4.17 0.00 | Insecta Dermaptera Anisolabididae AUS
-3.32 0.00 | Insecta Orthoptera Acrididae AUS
4.16 0.00 | Insecta Diptera Dolichopodidae AUS
10.14 0.00 | Insecta Diptera Sarcophagidae AUS
2.65 0.01 | Insecta Coleoptera Scarabaeidae AUS
-1.92 0.05 | Insecta Coleoptera Elateridae AUS
4.81 0.00 | Insecta Hemiptera Pentatomidae AUS
-5.66 0.00 | Insecta Orthoptera Gryllidae AUS
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-3.16 0.00 | Insecta Orthoptera Tettigoniidae AUS
3.95 0.00 | Insecta Lepidoptera Uraniidae AUS
-11.14 0.00 | Insecta Hemiptera Issidae AUS
2.27 0.02 | Insecta Hymenoptera Formicidae AUS
-5.65 0.00 | Insecta Hemiptera Fulgoridae AUS
2.49 0.01 | Insecta Diptera Chironomidae AUS
3.49 0.00 | Insecta Coleoptera Chrysomelidae AUS
2.14 0.03 | Insecta Hemiptera Rhyparochromidae | AUS
10.33 0.00 | Insecta Diptera Mycetophilidae AUS
9.90 0.00 | Insecta Trichoptera Hydropsychidae AUS
2.40 0.02 | Insecta Coleoptera Hydraenidae AUS
-9.95 0.00 | Insecta Coleoptera Anthribidae AUS
-1.94 0.05 | Arachnida | Araneae Salticidae AUS
2.13 0.03 | Insecta Dermaptera Anisolabididae DFW
-5.38 0.00 | Insecta Orthoptera Acrididae DFW
11.51 0.00 | Insecta Diptera Tipulidae DFW
-2.71 0.01 | Insecta Hemiptera Pentatomidae DFW
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-3.96 0.00 | Insecta Orthoptera Tettigoniidae DFW
2.25 0.02 | Insecta Coleoptera Cerambycidae DFW
4.01 0.00 | Insecta Coleoptera Curculionidae DFW
2.70 0.01 | Insecta Hymenoptera Formicidae DFW
-2.51 0.01 | Insecta Diptera Asilidae DFW
9.52 0.00 | Insecta Hymenoptera Cimbicidae DFW
-2.41 0.02 | Insecta Lepidoptera Hesperiidae DFW
-3.21 0.00 | Arachnida | Araneae Salticidae DFW
2.04 0.04 | Insecta Hemiptera Aphididae DFW
-8.69 0.00 | Insecta Diptera Bibionidae DFW
7.39 0.00 | Insecta Dermaptera Anisolabididae HOU
-4.75 0.00 | Insecta Orthoptera Acrididae HOU
2.35 0.02 | Insecta Coleoptera Carabidae HOU
4.07 0.00 | Insecta Coleoptera Scarabaeidae HOU
-3.13 0.00 | Insecta Hemiptera Pentatomidae HOU
-3.37 0.00 | Insecta Orthoptera Gryllidae HOU
3.22 0.00 | Insecta Hemiptera Miridae HOU

100




2.30 0.02 | Insecta Coleoptera Cerambycidae HOU
2.95 0.00 | Insecta Coleoptera Curculionidae HOU
2.75 0.01 | Insecta Blattodea Blaberidae HOU
-2.68 0.01 | Insecta Diptera Chironomidae HOU
-3.84 0.00 | Insecta Coleoptera Chrysomelidae HOU
-3.34 0.00 | Insecta Hemiptera Cicadellidae HOU
2.94 0.00 | Insecta Diptera Asilidae HOU
-3.05 0.00 | Insecta Hemiptera Coreidae HOU
-9.15 0.00 | Insecta Hemiptera Acanthosomatidae | HOU
-2.55 0.01 | Insecta Lepidoptera Noctuidae HOU
9.05 0.00 | Insecta Blattodea Ectobiidae HOU
-2.25 0.02 | Insecta Lepidoptera Saturniidae HOU
-1.94 0.05 | Insecta Hemiptera Reduviidae HOU
2.17 0.03 | Insecta Hemiptera Scutelleridae HOU
-10.36 0.00 | Insecta Blattodea Rhinotermitidae HOU
4.35 0.00 | Insecta Lepidoptera Erebidae SAN
7.76 0.00 | Insecta Dermaptera Anisolabididae SAN
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-6.37 0.00 | Insecta Orthoptera Acrididae SAN
4.16 0.00 | Insecta Coleoptera Elateridae SAN
-3.18 0.00 | Insecta Orthoptera Tettigoniidae SAN
-3.98 0.00 | Insecta Hemiptera Miridae SAN
2.28 0.02 | Insecta Blattodea Blaberidae SAN
-2.55 0.01 | Insecta Lepidoptera Nymphalidae SAN
-10.97 0.00 | Insecta Hemiptera Fulgoridae SAN
-4.80 0.00 | Insecta Coleoptera Chrysomelidae SAN
3.09 0.00 | Insecta Lepidoptera Geometridae SAN
1.97 0.05 | Insecta Hemiptera Rhyparochromidae | SAN
-2.56 0.01 | Arachnida | Araneae Lycosidae SAN
-2.07 0.04 | Insecta Hemiptera Alydidae SAN
-2.45 0.01 | Insecta Hemiptera Cicadidae SAN
-4.29 0.00 | Insecta Hemiptera Coreidae SAN
-1.95 0.05 | Insecta Lepidoptera Noctuidae SAN
-12.02 0.00 | Insecta Trichoptera Hydropsychidae SAN
-3.19 0.00 | Insecta Lepidoptera Sphingidae SAN
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2.04 0.04 | Insecta Hemiptera Rhopalidae SAN
-1.96 0.05 | Insecta Coleoptera Coccinellidae SAN
-2.54 0.01 | Insecta Lepidoptera Papilionidae SAN
-2.71 0.01 | Insecta Hemiptera Flatidae SAN
-9.69 0.00 | Insecta Ephemeroptera | Baetidae SAN
-9.17 0.00 | Insecta Hemiptera Membracidae SAN

5.42 0.00 | Insecta Dermaptera Anisolabididae SANs
-4.84 0.00 | Insecta Orthoptera Acrididae SANs

2.70 0.01 | Insecta Coleoptera Scarabaeidae SANs

2.57 0.01 | Insecta Coleoptera Elateridae SANs

3.69 0.00 | Insecta Hemiptera Pentatomidae SANs
-2.92 0.00 | Insecta Orthoptera Tettigoniidae SANs
-2.99 0.00 | Insecta Lepidoptera Uraniidae SANs

3.00 0.00 | Insecta Coleoptera Cerambycidae SANs

2.18 0.03 | Insecta Coleoptera Curculionidae SANs

9.67 0.00 | Insecta Hemiptera Issidae SANs

4.21 0.00 | Insecta Hymenoptera Formicidae SANs
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-2.14 0.03 | Insecta Coleoptera Buprestidae SANs
7.50 0.00 | Insecta Lepidoptera Pieridae SANs
7.34 0.00 | Insecta Hemiptera Cicadidae SANs
2.97 0.00 | Insecta Lepidoptera Noctuidae SANs
7.65 0.00 | Diplopoda | Polydesmida Paradoxosomatidae | SANs
9.12 0.00 | Insecta Blattodea Blattidae SANs
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Supplemental Table 2

Table showing the top 20 most consumed insect families by region. “nsamps” represents the

number of lizard samples in that region that consumes said insect family where “rank” informs

you on how much that insect family was consumed compared to the other families (rank 1 is

the most consumed insect family where rank 20 is least consumed out of the top 20).

Austin Dallas-Fort Worth Houston San Antonio (Anole) San Antonio (scelop)
Insect Order Insect Family nsamps Rank nsamps Rank nsamps Rank nsamps Rank nsamps Rank
Orthoptera Acrididae 54 54 48 68 1 30
Dermaptera Anisolabididae 29 39 43
Coleoptera Anobiidae
Blattodea Blaberidae
Blattodea Blattidae
Coleoptera Carabidae
Coleoptera Cerambycidae
Diptera Chironomidae
Coleoptera Chrysomelidae
Hemiptera Cicadellidae
Hemiptera Clastopteridae
Coleoptera Curculionidae
Diptera Dolichopodidae
Coleoptera
Lepidoptera
Hymenoptera |Formicidae
Orthoptera Gryllidae
Lepidoptera Hesperiidae
Hemiptera Issidae
Lepidoptera Lycaenidae
Hemiptera Miridae
Lepidoptera Noctuidae
Hemiptera Pentatomidae
Diptera Phoridae
Lepidoptera Pieridae
Hemiptera Rhyparochromidae
Araneae Salticidae
Coleoptera Scarabaeidae
Diptera Tachinidae
Coleoptera Tenebrionidae
Orthoptera Tettigoniidae
Diptera Tipulidae
Lepidoptera Uraniidae
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Supplemental Table 3:

List alpha diversity means with their standard deviations of every site lizards were captured at
organized by genus. Region reflects where each site was located (A) is for A. carolinensis and (S)

is for S. olivaceus.

Site Genus Region | Type | Mean SD
baca Anole AUS natural 33.2 2.94
bast Anole AUS natural 45.2 2.20
BCG Anole AUS natural 44.4 1.07
bexa Anole SAN (A) | natural 54.9 1.73
digo Anole SAN (A) | natural 52.8 2.39
FM Anole DFW natural 71.1 2.73
jest Anole AUS natural 55.9 1.52
Ihpa Anole SAN (A) | natural 52.2 2.20
MR Anole SAN (A) | natural 77.5 2.92
SHF Anole HOU natural 96.8 2.74
UH Anole HOU urban 81.8 2.94
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uT Anole AUS urban 76.8 3.77
UTA Anole DFW urban 82.2 2.66
UTSA Anole SAN (A) | urban 92.5 2.22
MR Sceloporus | SAN (S) | natural 48.7 1.95
UTSA Sceloporus | SAN (S) | urban 71.6 1.84
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Supplementary Table 4:

Summary table reflecting the number of insect families that were found only in either urban or
natural habitats along with how many insect families were consumed on both habitat types in

every region.

Number of high abundance insect families
Region Urban Only Natural Only Overlap
Austin 13 17 86
DFW 34 7 75
Houston 15 13 88
San (A) 5 13 98
San (S) 28 9 79
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