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Abstract

Many species exhibit color polymorphisms which have distinct physiological and behavioral characteristics. How-
ever, the consistency of morph trait covariation patterns across species, time, and ecological contexts remains
unclear. This trait covariation is especially relevant in the context of invasion biology and urban adaptation. Specif-
ically, physiological traits pertaining to energy maintenance are crucial to fitness, given their immediate ties to
individual reproduction, growth, and population establishment. We investigated the physiological traits of Podarcis
muralis, a versatile color polymorphic species that thrives in urban environments (including invasive populations in
Ohio, USA). We measured five physiological traits (plasma corticosterone and triglycerides, hematocrit, body con-
dition, and field body temperature), which compose an integrated multivariate phenotype. We then tested variation
among co-occurring color morphs in the context of establishment in an urban environment. We found that the traits
describing physiological status and strategy shifted across the active season in a morph-dependent manner—the
white and yellow morphs exhibited clearly different multivariate physiological phenotypes, characterized primarily
by differences in plasma corticosterone. This suggests that morphs have different strategies in physiological reg-
ulation, the flexibility of which is crucial to urban adaptation. The white-yellow morph exhibited an intermediate
phenotype, suggesting an intermediary energy maintenance strategy. Orange morphs also exhibited distinct phe-
notypes, but the low prevalence of this morph in our study populations precludes clear interpretation. Our work
provides insight into how differences among stable polymorphisms exist across axes of the phenotype and how this
variation may aid in establishment within novel environments.
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If you are only moved by color relationships, you are
missing the point.
Mark Rothko, Latvian American abstract painter

INTRODUCTION

Biological diversity is threatened by habitat fragmen-
tation, large-scale human landscape modification, and
environmental degradation (Liu et al. 2016). However,
populations that are more phenotypically diverse should
be less vulnerable to environmental change and ge-
netic bottlenecks (Forsman & Aberg 2008; Forsman et al.
2008). Color polymorphism is a form of extreme intraspe-
cific diversity, where two or more genetically determined
color morphs coexist within a single population. Though
these color morphs occur in strict syntopy, interact with
each other, and interbreed (Pérezi de Lanuza & Carretero
2018), many morphs evolve so-called “alternative phe-
notypes” that comprise multiple traits. Alternative color
morph phenotypes consist of multivariate differences in
traits such as behavior (Sinervo & Lively 1996; Abalos
et al. 2016; Yewers et al. 2016; Brock et al. 2022b),
morphology (Huyghe et al. 2007), ecology (Lattanzio
& Miles 2014), physiology (Forsman 2000; Comen-
dant et al. 2003; Mills et al. 2008), and performance
(Huyghe et al. 2009; Zajitschek et al. 2012), which
may influence fitness (Stuart-Fox et al. 2021). Morph-
specific phenotypic differences may promote the use of
diverse environmental resources that aid in the successful
establishment of novel environments and long-term per-
sistence of color polymorphic species through reduced
intraspecific competition (Forsman et al. 2008; Pizzatto
& Dubey 2012; Forsman 2016; Forsman & Wennersten
2016; Svensson 2017; but see Bolton ef al. 2016). Thus,
polymorphic species may be primed for range expansion
(Forsman et al. 2008). Characterizing the phenotypic
complexes associated with intraspecific color morphs
is crucial to understanding how biological diversity is
maintained and aids in population establishment.

Lizards of the genus Podarcis have been introduced
and successfully established in various locations around
the globe (Hedeen 1984; Podnar ef al. 2005; Heym et al.
2013; Silva-Rocha et al. 2014; Michaelides et al. 2015;
Ribeiro & Sa-Sousa 2018). In addition to these repeated
invasions, almost all species in the genus are color poly-
morphic (Brock et al. 2022a), making Podarcis an ideal
study system to understand the role of discrete color poly-
morphisms in the context of invasion. Our study species,
the common wall lizard (Podarcis muralis Laurenti, 1768)
has expanded beyond its native range of southern Europe
(Speybroeck et al. 2016) and successfully established

in many places, including Germany (Heym et al. 2013),
England (Michaelides et al. 2015; Johanson & Tse-Leon
2023), and Cincinnati, Ohio, USA (Hedeen 1984; Brown
et al. 1995a; Deichsel & Gist 2001; Davis et al. 2021). P
muralis were introduced to Cincinnati in the early 1950s
when a young boy released approximately 10 individuals
into his yard upon returning from a vacation to Northern
Italy (Hedeen 1984; Brown et al. 1995a; Deichsel & Gist
2001; Davis et al. 2021). Since then, they have exploded
in population size, numbering in hundreds of thousands
of individuals across Cincinnati and surrounding areas
(J. Davis, personal communication 2021). Additionally,
Cincinnati is heavily urbanized, which alters the envi-
ronment along many dimensions, including structural
habitat (Mohan et al. 2011) and temperature (Chow
& Roth 2006). These environmental alterations have
large and wide-reaching effects on the populations that
experience them, including influencing physiology (Hall
& Warner 2018; Campbell-Staton et al. 2020; Isaksson
2020; Bonier 2023), morphology (Winchell et al. 2018;
Putman & Tippie 2020; Vaughn ef al. 2021), and behavior
(Sparkman et al. 2018; Stroud ef al. 2019; Putman et al.
2020). By researching these urban areas, scientists can
gain insights into the various mechanisms underlying the
persistence—or extirpation—of stable polymorphisms in
a novel ecological context.

Species introduced into a novel environment often
make several ecological and physiological adjustments
to adapt to their new niche. One of the most impor-
tant problems faced by ectotherms in urban environments
is maintaining body temperature (Diamond et al. 2017,
2018; Campbell-Staton et al. 2020; Sandor et al. 2021).
Body temperature affects practically all aspects of an
ectotherm’s life, including metabolic rate, locomotion,
foraging, defending territory, and reproduction (Huey &
Stevenson 1979; Navas & Bevier 2001; Angilletta et al.
2002; Flouris & Piantoni 2015). To maintain their pre-
ferred body temperature, ectotherms (like lizards) must
select their environment carefully. Additionally, to avoid
intraspecific competition within an environment, lizards
specialize and adapt to specific microhabitats (Stuart-Fox
et al. 2021; Badillo-Saldafia et al. 2022). This specializa-
tion can be seen in species like P erhardii, where dif-
ferent color morphs are found in different microhabitats
(BeVier et al. 2022). These microhabitats are thermally
different, and the lizards that inhabit them must adjust
their active body temperatures accordingly. Orange P mu-
ralis and P, erhardii morphs, for example, are more often
found in cooler, shadier environments and, as such, prefer
cooler body temperatures compared to white and yellow
morphs (Pérez i de Lanuza & Carretero 2018; Thompson
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et al. 2023). This observation suggests that differences in
morph-preferred body temperatures can provide an ele-
ment of intraspecific thermal flexibility, aiding their abil-
ity to adapt to novel environments (Kearney et al. 2009;
Huey et al. 2012; Nowakowski et al. 2018; Litmer & Mur-
ray 2019).

A key aspect of success in urban environments for
many organisms is endocrine flexibility, though we lack
clear patterns of what makes for a successful endocrine
profile in an urban environment (French et al. 2018;
Bonier 2023). Faced with increased anthropogenic dis-
turbances during urban expansion, organisms can ad-
just their physiology through coordinated hormonal and
behavioral responses to maintain homeostasis. Often
the first aspect researchers examine is the adrenocorti-
cal response through the hypothalamus-pituitary-adrenal
(HPA) axis (Wingfield et al. 1998; Sapolsky et al. 2000;
Landys et al. 2006; Gangloff & Greenberg 2023). Cor-
ticosterone (CORT), the primary glucocorticoid (GC) in
ectothermic vertebrates, plays a multi-faceted role in or-
ganismal function by regulating resource allocation, en-
ergy metabolism, and recovery from acute and chronic
stressors (Wingfield et al. 1998; MacDougall-Shackleton
et al. 2019). Acute GC secretion is considered beneficial
as it enables organisms to cope with the novel environ-
mental challenges attributed to urban living by promoting
self-maintenance behaviors and a heightened physiologi-
cal state favoring immediate survival (Landys et al. 2006).
In this heightened state, GCs promote the mobilization of
energy stores via the breakdown of stored triglycerides to
free fatty acids, resulting in a decrease in plasma triglyc-
erides (Remage-Healey & Romero 2001). Triglycerides
(TRIG), the most energy-dense of all macromolecules,
provide a measure of energy availability and gluconeoge-
nesis and thus provide a useful complement to measures
of CORT (Sykes & Klukowski 2009; Neuman-Lee et al.
2015; Price 2017), but are seldom measured in a natural
context (but see Blair ef al. 2000). Urban environments
can also present altered water availability, an additional
stressor for organisms inhabiting this space. Hematocrit
(Hct), a measure of the relative volume of red blood cells
to total blood, can provide a measure of hydration status
(Peterson 2002; Moeller et al. 2017), though hematocrit
can be affected by other factors as well (Puerta ez al. 1996;
Bodensteiner et al. 2021b). Nonetheless, interindividual
variation in Hct may provide useful insight, especially in
concert with other measures, of the overall health of ani-
mal populations in novel environments. Measures of body
condition inferred from morphological measurements are
commonly invoked as a proxy for energetic status and, by
extension fitness, and are thus a valuable tool in estimat-
ing the health and physiological state of animal popula-

Urban wall lizard color morph variation

tions (Weatherhead & Brown 1996; Stevenson & Woods
2006; Warner et al. 2016). While variation in relative
body mass may be attributable to adipose tissue, muscle,
or water, body condition can provide useful links to health
status and fitness (Le Galliard et al. 2004; Brischoux
et al. 2016; Gangloff et al. 2019; Donihue et al. 2022).
Identifying patterns of covariation in these physiological
indicators—and how these patterns may differ among the
discrete color polymorphs—can provide clues as to the
functional significance of covariation in these traits.

The common wall lizard (P muralis) has three ge-
netically determined monochromatic color morphs (or-
ange, yellow, and white) and their mosaics (orange-
white, white-yellow, and yellow-orange) that exhibit myr-
iad morphological, behavioral, and performance differ-
ences in its native range (Zajitschek er al. 2012; Aba-
los et al. 2016; Andrade et al. 2019). Though studied
extensively, the adaptive or functional significance of
color polymorphism in Podarcis lizards remains elusive
(Huyghe et al. 2010; Sacchi et al. 2015a; Abalos et al.
2020). Multiple lines of evidence suggest that these color
badges on the throat serve a signaling function (Pellitteri-
Rosa et al. 2014; Brock et al. 2020, 2022b); however,
because metabolic costs of synthesis vary among differ-
ent pigments and trade-off differently with other physio-
logical functions, the extent to which color signals indi-
vidual quality is uncertain (Abalos et al. 2020). Previous
work has found that orange morphs in P muralis are larger
and have lower immune function, endurance, and survival
compared to white morphs (Calsbeek et al. 2010). Fur-
ther, there is conflicting data describing how the differ-
ent color morphs will respond to seasonal changes with
white and yellow morphs exhibiting distinct yet inverse
patterns of aggression and testosterone levels across con-
texts in the breeding season (Sacchi et al. 2017; Colado-
nato et al. 2020). Previous work has shown the breed-
ing season to be the catalyst of the differential immune
responses among P muralis color morphs (Sacchi et al.
2007b; Galeotti ef al. 2010). This discrepancy in the liter-
ature further makes for an excellent opportunity to study
variation in morph-linked traits across the active season in
P muralis.

Here, we investigated potential differences in physio-
logical strategy among color morphs by measuring five
physiological traits related to energy balance and habitat
selection: plasma corticosterone concentration (CORT),
plasma triglyceride concentration (TRIG), blood hemat-
ocrit (Het), field body temperature (73), and body con-
dition (mass relative to size). Our primary hypothesis
is that wall lizards of different color morphs will dif-
fer in their physiological phenotype, thus suggesting that
color morphs do not simply differ in appearance but in a
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Figure 1 Images of typical Podarcis muralis habitat in Ohio, USA. (a) McMicken; (b) Alms Park; (c¢) Columbus Downtown High
School; (d) Mistletoe. Please see Table S1, Supporting Information, for complete site location and sampling information.

variety of traits representing different strategies. From this
follows multiple specific predictions: First, we predict the
orange P muralis morph in Cincinnati will be found in
cooler and wetter habitats (as in orange morphs of this
and other Podarcis species: Pérez i de Lanuza & Car-
retero 2018; BeVier ef al. 2022; Thompson et al. 2023)
and therefore will exhibit lower hematocrit and field body
temperatures than the other morphs. Second, we predict
that the white-yellow morph will serve as an interme-
diate physiological phenotype for the white and yellow
morphs, as mosaic morphs in other studies (Brock et al.
2020, 2022b). Finally, we characterize shifts in the multi-
variate physiological phenotype of the color morphs in re-
sponse to seasonal shifts in available temperatures, water,

and food, and across the reproductive season. By investi-
gating the potential differences in physiological traits and
strategies employed by P muralis, this paper is the first to
examine and provide insight into how color morphs differ
between key aspects of their physiology and ecology, as
well as how these differences contribute to the success of
adapting to a novel ecological environment.

MATERIALS AND METHODS

Field data and lizard collection

We caught wall lizards (P muralis) at six sites in
Cincinnati, Ohio, USA and one site in Columbus, OH,
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White-Yellow Yellow Orange

Figure 2 Podarcis muralis ventral color morphs as found in
Ohio, USA.

USA during peak activity periods, including periods of re-
production (8 AM—5:30 PM; May 2020—September 2020
and June 2021-October 2021; See Fig. 1 for images and
Table S1, Supporting Information, for complete sampling
details). Air temperature (5 cm off the ground in the
shade; PTH8708 Digital Temperature and Humidity Pen,
General Tools, New York, USA) was collected at the be-
ginning and end of each site survey. Lizards were cap-
tured via a thread lasso attached to an extendable fish-
ing rod or by hand. We measured field body temperature
(Ty) by inserting a type K thermocouple approximately
0.5 cm into the lizard’s cloaca immediately after capture
(<10s; HH801, Omega Engineering, Norwalk, Connecti-
cut, USA). While field body temperatures are limited by
thermoregulatory opportunities, we surveyed lizards dur-
ing periods when conditions were optimal for thermoreg-
ulation, with low cloud cover and favorable air tempera-
ture (mean + SE: 28.4 4 0.74°C). We measured snout—
vent length (SVL) as the distance from the tip of the snout
to the posterior end of the anal scale with digital calipers
to the nearest 0.01 mm (Model CD-6, Mitutoyo, Japan;
mean + SE: 61.8 + 0.63 and range: 46.74-74.21 mm).
Lizards were weighed to the nearest 0.01 g using a digital
scale (Weigh Gram Top-100, Pocket Scale, Tulelake, Cal-
ifornia, USA; mean £ SE: 5.9 + 0.18 and range: 2.50—
9.34 g). One author (E.J.G.) categorized each individual
as orange, yellow, white, or white-yellow (Fig. 2). The
color morphs are readily discernible by the eye, based on
the throat and ventral scale colors (Calsbeek ef al. 2010;
Thompson ef al. 2023). Ventral color polymorphism in P
muralis is discrete, and categorization of morphs is con-
sistent over time, though morph color can become more
intense as individuals age (Sacchi ez al. 2007a,b; Calsbeek
et al. 2010; Andrade et al. 2019). All research was con-
ducted under Ohio Division of Wildlife Wild Animal Per-
mit (23-014) and all procedures were approved by Ohio
Wesleyan University IACUC (12-2020-02).

Urban wall lizard color morph variation

Blood collection and processing

We collected a blood sample (2045 uL) from the
retro-orbital sinus (MacLean et al. 1973) using two hep-
arinized glass capillary tubes per individual within < 4
min of capture (mean bleed time 4+ SE: 109.5 £ 5.05 s).
We stored blood samples in capillary tubes on ice until
processing. We spun the first capillary tube at 5000 g for
5 min on a centrifuge. We then measured the volume of
packed red blood cells and total blood volume with dig-
ital calipers (Model CD-6, Mitutoyo, Japan). Hematocrit
(Hct) was calculated as the ratio of packed red blood cells
to total blood volume. We ejected the whole blood sam-
ple from the second capillary tube into microcentrifuge
tubes, which we then spun at 3000 g for 5 min to separate
plasma from red blood cells. We pipetted off the plasma,
ejected it into fresh tubes, and flash-froze these tubes in
liquid nitrogen. Plasma was then stored at —20°C until as-
says were performed (see below). We note that a subset of
the field body temperature and hematocrit data were ana-
lyzed to address different questions in another manuscript
(Spears et al. 2023, in revision).

As our measure of body condition, we used the scaled
mass index (SMI) as described by Peig and Green (2009),
which accurately accounts for the allometric scaling of
growth and has the advantage of producing an index in the
same units as the measured mass (Brodeur et al. 2020).
Because of expected differences, we calculated SMI sep-
arately for each sex. We first quantified the scaling expo-
nent for our studied species bsya by fitting a standardized
major axis slope regression to logo-transformed data in
accordance with the linearized power equation:

log (Mass) = log a + bsma log (SVL) (N

where bgya is the slope. We expressed the SMI of body
condition (M) as follows:

SVL, 1"
SVL;

where M; and SVL; represent the individual body mass
and snout—vent length, respectively, and SVL, is the arith-

metic mean snout—vent length of the study population
(Peig & Green 2009).

M:Mx[ )

Laboratory assays

Total plasma triglyceride concentration, defined as
plasma levels of both triglycerides and free glycerols, was
measured with a colorimetric assay kit (Triglyceride GPO
Liquid Reagent Set, Catalog #23-666-410, MedTest Dx,
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Canton, Michigan, USA). For each unknown sample, 4
uL of plasma was plated in duplicate alongside a stan-
dard curve consisting of a serial dilution of stock triglyc-
erides (T7531STD, Pointe Scientific, Canton, Michigan,
USA). Plasma samples less than 4 ©L were run at 1:2 di-
lution, with 2 uL of plasma and 2 uL of isotonic saline.
Following kit instructions, the absorbance of samples and
standard curve were measured at 500 nm using a BioTek
Epoch 2 Microplate Reader (Agilent Technologies, Santa
Clara, California, USA). Samples were re-run when the
coefficient of variation (CV) for duplicate samples was
above 15%, resulting in a mean sample CV of 4.56%. To
assess inter-assay variability, we ran a pooled plasma sam-
ple in duplicate on each plate, providing a CV of 15.32%.

Plasma corticosterone (CORT) concentration was
measured following the manufacturer’s instructions for
a high-sensitivity immunoassay kit (Corticosterone High
Sensitivity EIA Kits, Immunodiagnostic Systems Inc.,
Scottsdale, Arizona, USA) with the same microplate
reader described above. Following kit instructions, the
absorbance of samples and standard curve were measured
at 450 nm (650 nm reference). Prior to CORT quantifi-
cation, we validated the immunoassay by demonstrating
parallelism of pooled wall lizard plasma sample dilution
curves to a curve of serially diluted CORT standard
provided by the assay kit (test for heterogeneity of slopes:
Fi16 = 0.642, P = 0.454). For each unknown sample,
we diluted 2 uL of plasma with 48 pL of kit-provided
calibrator diluent (1:25 dilution) and ran each sample
in duplicate against a standard curve of serially diluted
CORT standard. As with triglycerides, samples were re-
run when the CV for duplicates was above 15%, resulting
in a mean sample CV of 3.44%. We also ran kit-provided
controls in duplicate on each plate, though we were
unable to run a common control or pool across all plates
because plates were run by two different researchers
(WM. and A.A.) in different years. To test for potential
researcher effects, we calculated the proportion of resid-
ual variance attributable to the researcher with a mixed
linear model that included the researcher as a random
effect and found this effect to be negligible (<0.00001%).

Statistics: multivariate analyses

We analyzed the five physiological traits in a unified
framework that allows us to simultaneously quantify the
within-individual correlations of traits and test for differ-
ences in traits among color morphs and between sexes.
TRIG and CORT were logjo-transformed before anal-
ysis to meet the assumption of normal distribution of
model residuals. We utilized a nonparametric multivari-

ate analysis of variance (NP-MANOVA) with residual
randomization in permutation procedure (RRPP; Collyer
& Adams 2018, 2019) following Telemeco and Gangloff
(2020). We created a model that included the categorical
factors of color morph and sex, with significance deter-
mined from 999 iterations of the residual randomization
procedure. Our initial model included the morph x sex
interaction term, but we removed this because it was not
significant (P = 0.469). We then extracted least-squares
means in multidimensional space to compare physiologi-
cal phenotypes among color morphs, conducted tests for
differences in all pairwise color morph combinations, and
extracted least-squares means and 95% confidence inter-
vals for each of the traits included in the multivariate re-
sponse matrix. We then tested for changes in physiolog-
ical phenotypes across seasons using linear models, with
PC scores from the first two axes of variation as depen-
dent variables in separate models. We included the fixed
effects of color morph (categorical factor with four lev-
els: orange, white, yellow, and white-yellow), sex (cate-
gorical factor with two levels: male, female), sampling
year (2020 or 2021), as well as the linear and quadratic ef-
fects of day of year (day since 1 January) and time of day
(seconds past midnight). Initial models also included the
interaction of color morph with the linear and quadratic
effects of the day of the year and the linear and quadratic
effects of the time of day. We performed backward selec-
tion and sequentially removed non-significant (P > 0.05)
terms beginning with the highest-order interaction terms
and then re-ran the model. We assessed distributions of
model residuals visually and with a Shapiro—Wilks test
and determined the relative importance of fixed effects
using type I1I sums of squares.

Statistics: univariate analyses

We used linear models to test the influences of various
factors on each of our five physiological variables: CORT,
TRIG, Hct, T}, and SMI. As in the multivariate analysis,
CORT and TRIG were log;,-transformed before analy-
sis. Model structure, backward selection procedure, and
assessment of residuals were the same as above. All mod-
els met the assumption of normal distribution of residuals
except for that of 73, (Shapiro—Wilks, P = 0.002), though
visual inspection indicated only a slight skew which will
minimally, if at all, affect parameter estimates and inter-
pretation (Schielzeth et al. 2020). When the main effect of
color morph significantly influenced the dependent vari-
able, we conducted post hoc comparisons of least-squares
means with the emmeans package (Lenth er al. 2023).
We conducted all statistical analyses in the programming

6 © 2023 The Authors. Integrative Zoology published by International Society of Zoological Sciences,
Institute of Zoology/Chinese Academy of Sciences and John Wiley & Sons Australia, Ltd.

2SuAOI'T suowwo)) aAnea1) ajqeatjdde ayy £q paUIdA0S A1k SA[OILIE () (9SN JO SA[NI 10] AIRIqIT dUIUQ AS[IA\ UO (SUONIPUOD-PUL-SULI)/ WO KA[IM"ATRIqI[aul[uoy/:sdny) suonipuo) pue swd ], a1 39S [€70z/01/L] uo Areiqry autjuQ A3ip\ ‘ANIsIoAtun ueAd[Sop OO AQ §LLTT LL8-6FL1/T111°01/10p/wod A3[im ATeqijauljuo,/:sdny woly papeojumo(] ‘0 ‘LL8Y6YLT



Urban wall lizard color morph variation

Table 1 Pairwise comparisons of estimated least-squares means among color morph combinations from non-parametric multivariate
analysis of variance (NP-MANOVA) with randomized residuals in a permutation procedure (RRPP; see text for statistical details)

Color morph comparison d 95% Upper confidence limit VA Pr>d
White: Yellow 0.995 0.806 2.569 0.009%:
White: White-Yellow 0.802 1.197 0.262 0.404
White-Yellow: Yellow 0.772 1.109 0.341 0.379
Orange: White 0.839 1.664 —0.634 0.741
Orange: White-Yellow 1.428 1.689 1.007 0.150
Orange: Yellow 1.505 1.601 1.325 0.093

Significant differences are shown in bold with two (P < 0.01) asterisks. d, the distance between means in multivariate space (effect

size of difference).

language R (R Core Team 2023) with data figures created
with ggplot2 (Wickham ef al. 2023).

RESULTS

We collected a complete suite of physiological phe-
notype data, including plasma corticosterone concentra-
tion (CORT), plasma triglyceride concentration (TRIG),
hematocrit (Hct), field body temperature (7}), and scaled
mass index (SMI), on a total of 86 lizards across the activ-
ity season from sites in Ohio, USA (Table S1, Supporting
Information). Color morphs were not caught differently
across days of the year (linear model, F35, = 1.06, P =
0.37) or time of day (F35, = 0.99, P = 0.40).

Our multivariate models (NP-MANOVA with RPPP)
indicate that there is a clear separation among color
morphs (F3g = 2.00, P = 0.012) and between sexes
(F1.31 = 8.90, P = 0.001) in the multivariate phenotype.
Pairwise comparisons indicate significant differences be-
tween white and yellow morphs (P = 0.009) with a non-
significant trend for differences between orange and yel-
low morphs (P = 0.093; Table 1). The first two axes of
variation among color morphs account for 95% of the to-
tal variation between groups (Table 2; Fig. 3). PCI, ac-
counting for 74.2% of the variation, describes a contin-
uum of lizards with high levels of CORT, TRIG, Hct,
and SMI and a low T}, in contrast to lizards with the
opposite combination of traits. PC2 accounts for 21.2%
of total variation and contrasts lizards with high values
of CORT, a high T}, and low TRIG, Hct, and SMI with
lizards with the opposite combination of traits (Table 2;
Fig. 3). Comparisons of least-squares means for each trait
are presented in Fig. 4 and mean values for each trait by
color morph are presented in Table 3.

The first two axes of variation in the multivariate phys-
iological phenotype varied across seasons. PC1 differed

Table 2 Proportion of variance explained and variable loadings
of predicted principal component (PC) values for first two axes
of variation describing the phenotype of common wall lizards
(Podarcis muralis) from Ohio, USA

PC1 PC2
Proportion variance explained 74.20% 21.21%
CORT (log)) —0.693 —0.669
TRIG (logio) —0.352 0.162
Hct —0.304 0.182
Ty, 0.300 —0.594
SMI —0.462 0.375

Predicted values were generated using a non-parametric mul-
tivariate analysis of variance (NP-MANOVA) with random-
ized residuals in a permutation procedure (RRPP), including
the fixed effects of color morph and sex (see main text for
statistical details). CORT, plasma corticosterone concentration;
TRIG, plasma triglyceride concentration; Hct, hematocrit; Ty,
field body temperature; SMI, scaled mass index.

among color morphs, between sexes, and between sam-
pling years. Across the season, PC1 shifted linearly in
response to the day of the year and sex in a manner de-
pendent on the color morph and shifted in response to the
quadratic effect of the day of the year (Table 4 and Fig. Sa;
Table S2, Supporting Information). PC2 simply differed
among morphs. Across the season, PC2 increased with
the time of day and increased linearly across the season in
a manner consistent across morphs (Table 4; Fig. 5b).
The results of univariate models are consistent with
those of the multivariate analyses. Plasma CORT concen-
tration differed among color morphs, with pairwise com-
parisons indicating significant differences between white
and yellow morphs (79 = —3.59, P = 0.0031), with a
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Table 3 Mean values + SE of five physiological measures common wall lizards (Podarcis muralis) from Ohio, USA by color morph

CORT (ng mL™") TRIG (mg dL~") Hct Ty (°C) SMI (g)
White 11.8 £ 2.74 150 £+ 16.52 0.350 £+ 0.012 34.0 £ 0.73 5.65 £ 0.13
N=23
White- Yellow 24.6 + 10.24 154 + 26.67 0.377 £ 0.023 32.5 £ 0.99 5.86 + 0.30
N=13
Yellow 40.7 + 6.26 156 + 13.94 0.367 £ 0.011 343 £ 043 5.84 £ 0.11
N =45
Orange 6.34 £ 1.59 111 £ 28.76 0.344 + 0.033 34.6 £ 1.00 5.23 £ 042
N=5
All 28.55 £ 3.94 151.58 £ 9.50 0.362 £ 0.0076 3395 + 0.34 5.76 £+ 0.0860
N =286

CORT, plasma corticosterone concentration; TRIG, plasma triglyceride concentration; Hct, hematocrit; Ty, field body temperature;

SMI, scaled mass index.

[Te}
S o
= oy & White-Yellow
ang = b
8 -
N o
(O] . " -
=_.|= & © o)
lEf 58 Orange
w0
O'_
I
T T T T
10  -05 0.0 0.5 1.0
PC1: 74.2%
~—CORT
~—TRIG
«——Het

Tb

SMI

Figure 3 Principal component (PC) plots of phenotype of
common wall lizards (Podarcis muralis) from Ohio, USA by
color morph. Least-squares means and 95% confidence el-
lipses from non-parametric multivariate analysis of variance
(NP-MANOVA) with randomized residuals in a permutation
procedure (RRPP), including the fixed effects of color morph
and sex (see main text for statistical details). The directional-
ity of loadings for each PC axis is shown; full details are pro-
vided in Table 2. CORT, plasma corticosterone concentration;
TRIG, plasma triglyceride concentration; Hct, hematocrit; 75,
field body temperature; SMI, scaled mass index.

trend for differences between orange and yellow morphs
(t79 = —2.39, P = 0.087). Additionally, TRIG concentra-
tion and SMI varied linearly across the active season in
a manner dependent on color morph. TRIG values were
higher in the 2020 field season, while Hct and SMI were

—/—
00—
logCORT —_—
2] —A—
0
é logTRIG | R———
£ O
; Color Morph
g —_— @ Orange
= Het RN O White
o f ® f & White-Yellow
g Yellow
g o2
@ To A
< &
o ®
—A—
SMI —0—
—o——
1 1 1

Least-squares Mean

(Standardized Value)
Figure 4 Least-squares means and 95% confidence intervals
for phenotypic traits of common wall lizards (Podarcis muralis)
from Ohio, USA generated from a non-parametric multivariate
analysis of variance (NP-MANOVA) with randomized residu-
als in a permutation procedure (RRPP), including the fixed ef-
fects of color morph and sex (see main text for statistical de-
tails). Values shown are predicted from the model after account-
ing for covariation within the response matrix, displayed on a
z-standardized scale. CORT, plasma corticosterone concentra-
tion; TRIG, plasma triglyceride concentration; Hct, hematocrit;
Ty, field body temperature; SMI, scaled mass index.

higher in 2021. CORT, Hct, and SMI decreased linearly
across the active season. Conversely, TRIG increased non-
linearly across the active season. CORT was higher earlier
in the day and decreased linearly across the daily active
period. SMI was higher in males compared to females.
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Table 4 Results of linear model analysis of the effects of color morph, sex, and time on the first two axes of variation describing the
phenotype of common wall lizards (Podarcis muralis) from Ohio, USA

Source of variation

PC1 PC2

Color morph
Estimate + SE

Test statistic: F' (df,, dfy)
P-value

Sex

Estimate + SE

Test statistic: F (df,, dfy)
P-value

Year

Estimate + SE

Test statistic: F' (df,, dfy)
P-value

Day of year (linear)
Estimate 4+ SE

Test statistic: F (df,, dfy)
P-value

Day of year (quadratic)
Estimate + SE

Test statistic: F' (df,, dfy)
P-value

Time of day (linear)
Estimate &+ SE

Test statistic: F (df,, dfy)
P-value

Color morph x sex
Estimate + SE

Test statistic: F' (df,, dfy)
P-value

Color morph x Day of year
(linear)

Estimate 4= SE

Test statistic: F' (df,,, dfy)

P-value

White: 3.46 + 19.7 White: 0.186 £ 0.387

White-Yellow: —0.56 & 19.7 White-Yellow: 0.683 4 0.417
Yellow: 0.71 £ 19.7 Yellow: 0.92 + 0.37

2.73 (3,74) 8.56 (3, 82)
0.0450+ <0.0001 %%

Male: 3.50 £+ 4.63
76.73 (1, 74) —
<0.0001 %%

—0.050 + 0.226
6.88 (1, 74) —
0.0106%

0.117 £ 0.105 —0.0101 = 0.0025
6.29 (1, 74) 14.60 (1, 82)
0.0144 0.0003%%

—0.00027 4 0.000088

4.76 (1, 74) —
0.0322%
0.000042 £ 0.0000098
— (1, 82)
<0.0001 %%

White-Male: —2.01 & 4.66
White-Yellow-Male: —1.79 + 4.65
Yellow-Male: —1.93 + 4.64

2.76 (3, 74) —
0.0481+

White: 0.0106 £ 0.0983
White-Yellow: 0.0133 % 0.0983
Yellow: 0.0052 =+ 0.0983

5.87 (3, 74) -
0.0012 %%

Significant differences are shown in bold with one (P < 0.05) or two (P < 0.01) or three (P < 0.0001) asterisks. PC, principal

component.
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Figure 5 Variation in individual scores on principal component
axis 1 (a) and principal component axis 2 (b) across activity sea-
son in common wall lizards (Podarcis muralis) from Ohio, USA
by color morph. Individual PC scores are predicted from non-
parametric multivariate analysis of variance (NP-MANOVA)
with randomized residuals in a permutation procedure (RRPP),
including the fixed effects of color morph and sex (see main text
for statistical details). Loadings for each PC axis are provided in
Table 2. Regression lines are shown by color morph and for all
lizards, with quadratic lines shown in (a) and linear lines in (b),
in concordance with linear model results (presented in Table 4).

None of the tested predictors influenced 7;,. All final uni-
variate model results are presented in Table S3, Support-
ing Information.

DISCUSSION

Our results demonstrate a clear separation in the mul-
tivariate physiological phenotype among some of the P
muralis color morphs, including traits related to energy
processing and storage. As such, these morphs represent
distinct physiological strategies that continue to coexist in
a novel, urban environment after a single transcontinen-
tal introduction event. Color polymorphisms, especially
in Podarcis, represent various combinations of physio-
logical, morphological, and behavioral traits, potentially
increasing the breadth of phenotypic options available
for species in a new environment and facilitating range
expansion (Forsman et al. 2008). Color polymorphism
has been documented many times in the native range of
P, muralis (Sacchi et al. 2013; Abalos et al. 2020, 2022),
but little work has been done on the recently-established
populations that reside in southern Ohio (Brown et al.

1995a,b; Vaughn et al. 2021). This study is the first to
report on the patterns of trait covariation among color
morphs in an introduced species. Surprisingly, the ini-
tial propagule of only 10 individuals (Deichsel & Gist
2001) must have included the genetic variation necessary
to maintain the observed color polymorphisms in their
modern-day descendants. This diversity could be respon-
sible for their adaptive success in the novel ecosystems of
Cincinnati, as the population has exploded well into the
hundreds of thousands (J. Davis, personal communication
2021; Kwiat & Gist 1987), even after undergoing such a
severe genetic bottleneck (Lescano 2010; Homan 2013).
Other Podarcis species that were introduced to the United
States have undergone similar genetic bottlenecks (Kolbe
et al. 2013) but, despite this, have established thriving
populations containing thousands of lizards.

Phenotypic variation

As with other studies of color polymorphic lizard
species (e.g. Sacchi et al. 2007b; Huyghe et al. 2009;
Calsbeek et al. 2010; Galeotti et al. 2010), we identi-
fied a clear separation among color morphs in the physio-
logical phenotype (Table 1; Fig. 4). We measured traits
specifically relevant as indicators of energetic process-
ing and status at different time scales, as well as ther-
moregulation which will fundamentally drive the pace
of all physiological processes (Angilletta 2009; Black
et al. 2019). Plasma total triglycerides (TRIG), a mea-
sure of near-term energy availability, and scaled mass in-
dex (SMI), a measure of long-term energy storage, were
positively correlated among individuals (Table 2). These
traits were also positively correlated with plasma corticos-
terone (CORT), contrary to our expectations that CORT
would be elevated in low-energy individuals to promote
feeding (Gangloff & Greenberg 2023). That said, we ex-
pected CORT to vary across seasons and sexes due to
the distinct nature and timing of male and female re-
productive cycles, sex-specific differences in sensitivity
to environmental factors, and associated variation in en-
ergy allocation (Megia-Palma ez al. 2020). Our measure
of CORT represents a baseline level because we col-
lected blood samples immediately after capture before
CORT becomes elevated due to the stress response (Tylan
et al. 2020). As such, our results suggest that individuals
with high levels of CORT, but still within the allostatic
range (McEwen & Wingfield 2003), are optimizing en-
ergy acquisition and processing to maintain high levels of
available stores, both in the short and long term. Impor-
tantly, yellow and white morphs are separated on this axis
of variation, such that yellow morphs exhibited higher
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levels of CORT and TRIG than white, white-yellow, and
orange morphs (Fig. 3; Table 3). This result is note-
worthy in the context of previous work with P muralis
demonstrating that morphs differ in life-history strategy
such that yellow morphs are r-strategists (produce many
eggs with small offspring) in contrast to the K-strategy
employed by white morphs (fewer but larger offspring;
Galeotti et al. 2013). Higher levels of plasma CORT in
the faster pace-of-life yellow morphs are contrary to pat-
terns of intraspecific variation in life history and corti-
costerone in garter snakes (7hamnophis elegans, Palacios
etal 2012; Holden et al. 2022), suggesting a lack of broad
patterns of covariation among life-history traits and hor-
monal pathways in squamate reptiles. The second axis of
variation is most clearly defined by contrasts between in-
dividuals with high CORT and high field body temper-
ature (7p) and lizards with the opposite pattern. While
this axis of variation explains only ~20% of the varia-
tion among color morphs, here we find a separation of
the white morph from the mosaic white-yellow morph,
suggesting that white-yellow morphs represent a strategy
intermediate between the monochromatic white and yel-
low morphs. In addition to this, the mosaic white-yellow
morph was far less common than either the white or yel-
low morph, suggesting that assortative mating may reduce
the frequency of mosaic morphs (Pérez i de Lanuza et al.
2013, 2016; Sacchi et al. 2018), despite that early-life off-
spring are equally fit among morph combinations (Aba-
los et al. 2022). Interestingly, this mosaic white-yellow
morph exhibited the highest mean SMI, often used as a
fitness proxy (Lazi¢ et al. 2017; Gangloff et al. 2019)
(Table 3; Fig. 4).

Seasonal shifts

In addition to the clear separation of physiological
phenotypes between white and yellow morphs, we found
morph-specific shifts in physiological traits across the
active season (Table 4; Fig. 5). Values of PC1 generally
decrease across the active season, though the pattern is
non-linear. Early in the season, morphs exhibit similar
values on this axis of variation, but by late summer, white
morphs have higher scores, compared to yellow or white-
yellow morphs, indicating a reduction in energy capacity
with lower CORT, TRIG, and SMI values. All morphs
similarly increased values of PC2 across the active season
(Table 4; Fig. 5), primarily indicating a decrease in CORT
and field body temperature by late summer. It is not
surprising that CORT was the most variable trait among
morphs, varied strongly across the season, and was the
only trait affected by time of day (Table S3, Supporting

Urban wall lizard color morph variation

Information). In reptiles, CORT is the primary glucocor-
ticoid in the HPA axis (reviewed in Gangloff & Greenberg
2023), a hormonal pathway whose fingerprint rests upon a
variety of physiological processes related to maintenance
of energy balance. As such, hormones of this pathway
respond to the perceived environment to maintain or-
ganismal homeostasis. Thus, measures of circulating
hormones do not represent differences in physiological
endpoints so much as differences in strategies to achieve
regulation of important physiological parameters, for
example, circulating glucose (MacDougall-Shackleton
et al. 2019; Romero & Beattiec 2022). Flexibility in these
pathways in response to changing or novel conditions is
especially relevant in the context of urbanization (French
et al. 2018; Bonier 2023). Nonetheless, we do observe
that TRIG and SMI, commonly used as a fitness proxy,
both decrease in white morphs by late summer. Future
work is needed to elucidate the long-term effects of this
decrease in available energy, for example, in relation to
overwinter survivorship or reproduction in the following
year. In addition to these seasonal shifts, PC1 of the phys-
iological phenotype differed across sample years, driven
by variation in TRIG, Hct, and SMI (Table 4; Table S3,
Supporting Information). This pattern suggests that phys-
iological shifts occur at multiple timescales (both within
and across activity seasons). Despite this variation across
time, we still observe a clear separation of physiological
phenotypes among the color morphs (Fig. 4).

Thermoregulation

The fundamental driver of variation in determining the
rate of energy processing in all organisms is body tem-
perature (Angilletta 2009). In ectothermic vertebrates that
actively thermoregulate, body temperature is maintained
through active selection of microsites with favorable tem-
peratures, though of course, the ability to attain suitable
temperatures is dependent on those available in the envi-
ronment (Hertz et al. 1993; Angilletta 2009). Given the
high level of variability in temperate climates, lizards, in-
cluding P muralis, are often very efficient thermoregula-
tors (Ortega ef al. 2016; Bodensteiner ef al. 2021b). Con-
trary to our prediction that lizard body temperature would
vary according to seasonality or time of day, we found that
none of our predicted factors influenced 7, suggesting
that lizards are highly efficient in maintaining their pre-
ferred body temperature. The mean field 7;, we observed
here, 34.0°C, is close to the mean active body temperature
of lizards from an Italian population in August (33.6°C;
Avery 1978) and to the optimal temperature for sprint
performance (33.7°C; Telemeco et al. 2022) of lizards
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from populations in France. The slightly higher field body
temperatures of Ohio lizards complements other findings
that P muralis in Ohio may have altered thermal physiol-
ogy relative to continental Europe populations, including
higher thermal preferences (Spears et al. 2023, in revi-
sion) and an altered thermal tolerance breadth (Litmer &
Murray 2019). Surprisingly, we did not find evidence that
color morph or sex influenced field body temperatures
(Matthews et al. 2023). Previous work in the congener P
erhardii shows that orange morphs have a dramatically
reduced thermal preference compared to other morphs
(Thompson et al. 2023). Despite sampling across the fe-
male reproductive season, which influences thermoregu-
lation in a variety of lizard species (reviewed in Lailvaux
2007; Bodensteiner et al. 2021a), we found no variation
in field body temperatures. Given that our fieldwork was
conducted under generally favorable conditions (our goal
was to catch lizards when active), it would be enlighten-
ing to examine variation in field body temperatures un-
der suboptimal conditions, for example, at night or during
overwintering when lizards exhibit different thermoregu-
latory behaviors and have reduced options for favorable
temperatures.

Sex differences

In some lizard species, color polymorphism is a factor
for sexual dimorphism. In Podarcis species, however, it is
less cut and dry. P muralis color morphs are not relevant
to “sociosexual behavior” (Abalos et al. 2020), but there
is evidence that the different female morphs employ dif-
ferent reproductive strategies (Pellitteri-Rosa 2010), and
these lizards can recognize different morph colors visu-
ally (Pérez i de Lanuza ef al. 2018a). There is no female—
male color dimorphism in Podarcis species, as both sexes
contain the same number and vibrancy of color morphs
(Brock et al. 2020). While some studies have found sex
differences in body size and other morphological charac-
ters (Rubolini et al. 2006; Ljubisavljevi¢ et al. 2010; Sac-
chi et al. 2015b), we did not find dimorphisms in overall
body size (SVL) in the present study. Color morph has
no impact on sex, and vice versa—female and male color
morphs had the same fitness (Calsbeek ef al. 2010; Aba-
los et al. 2020), the same sprint performance (Zajitschek
et al. 2012), the same use of thermal habitats and thermal
preference (although gravid females have lower field body
temperature; Brafia 1993; Zajitschek et al. 2012; Thomp-
son et al. 2023), and the same levels of immunocompe-
tence (Calsbeek et al. 2010). However, despite this, the
natural life history of P muralis includes a reproductive
season that affects both the body temperature and the SMI

of reproductive females (Brafia 1993). In this study, PC1
of the physiological phenotype differed between sexes
but also varied among color morphs in a sex-dependent
manner. While this is suggestive of sex-dependent varia-
tion in physiological strategies among morphs, the pattern
is unclear: post hoc comparisons of least-squares means
(Table S2, Supporting Information) show that this effect
is largely driven by differences between male and female
orange morphs, for which we had low sample sizes. We
did not find differences between sexes in T},. Females ex-
hibited a significantly lower SMI compared to males (Fig.
S1 and Table S3, Supporting Information), though inter-
pretation of mass index across the reproductive season in
females is confounded by the relative mass of developing
eggs and energy stores, as well as mass loss at oviposition.

Habitat differences

In interaction with sexual selection, environment-
driven selective pressures may be acting on white, yellow,
white-yellow, and orange morphs generating optimum ge-
ographic and thermal patterns (Zajitschek er al. 2012;
Pérez i de Lanuza et al. 2018b). Morph frequencies have
been known to differ spatially, with orange morphs prefer-
ring lower temperatures and being more common at high
elevations (Pérez i de Lanuza & Carretero 2018; Pérez
i de Lanuza et al. 2018b). Similar trends have been ob-
served in P erhardii orange morphs, which exhibit lower
preferred temperatures and occupy more vegetated micro-
habitats, suggesting a shared preference for cooler micro-
habitats in orange morphs across species (BeVier et al.
2022; Thompson et al. 2023). Further, morphs have been
observed to vary in size (Brock ef al. 2020), with orange
morphs being much larger than their white, white-yellow,
and yellow counterparts (mean orange SVL: 64.7; mean
white, white-yellow, and yellow: 61.6). Though there is
a low proportion of orange morphs in Ohio populations
of P muralis generally, in the time since these surveys
were conducted, we have observed a population in Cincin-
nati with a high proportion of orange morphs at a site
with highly manicured vegetation and supplemental wa-
tering (personal observation). Additionally, orange color
morphs in introduced populations of P, siculus in southern
California appear more frequently in shady and irrigated
gardens (personal observation). Future work will be di-
rected toward identifying variation in microhabitat selec-
tion among morphs and specifically locating populations
with higher orange morph frequencies in areas with sup-
plemental watering and/or vegetation. While our results
suggest that P muralis orange morphs may be distinct in
a number of aspects of their physiology and ecology, our
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low sample size (N = 5) precludes definitive conclusions.
Nevertheless, these results are consistent with previous
observations in other Podarcis populations across species
that clearly show distinct differences in physiology and
behavior in the orange morphs.

CONCLUSION

Overall, our results suggest that color morph varia-
tion in physiological phenotype can provide several so-
lutions to ecological challenges, and this variation may
confer adaptive advantages in small populations intro-
duced to novel environments (Forsman et al. 2008). Dif-
ferent strategies associated with color polymorphisms,
for example, may allow for increased variation of niche
width among individuals within a population, concurrent
with increased adaptive potential, without increasing ge-
netic load (sensu Van Valen 1965). Little is known about
the adaptive significance of color polymorphism in wall
lizards (Zajitschek et al. 2012; Abalos et al. 2020), de-
spite that the genus Podarcis is comprised mostly of color
polymorphic species (Brock et al. 2022a). Introduced
populations of Podarcis provide new opportunities to test
longstanding theories and understand the causes and con-
sequences of color polymorphism.
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SUPPLEMENTARY MATERIALS

Additional supporting information may be found on-
line in the Supporting Information section at the end of
the article.

Table S1 Locality and collection data for common wall
lizards (Podarcis muralis) from Ohio, USA

Figure S1 Least-squares means and 95% confidence
intervals for phenotypic traits of common wall lizards
from Ohio, USA generated from a non-parametric mul-
tivariate analysis of variance (NP-MANOVA) with ran-
domized residuals in a permutation procedure (RRPP), in-
cluding the fixed effects of color morph and sex (see main
text for statistical details). Values shown are predicted
from the model after accounting for covariation within
the response matrix, displayed on a z-standardized scale.
Abbreviations: CORT = Plasma corticosterone concen-
tration; TRIG = Plasma triglyceride concentration; Hct =
Hematocrit; 7, = Field body temperature; SMI = Scaled
mass index

Table S2 Least-square means by color morph and sex
for principal component 1 (PC 1) of the physiological
phenotype common wall lizards (Podarcis muralis) from
Ohio, USA. See text for statistical details and loadings of
physiological traits on PC 1.

Table S3 Results of linear model analyses describing
the effects of color morph, sex, and time on phenotype
measures of common wall lizards (Podarcis muralis) from
Ohio, USA. Significant differences shown in bold with
one (P < 0.05), two (P < 0.01), or three (P < 0.0001)
asterisks.
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