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Abstract

Urbanization occurs at a global scale, imposing dramatic and abrupt environmental changes that lead to biodiversity loss. Yet, some animal
species can handle these changes, and thrive in such artificial environments. One possible explanation is that urban individuals are equipped
with better cognitive abilities, but most studies have focused on birds and mammals and yielded varied results. Reptiles have received much
less attention, despite some lizard species being common city dwellers. The Italian wall lizard, Podarcis siculus, and the common wall lizard,
Podarcis muralis, are two successful lizards in anthropogenic habitats that thrive in urban locations. To test for differences in a cognitive skill
between urban and semi-natural environments, we investigated inhibitory control through a detour task in syntopic populations of the two
species, across 249 lizards that were tested in partially artificial field settings. Sophisticated inhibitory control is considered essential for higher
degrees of cognitive flexibility and other higherlevel cognitive abilities. In this task, we confronted lizards with a transparent barrier, separating
them from a desired shelter area that they could only reach by controlling their impulse to go straight and instead detour the barrier. We found
no differences between lizards in urban and semi-natural environments, nor between species, but females overall performed better than males.
Moreover, 48% of the lizards in our study did not perform a correct trial in any of the 5 trials, hinting at the difficulty of the task for these spe-
cies. This study is among the first to address lizard cognition, through their inhibitory control, as a potential explanation for success in cities and
highlights one should be careful with assuming that urban animals generally have enhanced cognitive performance, as it might be taxa, task,

or condition dependent.
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Urbanization, one of the fastest forms of environmental
change (Angel et al. 2011; Candolin and Wong 2012), has
been steadily increasing (Ritchie 2019) and confronting ani-
mals with ever-new sets of challenges (Palumbi 2001; Sih et al.
2011; Sol et al. 2013; Griffin et al. 2017; Barrett et al. 2019).
For most species, this anthropogenic environment with many
abiotic and biotic changes has devastating consequences and
severely reduces wildlife survival, and thus it is intriguing
that some organisms can still survive or even thrive in cities
(Lowry et al. 2013; Wong and Candolin 20135). Successful city
dwellers need to deal with novel threats, different predator
species and abundance, novel food sources and differences in
food availability, drastic habitat changes, human disturbance,
and many other urban stressors (Lowry et al. 2013; Johnson
and Munshi-South 2017; Barrett et al. 2019; Elmqvist et al.
2021; Lee and Thornton 2021). Even if individuals only
experience the same urban habitat throughout their lifetime,
cities are challenging because they are a dynamic source of

unpredictable change, where ecological changes can take
place more rapidly and frequently than in non-urban habitats
(Shochat et al. 2006; Alberti et al. 2017). As we are facing a
global biodiversity crisis (WWF 2020), it is essential to under-
stand why some animals can cope with anthropogenic envi-
ronments and thrive in cities. This knowledge is important for
mitigating negative urban effects, helping more species uti-
lize urban habitats, and counteracting species decline (Lowry
et al. 2013; Sih 2013; Sol et al. 2013).

Animal cognition involves the mechanisms by which ani-
mals effectively obtain, retain, and process information
from the environment through exploration, exploitation, or
evasion, enabling animals to fulfill their survival needs and
increase fitness (Shettleworth 2001; Lyon 2020). Accordingly,
animal cognition likely plays a role in how individuals cope
with urbanization, as cognitive processes have been linked to
the ability to cope with abrupt and novel challenges (Griffin
et al. 2017; Lee and Thornton 2021). Urban animals can be
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expected to perform better than non-urban animals at cer-
tain cognitive tasks, showing more flexibility, innovation,
and problem-solving abilities (Sol et al. 2013, 2020; Lee
and Thornton 2021). For example, sulfur-crested cockatoos
(Cacatua galerita) living in residential areas improve their
efficiency in opening trash bins in parallel with humans who
increase the complexity of the bin locks (Klump et al. 2022).
Indeed, avian species that inhabit urban hubs can show more
feeding innovations than species from rural areas (Moller
2009). Furthermore, within the same species, there is a grow-
ing body of evidence showing that urban populations exhibit
distinct behaviors compared to their non-urban counterparts
(Sol et al. 2013). In some bird species, urban individuals can
be faster problem-solvers than their rural counterparts, such
as in Barbados bullfinches (Loxigilla barbadensis, Audet et al.
2016) and in great tits (Parus major, Preiszner et al. 2017).
Similarly, urban striped field mice (Apodemus agrarius) have
greater problem-solving ability in diverse novel tasks than
rural mice (Mazza and Guenther 2021). Yet, urban house
sparrows (Passer domesticus) only performed better than
rural sparrows on one of 4 novel problem-solving tasks (Papp
et al. 2015). Intriguingly, better performance in certain cog-
nitive skills is not always found in populations that succeed
in more urbanized environments; there are some exceptions
to this trend (Kark et al. 2007). For instance, black-capped
chickadees (Poecile atricapillus) do not differ in their spatial
memory along an urban gradient (Thompson and Morand-
Ferron 2019), and rural spotted hyenas (Crocuta crocuta) are
more innovative than those in more urbanized and transi-
tional areas (Johnson-Ulrich et al. 2021).

Studies addressing cognition in urban settings are heavily
biased toward birds and mammals (highlighted in Lowry
et al. 2013; Griffin et al. 2017; French et al. 2018; Sol et al.
2020; Lee and Thornton 2021), which can lead to overgen-
eralization. For example, honey bees (Apis mellifera) learning
and memory are negatively affected by air pollution, a stressor
highly associated with urban locations (Leonard et al. 2019).
As a consequence, and contrary to most literature, this spe-
cies could in fact show lower cognitive performance in cities.
It is essential to expand studies on urban cognition beyond
mammals and birds, given that different taxonomic groups
perceive and obtain information from their surroundings
differently, and therefore, may respond in various ways to
anthropogenic disturbance (Ficetola et al. 2007; French et al.
2018). Reptiles, for example, are in global decline directly
due to anthropogenic pressures, which can impact them in
different ways than birds or mammals, due to drastic differ-
ences in ecology and behavior (French et al. 2018; Doherty
et al. 2020). Nonetheless, little research has been conducted
toward understanding how reptiles might cope with anthro-
pogenic disturbance and urban challenges (e.g., reviewed in
French et al. 2018; Doherty et al. 2020), and even less has
been done on exploring if and how cognitive performance
can play a role for urban reptiles. In fact, to the best of our
knowledge, only 2 studies have addressed the impact of
urbanization on reptile cognition (Kang et al. 2018; Batabyal
& Thaker 2019), although by now we acknowledge that rep-
tiles have better cognitive abilities than previously believed.
Indeed, reptiles can use their cognitive abilities to solve novel
tasks, adjust to changes and succeed in novel and unpredict-
able environments (Amiel et al. 2011; Szabo et al. 2020; de
Meester and Baeckens 2021), also in urban environments
(Batabyal and Thaker 2019). Kang and collegues (2018)
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found no link between urbanization and learning ability in
the Delicate skink (Lampropholis delicata), while Batabyal
and Thaker (2019) found a positive link in the Indian rock
agama (Psammophilus dorsalis).

Lacertidae, the most common lizard family in Europe, is
among the reptile families that globally suffer the most due
to anthropogenic habitat modification (Doherty et al. 2020).
However, different lacertid species can vary in their tolerance
to anthropogenic environments, even when living in sympatry
(Speybroeck et al. 2016). The Italian wall lizard (Podarcis sic-
ulus) and the common wall lizard (Podarcis muralis) are very
successful in urbanized habitats, both along their invasive and
native range (e.g., Ferner et al. 2004; CABI 2016; Speybroeck
et al. 2016; Williams 2019). These are medium-sized lizards
with similar ecological requirements that can reach abun-
dant densities and might overlap in their native distributions,
along much of Italy and Croatia (Speybroeck et al. 2016).
Some populations can even occur in syntopy, in both urban
and non-urban areas. Thus, studying these lizards is a great
opportunity to understand 1) the differences in cognitive abil-
ities between urban and semi-natural lizard populations, and
2) if two species that are successful in anthropogenic envi-
ronments will show a similar cognitive performance along an
urban gradient.

Our main aim was to understand if lizards from 2 species
living in urban or semi-natural environments differ in their
cognitive performance. Given individuals need to face a range
of challenges in urbanized environments, we tested the lizards’
motor response inhibition, the ability to inhibit a prepotent
motor response of directly reaching a goal. Motor response
inhibition is part of inhibitory control, a general cognitive
domain that is suggested to be essential for cognitive flexibil-
ity and other higher-level cognitive abilities (Diamond 2013).
Inhibitory control likely provides an advantage in urban
areas in daily crucial tasks, such as when dealing with traffic
and human disturbance, or even finding the best food (e.g.,
Coomes et al. 2022). To this end, we used the detour task
(previously validated in lizards; Szabo, Noble, et al. 2019;
Storks and Leal 2020), in which we confronted wild caught
Italian wall lizards and common wall lizards with a transpar-
ent barrier separating individuals from a desired goal (i.e., the
familiar area). To reach this goal an individual has to control
their impulse to keep going straight, and detour the transpar-
ent obstacle to the side (e.g., Kabadayi et al. 2016; Juszczak
and Bobrowska 2020). We expected to find differences in
motor response inhibition across urban and non-urban habi-
tats in both P. siculus and P. muralis lizards. Grounded on the
prediction that urban lizards are equipped with better motor
response inhibition, we expected that urban individuals of
both species would detour without interacting with the bar-
rier more often compared to lizards from semi-natural areas.
We also predicted animals to learn to detour across successive
trials, and expected to find no differences in behavior between
the 2 tested species, as they have similar ecological require-
ments, live in syntopy, and are urban dwellers.

Materials and Methods

Collection

Data were collected from 249 adult P. siculus and P. muralis
in two urban and two semi-natural populations (as in e.g.,
Preiszner et al. 2017) in Croatia. These two lizard species can
occupy a wide range of habitat types, having similar activity
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patterns when in sympatry and highly overlapping in their
food niche and consumption intake; both are predominantly
insectivorous, but able to expand their diet to even eat fruits
or plant matter (Avery 1978; Capula et al. 1993; Speybroeck
et al. 2016). They can differ in their microhabitat use, with P.
siculus making more usage of vegetation and drier habitats
and P. muralis using more rocky and humid habitats (e.g.,
Capula et al. 1993; Speybroeck et al. 2016). Nevertheless, in
all the 4 locations in our study, the 2 species can be found
living in syntopy and often sharing the exact same habitat.
We tested 56 P. siculus from urban habitats (29 males and
27 females); 53 from semi-natural habitats (28 males and 25
females); 76 P. muralis from urban habitats (38 males and
38 females); and 64 from semi-natural habitats (27 males
and 37 females; Table S1). As urban locations we used the
cities of Zagreb (Zagreb county, “A_U1”) and Rovinj (Istria
county, “A_U2”), and as semi-natural locations we used the
forests in Park Zlatni Rt (Istria county, “B_S1”) and near
Vrlika (Split-Dalmatia county, “B_S2”); see the ESM for more
information. The colonization history of the urban popula-
tions is unknown, except for P. siculus in Zagreb, for which
molecular analysis predictably confirmed its origin from the
Adriatic region (Oskyrko et al. 2022). In both urban environ-
ments lizards can be found in the town center, surrounded
by high levels of habitat modification, artificial structures,
and anthropogenic disturbance. The semi-natural environ-
ments consist of 2 forest areas predominantly composed of
natural substrate, with a low amount of artificial structures
and impermeable surfaces, and with some degree of human
presence during the daytime (due to nearby human settle-
ments). All experiments took place in the field between May
and August of 2021 and were conducted in partially artificial
settings (lizards were caught from the wild, transferred and

tested in tubs outdoors, and released on the same day). This
allowed us to test a larger number of individuals increasing
our ability to obtain a better estimate of natural behaviors
(Bueno-Guerra and Amici 2018), as the transfer from wild to
laboratory conditions can overshadow behavioral differences
(e.g., for boldness and exploration in an open field test, with
urban and wild Microtus arvalis voles, Mazza et al. 2020).

Testing procedure and set-up

On any given experimental day, we collected a maximum of
8 lizards by noose during the early morning. We placed each
lizard in an individual numbered breathable linen bag until
the start of the experiments. We also collected a portion of
the substrate from the location the lizard was captured with
gloves, to use as substrate in the experimental tub to pro-
mote acclimation. Until use, the soil was stored in a plastic
bag to preserve the original scents as much as possible. All
experiments took place outside, under an opaque gazebo (to
avoid direct sunlight during the experiments and even out the
amount of light across the tubs), near the collection sites with
no human disturbance.

Prior to the experiments, we cleaned all experimental tubs
and materials with 96% ethanol. Each tub was made of
dark plastic and measured 650L x 340W x 320H mm (at
the base). In each tub, we placed a small ceramic bowl with
water, 2 brick shelters, and the respective lizards’ soil sam-
ples obtained during collection. We then opened the linen bag
inside each tub and gently released the lizard. We placed a
hand warmer (Firebag™; warms up to 50 °C) inside the same
linen bag and put it in the shelter area to allow lizards to ther-
moregulate (see Figure 1A). We left the lizards to acclimate in
the experimental tub for 40 min without disturbance. Once
this period was over, we started the first trial. We repeated
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Figure 1. The sequence of a lizard performing the cognitive task (A-C). After 5 min inside the dark tunnel, we lifted the removable door (A) and slowly
chased the lizard with a sliding door through the tunnel (B) to ensure that all individuals would reach the arena with the transparent barrier. Afterwards
the lizards had 10 min to detour the barrier (in this figure, through the right side) and go back to their familiar area in the tub (C).
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each trial 5 times on the same day, with an inter-trial interval
of 1 h. On average, experiments took place between 11:45 h
and 17:00 h. All hand warmers were boiled each evening for
20 min to reset and clean them from scent residue.

The test apparatus was built in a #-shape (Figure 1). The
base was a dark tunnel from which lizards emerged (after
handling) into an open area (closed off with a transparent lid)
that included the transparent barrier that they had to detour
to reach the familiar area containing their shelter, water, soil,
and the hand warmer (Figure 1A). The transparent barrier
was positioned in the middle of the open area, 80 mm from
the long and 55 mm from the short walls. The entire appara-
tus was made of 10 mm thick dark gray polyvinyl chloride
(PVC). The transparent lid and barrier were made of 5§ mm
thick transparent Plexiglas®.

At the beginning of a trial, we first captured the lizard from
its tub, placed the task apparatus inside the tub, then gently
released the lizard inside the tunnel of the test apparatus and
closed the tunnel from behind. While the individual stayed
inside the tunnel for 5 min, we replaced the hand warmer.
We then started the trial by softly lifting the removable door
that was holding the lizard inside the dark tunnel (Figure 1A).
Then, we slowly moved the sliding door from the back of the
tunnel behind the lizard forward, thereby forcing the lizard
to emerge from the tunnel (Figure 1B). This procedure also
prevented the lizard from going back into the tunnel. Each
lizard was given 10 min to detour the barrier either to the
left or right (Figure 1C), starting from the moment it entered
the open arena. All trials were filmed from above with porta-
ble cameras (LAMAX X8.1 Sirius) attached to power banks.
After completing 5 trials, we measured the size (snout-vent
length; SVL) and weight of each lizard and took photographs.
Thereafter, lizards were released back at their capture site, on
the same day. No lizards were kept overnight, nor were hurt
or died during this study.

Data collection

For each trial, we scored 4 response variables from the videos
(Table 1): 1) if lizards interacted with (touched) the trans-
parent barrier before detouring it, 2) the time spent inter-
acting with the transparent barrier, 3) latency to detour the
transparent barrier, and 4) which side (left or right) the lizard
used to detour the transparent barrier. Videos were recorded
at half speed, therefore, continuous variables were scored

Current Zoology 2024, Vol. 70, No. 3

with values between 0 and 1200 (twice 600 s, or 10 min).
We decided to use these values to avoid manipulating and
rounding the measurements we used. More information on
how we scored and used these variables in the analysis can
be found in Table 1. A trial was considered successful if the
individual inhibited its response of going straight to the exit
and detoured the transparent barrier without touching it,
and unsuccessful if the individual touched the barrier before
detouring. Furthermore, we initially tested a higher number
of lizards (304 individuals) but we removed all lizards that
did not participate in trials (i.e., did not move during the
whole trial or did not cross the barrier to exit the apparatus)
from the analysis, to ensure, to the best of our capabilities,
that all tested individuals were motivated to perform the task.

Video scoring and inter-observer reliability

Video scoring and data extraction were performed by GD
and CS using the software BORIS (Friard and Gamba 2016).
Both scorers were unaware of the lizards’ capture location,
species, or sex. They scored different videos, but initially, both
scored the same 25% of trials (83 lizards, thus 415 trials out
of a total of 1,520 trials). We calculated inter-observer relia-
bility using Cohen’s Kappa for the 2 observers (interaction
with the barrier: kappa = 0.851, P value < 0.001; side bias:
kappa = 0.973, P value < 0.001) and Single Score Intraclass
Correlation, ICC (3,1), with type “consistency” (time interact-
ing with the barrier: ICC = 0.966 with 95% confidence inter-
val = 0.959-0.972; latency to detour the barrier: ICC = 0.988
with 95% confidence interval = 0.985-0.990), and found
extremely high agreement between the 2 observers (all above
0.85).

Statistical analyses

We performed all statistical analyses in R (version 4.2.2)
(R Core Team 2022). We first explored our data following
Zuur et al. (2010) to ensure our data fitted model assump-
tions. We also analyzed variation in SVL and body condition
between species and sex in urban and semi-natural habitats
(Supplementary Table S2). Overall, we found significant
differences in the SVL between species and sexes (LM, 8 =
4.584 = 1.769, t = 2.591, P = 0.010), with P. muralis being
smaller than P. siculus, for both males and females, and with
P. siculus females being significantly smaller than males. We
further calculated animals’ body condition through the scaled

Table 1. Response variables were scored from the experimental videos, with respective descriptions and values. Each trial lasted for 10 min (600 s), but
we filmed videos at half speed, so continuous response variables have values up to 1,200. We indicate also which data frame subset was used to study

each variable in the analysis

Variable Description

Scoring

Used dataset

1) Interaction with
the barrier

Lizards were scored as having interacted with
the transparent barrier before detouring if they
touched it, either with their snout or front legs.

The time lizards spent interacting with the
transparent barrier (with snout or front legs)
before detouring it.

2) Time interacting
with the barrier

3) Latency to
detour the barrier

Lizards’ latency to detour the transparent barrier.
Scored regardless of if individuals interacted
with the barrier before detouring or not.

Side through which Lizards detoured the
transparent barrier.

4) Side bias

1 = did not interact with
the barrier; 0 = interacted
with the barrier

detour dataset: included all trials.

0-1,200 interacted_with_barrier dataset: included
only trials in which individuals interacted
with the barrier before detouring; that is,
were not successful in the task.

1-1,200 detour dataset: included all trials.

R =right=1 detour Dataset: included all trials.

=left=0
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mass index (SMI; Peig and Green 2009) and found that females
exhibited lower SMI than males (LM, =0. 669 = 0.141,
t=4.748, P <0.001). All results are in Supplementary Table
S2. Thus, we excluded SVL and SMI from further analyses to
ensure no collinearity between variables (species and sex). To
assess the variation of SMI across habitats, we subset the data
for each species and sex and found SMI not to vary between
urban and semi-natural habitats (for all 4 LM models,
P > 0.05) for each species and sex (Supplementary Table S3).

We ran four different models separately to analyze the 1)
interaction with the barrier, 2) time interacting with the bar-
rier, 3) latency to detour the barrier, and 4) side bias (side
chosen to detour). See Table 1 for details. In all models, we
integrated the fixed effects of species (P. siculus or P. mura-
lis), habitat (urban or semi-natural), sex (male or female), and
trial number (1-5); we also included the random effects of
lizard’s identity (to account for repeated measures), the exper-
imental day (1-42) and the collection site (urban U1, U2, and
semi-natural S1, S2). For all 4 models, we also tested for an
interaction between the fixed effects species and habitat. For
the response variables 1) interaction with the barrier and 4)
side bias, we initially used generalized linear mixed effects
models (GLMM) with a binomial distribution (using the
function glmer from the Ime4 R package; Bates et al. 2015).
Because our binomial model 4) regarding the side bias was
singular and over dispersed, and given the random effects
explained nearly zero of the remaining variance, we decided
to use the number of right side choices per individual as a
response variable in a GLM model with Poisson distribution
instead (not including thus the random effect of animal iden-
tity). To further investigate laterality in detour behavior, we
determined the percentage of individuals with a clear side pref-
erence when detouring (turned 5 times to the left/right during
the trials). Additionally, we calculated a laterality index (LI)
using the formula (N right — N left)/(N right + N left), in
which -1 indicates a bias to the left and 1 a bias to the right.
Moreover, to gain a measure of the strength of lateralization
we also calculated the absolute value of LI (0-1 values). For
the models investigating 2) time interacting with the barrier
and 3) latency to detour the barrier, we used GLMMs (also
using the function glhner) with Gamma distribution (log-link),
due to the right-skewedness of our data (from the same lme4
package). Mixed models were fitted by maximum likelihood
with adaptive Gauss—Hermite quadrature = 0, to allow con-
vergence of the models (Bates et al. 2015). We investigated the
results of interactions using least-square means post hoc tests
with the emmeans function of the package emmeans (LSM,
Lenth 2023). For all models, a was set at 0.05.

Our code and dataset can be assessed at OSF: https://doi.
org/10.17605/OSEIO/N9J8S.

Results

Contrary to our predictions, we found no differences between
lizards from urban and semi-natural habitats, in any of the
investigated response variables (P > 0.05, Table 2). This
pattern was similar for both species (P > 0.05, Table 2). We
found no difference in the lizards’ ability to detour the bar-
rier without touching, between lizards from different habi-
tats (GLMM, B=-0.413=0.442, t=-0.933, P=0.351;
Table 2). We also found no differences between species,
but males overall made less correct detours than females
(B=-0.512+0.218, t=-2.345, P =0.019; Figure 2C). We

did not find lizards to improve their performance over the 5
trials (8 =0.072 = 0.053, t = 1.365, P = 0.172; Figure 2A). To
further understand if the sex difference was associated with
differences in performance over trials, we ran another similar
model, which additionally included an interaction between
sex and trial number. We found no significant interaction
(GLMM, = 0.008 = 0.106, ¢ = 0.074, P = 0.941), indicating
that, despite females performed better than males, both sexes
performed in the same way across the 5 trials (Figure 2B). In
the first trial, 82.7% (206 out of 249) of the lizards interacted
with the barrier before detouring; particularly, 81.1% (107
out of 132) of the urban lizards and 84.6% (99 out of 117)
of the semi-natural populations. Furthermore, 48 % of the liz-
ards (109 out of 249) did not perform a correct trial in any
of the 5 trials.

When considering only those trials in which lizards inter-
acted with the barrier before detouring (i.e., made an incorrect
choice), we found that lizards spent more time interacting with
the barrier as trials progressed (GLMM, = 0.090 = 0.026,
t=3.449, P=0.001), but there were no differences among
habitat, species, or sex (Table 2). Moreover, we found no
differences among habitat, species, or sex in the latency
taken to detour the barrier (Table 2) or the side bias (Table
2). Nonetheless, despite the majority of animals showing no
clear bias when detouring the barrier, a few individuals were
showing a distinct side bias, turning 5 times to the left/right
during the trials. Specifically, in P. siculus, 11.1% of females
and 3.5% of males in urban habitats, and 4% of females and
25% of males in semi-natural habitats, showed a clear side
bias (Supplementary Table S4). In P. muralis, 7.9% of females
and 13.2% of males in urban habitats, and 13.5% of females
and 25.9% of males in semi-natural habitats, showed a clear
side bias (Supplementary Table S4). For both species, the per-
centage of males with a clear side bias was nearly twice as
high as that of females, and the percentage of males exhibiting
a clear side bias was also higher in semi-natural than urban
habitats. Among all animals exhibiting a distinct side bias, we
found a preference for the left side in all groups. Interestingly,
not a single lizard in urban habitats displayed a clear bias to
detour the barrier to the right side. Overall, we found a low
LI across groups (average ranging from -0.244 to 0.103), and
only females from semi-natural environments (of both spe-
cies) showed a LI more biased to the right (Supplementary
Table S4; Supplementary Figure S2). The strength of lat-
erality was also weak, reaching a maximum average of 0.5
(Supplementary Table S4; Supplementary Figure S3).

Discussion

Contrary to our predictions, Italian wall lizards and common
wall lizards living in urban and semi-natural areas did not
differ in their motor response inhibition and did not improve
their performance over trials. Nevertheless, females were
more likely to detour the barrier without interacting with it
(correct trial), but we found no differences between the sexes
in their performance across trials. Almost half of the lizards in
the study failed to complete a single correct trial. This could
indicate the difficulty of the task for these 2 species, either due
to the nature of the task requirements or to the lizards’ unfa-
miliarity with transparent surfaces (Kabadayi et al. 2016).
When looking at trials in which lizards touched the barrier,
we found that the time interacting with the barrier increased
over trials, but did not differ based on habitat (urban versus
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Table 2. Outcomes of the models for each response variable. We included the fixed effects of species (PS: P siculus or PM: P muralis), habitat (Ur:
urban or Sn: semi-natural), and sex (M: male or F: female), with an interaction between species and habitat. For the first 3 models, we also included
the fixed effect trial number (1-5), and the random effects lizard identification (a code assigned to each individual), day (1-42), and site (urban 1 and 2 or
semi-natural 1 and 2). All significant results are highlighted in bold

1) Interaction with the barrier Nobs = 1,245

Fixed effects B SE z P
Intercept (PM, F, Ur) ~1.138 0.357 -3.193 0.001
Species (PS) 0.017 0.316 0.053 0.958
Habitat (Sn) -0.413 0.442 -0.933 0.351
Sex (M) -0.512 0.218 -2.345 0.019
Trial number 0.072 0.053 1.365 0.172
Species (PS): Habitat (Sn) -0.455 0.470 -0.968 0.333
Random effects o’ SE

Lizard ID 1.204 1.097

Day 0.361 0.600

Site 0.073 0.269

2) Time interacting with the barrier Nobs = 968

Fixed effects B SE z P
Intercept (PM, F, Ur) 1.706 0.399 4274 <0.001
Species (PS) 0.157 0.255 0.615 0.539
Habitat (Sn) 0.528 0.543 0.972 0.331
Sex (M) 0.088 0.181 0.486 0.627
Trial number 0.090 0.026 3.449 0.001
Species (PS): Habitat (Sn) -0.325 0.366 -0.887 0.375
Random effects o’ SE

Lizard ID 1.591 1.261

Day 0.015 0.123

Site 0.233 0.483

Residuals 1.305 1.142

3) Latency to detour the barrier N, =1,245

Fixed effects B SE z P
Intercept (PM, F, Ur) 3.370 0.360 9.348 <0.001
Species (PS) 0.402 0.318 1.263 0.207
Habitat (Sn) 0.049 0.482 0.101 0.920
Sex (M) 0.021 0.223 0.095 0.925
Trial number 0.029 0.026 1.117 0.264
Species (PS): Habitat (Sn) 0.042 0.459 0.092 0.926
Random effects o? SE

Lizard ID 2.660 1.631

Day 0.113 0.336

Site 0.130 0.361

Residuals 1.622 1.273

4) Side bias Nobs = 1,245

Fixed effects B SE z P
Intercept (PM, F, Ur) 0.801 0.089 9.038 <0.001
Species (PS) -0.101 0.125 -0.812 0.417
Habitat (Sn) 0.145 0.112 1.293 0.196
Sex (M) -0.103 0.086 -1.210 0.226

Species (PS): Habitat (Sn) 0.090 0.173 0.524 0.600
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Figure 2. The predicted probability of detouring the barrier without interacting with it (= correct trial) over the 5 trials (A) for all individuals in the study
and (B) for each sex; and (C) the proportion of correct trials overall between females (in orange with solid line) and males (in green with dashed line).
In (A) and (B), we plotted the data with a linear model fit and 95% confidence intervals (shaded area), and in (C), we plotted the ranges from raw data,
with the corresponding mean indicated with black dots, and the median indicated with horizontal lines. The asterisk indicates P < 0.05. Artwork and

image assembly performed with Inkscape.

semi-natural), species, or sex. There were also no differences
between any variables regarding the time taken to detour the
barrier, or the side to which individuals detoured.

Our results show no differences in motor response inhi-
bition across urban and semi-natural populations regardless
of the species tested. Although most previous studies across
taxa found populations in cities exhibiting enhanced cogni-
tive abilities (Lowry et al. 2013; Sol et al. 2013; Griffin et al.
2017; Barrett et al. 2019; Lee and Thornton 2021), some
also demonstrated no link (e.g., Kang et al. 2018; Thompson
and Morand-Ferron 2019). There are multiple possible non-
mutually exclusive explanations for our findings. First, the
urban environment might not pose a more challenging envi-
ronment in regard to motor response inhibition to the lizard
species in our study, and consequently, no selection occurred
on higher performance in these urban habitats (Sih et al.
2011). Adjusting to urban environments might not always
require refined cognitive abilities but instead demand other
modifications (Sol et al. 2013) such as in habitat usage, mor-
phology, or locomotor performance (e.g., in urban Anolis liz-
ard species; Winchell, Carlen, et al. 2018, Winchell, Maayan,
et al. 2018). It is possible that selection in urban habitats acts
on cognition in mammals and birds but not, or less so, in
lizards because they face different challenges. The impact of
urbanization can be highly dependent on the organism’s ecol-
ogy, size, and habitat requirements, but it could also depend

on the level of human-wildlife conflict with preventive meas-
ures often targeting certain species (Barrett et al. 2019; Klump
et al. 2022). Thus, this could potentially select for better inno-
vation, flexibility, and problem-solving skills in those species
that must overcome such preventive measures to survive in
urban environments. This stands in contrast to lizards, which
are generally not considered nuisance species for humans.
Moreover, the microhabitat features between urban and
semi-natural environments might not be divergent enough to
require higher inhibitory control for these lizards to live in
urban environments (as also suggested in Kang et al. 2018 for
cognitive abilities).

Second, as both Italian and common wall lizards have suc-
cessfully existed near anthropogenic environments for a long
time, lizards from urban and semi-natural habitats might
not differ because they could have common adaptations to
human-altered environments (Papp et al. 2015). Despite the
proportion of successes in this one cognitive task not being
very high for both of our species (similarly to another study
on inhibitory control in different lizard species; Szabo, Noble,
et al. 2019), and 48% of the lizards having failed to perform
a single correct trial, it is unknown whether sympatric spe-
cies that are unable to live in cities would perform even less
proficiently at this task. The house mouse (Mus musculus),
for example, has been sharing a habitat with humans for mil-
lennia, and its problem-solving skills increased across tasks
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in subspecies that have coexisted with humans for longer
(Vrbanec et al. 2021). Furthermore, it is well documented that
Italian and common wall lizards from different native source
populations can establish invasive populations in many novel
locations (e.g., Ferner 2004; Podnar et al. 2005; Silva-Rocha
et al. 2014; Speybroeck et al. 2016), which might point to an
overall quick adjustability of these 2 species. To disentangle
the relationship between urbanization and general cognitive
flexibility, one would need to include further sympatric spe-
cies that cannot cope well with anthropogenic environments
and are noninvasive in future studies.

Finally, cognitive abilities might vary across an urban gra-
dient, but we were unable to capture this variation with the
detour task. For example, the house sparrow (P. domesticus)
is commonly associated with anthropogenic environments
and still urban individuals do not show better cognitive per-
formance overall compared to rural birds (Papp et al. 2015).
Instead, differences could only be detected in the hardest of 4
novel foraging tasks and the best problem solvers were urban
birds with larger body mass (Papp et al. 2015). Moreover,
Eurasian red squirrels (Sciurus vulgaris) show differences in
solving a novel food-extraction task across an urban gradi-
ent, but their performance also depends on other factors, such
as human disturbance and squirrel population size (Chow
et al. 2021). Our semi-natural locations were located close to
human settlements, which might have enough human distur-
bance to mask differences between urban and semi-natural
lizard populations when compared to more remote wild pop-
ulations (Baxter-Gilbert et al. 2019). Furthermore, it could
be worth investigating locations that experienced recent
dynamic urban change. Indian rock agamas (P. dorsalis) from
suburban areas that had gone through extensive recent con-
struction and buildup learned the location of a safe shelter
faster compared to rural conspecifics (Batabyal and Thaker
2019). Thus, in future studies, it might be possible to unravel
cognitive differences across an urban gradient if taking task
difficulty and task variety into account and including other
environmental variables or populations (Papp et al. 2015;
Chow et al. 2021; Mazza and Guenther 2021).

Although we found no effect of urbanization on task per-
formance, we found an effect of sex. In most studies on lizard
cognition, sex is either not considered or only males are tested
(e.g., Szabo, Whiting, et al. 2019), even in the context of
urbanization (Kang et al. 2018; Batabyal and Thaker 2019).
When sex is taken into account, cognitive studies yield dif-
ferent conclusions (e.g., Carazo et al. 2014; Szabo, Whiting,
et al. 2019). The 2 studies that previously tested a detour task
in lizards reported no sex differences (Szabo, Noble et al.
2019; Storks and Leal 2020), but their sample sizes were
much smaller than in our study. Evidence for a sex difference
in the context of urbanization was, however, found in a study
with birds (common myna, Acridotheres tristis) in which
rural females learned a task quicker than rural males (test-
ing was limited to females in urban populations; Federspiel
et al. 2017). It is possible that females differed from males in
our task due to differences in their body condition and per-
sonality, especially because experiments took place during the
breeding season. Females might be more cautious than males
and performed better because they were more motivated to
find their shelter or because they discovered the gap on the
side of the barrier more efficiently. Nevertheless, given both
sexes face similar challenges in their environment, and there
are no studies directly testing differences in personality across
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males and females in these species, further investigation is
needed to better understand the sex difference we found.

Our results do not show lizards significantly improving
with trial numbers, despite estimates hinting at this trend.
The absence of improvement across trials may suggest that
our experiment genuinely assessed motor self-regulation
rather than individuals’ learning speed (Kabadayi et al. 2017).
Alternatively, the low number of repetitions of the task (only
5), could be insufficient to detect improvement. Those individ-
uals who were unable to detour successfully without touching
the barrier across trials showed an increase in the time they
interacted with the barrier over trials. Striped field mice (A.
agrarius) that failed to solve a cognitive test were also more
persistent and interacted longer with the apparatus (Mazza
and Guenther 2021). The increase in time spent interacting
with the barrier might reflect lizards being more persistent
when trying to leave the testing area as they had experi-
enced escape in previous trials. Alternatively, this behavioural
change might be related to an increase in frustration across
trials due to their inability to perceive the transparent bar-
rier. From our experiment, we are unable to determine why
lizards that failed to detour increasingly interacted with the
transparent barrier.

Both the time taken to detour and the side detoured
were not related to sex, habitat, or species. This might indi-
cate that neither morphological differences nor laterality
were important for solving our task. In both species, fewer
females displayed a clear side bias compared to males; and
more males in semi-natural habitats, as opposed to urban
males, exhibited a clear side bias. Overall, we found more
individuals to prefer to detour the barrier to the left side,
except for females living in semi-natural areas who showed
a higher preference for the right. However, our LI and its
strength were weak, likely because we tested individuals
only 5 times, as we did not explicitly focus on laterality.
Previous studies on common wall lizards found lizards to
prefer to detour a mesh barrier to the left (Csermely et al.
2010), or to be instead more heavily biased to the right
(Bonati et al. 2010), but both studies tested the lizards 10
times. To better understand these lateralized preferences,
further studies would need to be conducted focusing on
lateralized behavior in these lizard species.

In conclusion, we found no evidence for differences in
motor response inhibition across lizards from urban and
semi-natural populations. This can indicate that these urban
lizards do not require enhanced inhibitory control to thrive in
cities, that these species already have sufficiently high motor
response inhibition to cope with anthropogenic environ-
ments, or that our task could not detect potential differences.
To the best of our knowledge, our study is only the third to
assess the impact of urbanization on cognitive performance in
a reptile species (after Kang et al. 2018; Batabyal and Thaker
2019; both with lizards), and the first performed with wild-
caught lizards in the field. We are, therefore, only just begin-
ning to understand how urban lizards can cognitively cope
with urban challenges. It is worth highlighting that when con-
ducting studies involving immediately captured wild animals,
essential information concerning their reproductive condi-
tion, dietary status, and overall health remains unavailable.
Despite our efforts to minimize and account for these fac-
tors, it is important to recognize their potential influence on
our results. We further suggest that future studies should also
include non-urban sympatric species, a wider array of tasks
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testing a range of cognitive abilities with increasing difficulty,
or other ecological variables and environments, to better
assess cognitive differences across an urban gradient. As we
are currently facing a global biodiversity crisis (WWEF 2020),
with lizards also experiencing a decline worldwide (French
et al. 2018; Doherty et al. 2020), it is encouraging that at least
some species are able to cope and thrive in human-dominated
landscapes, and it is promising what future research might
unveil regarding the role of cognition in the success of urban
animals.
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