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How lacertids resolve spatial details: visual acuity in the common
wall lizard (Podarcis muralis)
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ABSTRACT
Visual acuity, the ability to discern static spatial details, is crucial for
understanding how organisms perceive their environment. Lacertid
lizards are diurnal, feed on small prey, and communicate using
multiple visual signals, including postures, dynamic displays and
conspicuous colour patches. However, their visual acuity remains
unstudied, leaving a critical gap in our understanding of their visual
capabilities. Visual acuity is often estimated behaviourally using an
optomotor apparatus, which quantifies a reflex-orienting movement
called the optomotor response (OMR), or histologically by evaluating
retinal ganglion cell (RGC) densities. We combined these two
techniques to estimate visual acuity in a lacertid lizard, Podarcis
muralis. OMR assays estimated an acuity of 2.05 cpd, while RGC
counts revealed a peak density (>7000 cells mm−2) within the
area centralis, corresponding to 1.56 cpd. RGC topographic maps
revealed additional areas of high cell density in the dorso-nasal and
dorso-temporal regions, while the area centralis was located slightly
ventrally in the centro-temporal retina. This RGCdistribution suggests
adaptations to resolve stimuli in the centre and lower parts of the
lizard’s visual field, which may enhance predator and prey detection
on the ground. Using our estimated acuities, we calculated that a
lizard can detect a conspecific from 10 m and a 2 mm-long object
from 40 cm away. In addition, we generated AcuityView images
(R package) showing how this species might discern conspecific
colour patches at different distances. These images suggest that
beyond 10 cm, the surroundings become increasingly blurred,
suggesting a role for static visual signals specifically in close-range
communication.
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INTRODUCTION
Vision allows organisms to gather information from their
surroundings and is crucial for communication, navigation,
foraging, prey detection and predator avoidance (Smythe, 1975;
Endler, 1978; Cronin et al., 2014). The efficacy of vision depends
on a complex concert of intrinsic and extrinsic factors that can
influence visual perception (Kohn, 2007). Because vision relies on
the projection of an object’s image onto the retina, its effectiveness

is constrained by ocular parameters such as the typology of the eye
(i.e. camera, mirror or compound), eye shape and size, pupil shape
and size, and the type, size and density of photoreceptors (Kelber
et al., 2003; Cronin et al., 2014; Feller et al., 2021; Fleishman, 2024).
Extrinsic factors also constrain vision. Indeed, ecological variables
such as the light environment (Caves et al., 2016, 2023; Warrant
et al., 2020), the complexity of the visual scene (de Busserolles
et al., 2014; Caves et al., 2017), the distance between the viewer and
the visual stimulus (Coimbra and Manger, 2016), as well as aspects
such as foraging mode, diet composition and mobility (Caves
et al., 2024), play a relevant role in visual perception. Animals have
accordingly evolved specialised visual systems reflecting their
evolutionary history, behaviour and ecological context (Lythgoe,
1979; Hart, 2001; Hall, 2008; Osorio and Vorobyev, 2008; Cronin
et al., 2014; Thomas et al., 2020; Caves et al., 2023, 2024; Fleishman,
2024).

One important aspect of visual perception is visual acuity. Visual
acuity is defined as the ability to resolve spatial details in a visual
scene (Cronin et al., 2014; Caves et al., 2018), and shows striking
variation by orders of magnitude across organisms (Caves et al.,
2018; Heukamp et al., 2020). Knowledge of visual acuity reveals the
extent of the visual information that organisms can extract from their
environment and can contribute significantly to an understanding
of their behaviour and ecology. Many animals employ complex
visual signals for communication (Hailman, 1977; Bradbury and
Vehrencamp, 2011), the effectiveness of which strongly depends on
the visual capabilities of the receivers. As the ability to resolve signal
details is contingent upon the receiver’s visual acuity, the receiver’s
sensory system plays a significant role in shaping the characteristics
of visual signals, thereby serving as a critical determinant of
signal design (Endler, 1992). Subtle, fine-scale visual signals and
communication over long distances suggest that some species have
remarkable visual acuity. However, research has seldom addressed
this aspect of visual communication. Instead, it has focused on other
aspects, such as receptor sensitivity and threshold or temporal
resolution, which have been extensively explored in visual ecology
(e.g. Fleishman et al., 1997; da Silva Souza et al., 2011; Cronin et al.,
2014; Caves et al., 2016; Matsuo et al., 2021).

Various techniques, including behavioural, electrophysiological,
anatomical and histological methods, have been used to assess
visual acuity across multiple taxa, providing insights into these
limiting factors and their variation among species. The axial length
and the position of the nodal point of the eye determine the size of an
image on the retina: the larger an image, the greater the number of
photoreceptor cells it will cover, allowing greater spatial detail to be
perceived. The radius of curvature of the eye and the density of
photoreceptor cells determine the spatial details that can be extracted
from this image (Cronin et al., 2014; Caves et al., 2018). In many
eyes, each retinal ganglion cell (RGC) receives input from several
photoreceptor cells, which increases sensitivity but reduces acuity
(Caves et al., 2018). Acuity is thus ultimately limited by the imageReceived 12 August 2024; Accepted 22 March 2025
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size on the retina, the density of photoreceptors and the ratio of
ganglion cells to photoreceptor cells. A high density of RGCs
typically favours high visual acuity (Lee and Stevens, 2007;
Rutowski et al., 2009). While a large eye is often associated with
high acuity (i.e. greater axial length; e.g. Kirschfeld, 1976; Land and
Nilsson, 2012; Hall, 2008; Caves et al., 2018), this is not universally
the case. In many nocturnal species, large eyes, pupils and lenses are
adaptations for increased light sensitivity rather than high resolution
(Caves et al., 2018, 2023, 2024). These adaptations include larger
photoreceptor cells and/or a higher degree of convergence onto
ganglion cells, which enhance vision in low light but may reduce
acuity. The presence of specific retinal specialisations with a high
RGC density, such as a visual streak, a fovea or other high-density
areas (e.g. area centralis) also favours a high visual acuity (Hughes,
1977; Masseck et al., 2008; Coimbra and Manger, 2016; Potier
et al., 2017; Costa et al., 2020; Heukamp et al., 2020). The presence
of these retinal specialisations and their distribution in a concentric
or elongated manner across the retinal meridian (e.g. de Busserolles
et al., 2014; Caves et al., 2021) provide valuable insights into a
species’ visual behaviour and ecology (Hauzman et al., 2018; Caves
et al., 2017, 2018, 2024; Baden et al., 2020).
Behavioural tests, including operant conditioning experiments

and measurement of optomotor or optokinetic responses, are
frequently used to evaluate visual acuity (e.g. Bartol et al., 2002,
2003; Masseck et al., 2008; Ben-Simon et al., 2012; Caves et al.,
2016, 2021; Lev-Ari et al., 2017; Parker et al., 2017). The
optomotor response (OMR) is a reflexive head or body-orienting
movement elicited by a global shift in the surrounding visual field
(normally resulting from head or body movement). When it occurs
naturally, it compensates for and stabilises the visual image change
that results from self-motion. This reflex can be elicited using an
optomotor apparatus and does not require any training. An
optomotor apparatus, also called an ‘optomotor drum’, consists of
a rotating cylinder with black and white vertical stripes on its inner
wall, and a central platform where the animal to be tested is placed.
The visual acuity threshold of a species can be evaluated by
manipulating parameters such as stripe width, contrast between
adjacent stripes, luminance and drum rotation angular velocity
(Caves et al., 2020). Visual acuity is expressed in cycles per degree
(cpd), which refers to the number of pairs of black and white stripes
an organism can discriminate within a single degree of visual angle
(Caves et al., 2020). The higher the cpd value, the greater the visual
acuity. The optomotor apparatus has been mainly employed for
studying fish, arthropods and some mammals to analyse contrast
sensitivity, temporal and spatial visual acuity, visual performance
between mutants, and inter- or intra-specific variation (see table S2
in Caves et al., 2020).
Visual acuity remains a relatively neglected parameter in work

with reptiles, with extremely valuable but limited investigations
focusing on a few lizard clades (Hayes and Ireland, 1972; Ireland and
Gans, 1977; Ireland, 1979; Northmore and Granda, 1991; Bartol
et al., 2002, 2003; Baker et al., 2007; Fleishman et al., 2017, 2020;
Levi-Ari et al., 2017; Nagloo et al., 2019). Yet, many lizards feed on
small, fast-moving prey and rely heavily on visual communication
(e.g. Desfilis et al., 2003; Font et al., 2010; Fleishman and Font, 2019;
Fleishman, 2024), making the exploration of their visual system
essential for understanding their behaviour and ecology. Lizards have
a rich repertoire of visual signals, including dynamic (i.e. movement-
based) displays such as head bobs, foot shakes, various tail
movements and dewlap extension (Carpenter and Ferguson, 1977;
Cooper, 2001; Peters and Evans, 2003; Jenssen et al., 2005; Labra
et al., 2007; Font et al., 2012a), as well as chromatic signals (e.g.

Stapley andWhiting, 2006; Fleishman et al., 1993, 2011, 2017, 2020;
Pérez i de Lanuza et al., 2014; Martin et al., 2015; Fleishman and
Font, 2019). Lacertid lizards (Squamata: Lacertidae), in particular,
display a wide range of dynamic and static visual signals (Weber,
1957; Verbeek, 1972; Edsman, 1990; Font et al., 2012a; Abalos
et al., 2024), often featuring conspicuous lateral and ventrolateral
colour patches that function as chromatic signals (Molina-Borja et al.,
2006; Salvador and Veiga, 2008; Font et al., 2009; Pérez i de Lanuza
et al., 2014; Names et al., 2019; Badiane and Font, 2021). Although
previous studies have investigated colour vision and spectral
sensitivity in some lacertids (e.g. Pérez i de Lanuza and Font,
2014; Martin et al., 2015; Pérez i de Lanuza et al., 2018), no research
has yet explored how they visually discern spatial details.

The European common wall lizard, Podarcis muralis, is a small
lacertid that relies on vision and visual stimuli for many aspects of
its biology. While numerous studies have specifically investigated
this species’ colour perception and discrimination (e.g. Pérez i de
Lanuza et al., 2014, 2018), no attention has been devoted to its
visual acuity. Podarcis muralis has a diurnal activity, a preference
for relatively open habitats, preys on small and often fast-moving
prey, and is capable of detecting large predators at considerable
distances (Font et al., 2012a). While chemical stimuli are important
in male–male and male–female interactions, vision also plays an
essential role in social interactions (Font et al., 2012a,b). Territorial
behaviour in Podarcis males may partially rely on the ability to
visually detect and recognise rivals from a distance (López and
Martín, 2002; Font et al., 2012b). In common with other Podarcis
species, males and, to a lesser extent, females of P. muralis possess
conspicuous ultraviolet (UV)–blue patches on some of the outer
ventral scales (OVS), each ca. 2 mm long. These conspicuous
patches are typically displayed during social interactions, and prior
studies have suggested that they may function as signals of
individual quality, providing information about fighting ability in
the course of male–male interactions (e.g. Pérez i de Lanuza et al.,
2014). Many of these blue patches reflect in the UV wavelength
range with a single peak of reflectance around 370 nm (Pérez i de
Lanuza et al., 2014; Pérez i de Lanuza and Font, 2015).

Here, we estimated the visual acuity of P. muralis using a
multidisciplinary approach involving a behavioural assessment using
an optomotor apparatus to obtain OMR data, and a histological
analysis to determine RGC density and distribution in their retina.
Additionally, we used software to generate representative images of
what the species is capable of resolving based on the estimated visual
acuity.

MATERIALS AND METHODS
Lizard maintenance
Podarcis muralis (Laurenti 1768) used in this study were captured
by noosing in Llívia (Cerdanya, Eastern Pyrenees, Spain). Nine
adult males were captured in September 2021, and ten adult females
were captured in October 2022. Immediately after capture, we
brought the lizards to the laboratory at the University of Valencia,
measured them, and individually housed them in glass terraria
(20×40×25 cm) with a layer of coconut fibre as substrate, a water
dish and a shelter. Terraria were illuminated with daylight
fluorescent tubes (Reptistar 5.0, 6500 K), and a 30 W infrared
(IR) heating bulb placed 30 cm above the substrate to provide
additional illumination and a heating spot of ca. 32°C. Room
temperature was maintained at 25°C from 10:00 h to 18:00 h and
allowed to drop to 18°C at night, and the lighting was set to be on
from 10:00 h to 17:00 h, to simulate photoperiod and temperature
variation in the lizards’ natural environment. All terraria were
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sprayed daily with water. Lizards were fed Tenebrio molitor larvae
and small Acheta domestica 3 times weekly. Animals were released
at the exact point of capture, previously georeferenced, when
experiments were finished.
All procedures were conducted in accordance with the animal

experimentation and care guidelines of the ABS/ASAB and
received the approval of the institutional Ethics Committee of the
University of Valencia (cod: 2018/VSC/PEA/0127). Lizards were
captured and retained in the laboratory under permits SF/024/21,
SF/0187/22, and SF/0165/24 provided by the Departament de
Territori i Sostenibilitat (Generalitat de Catalunya).

Optomotor response
We constructed a 3D-printed optomotor apparatus (Caves et al.,
2020), consisting of a static platform surrounded by a circular paper
drum (diameter 360 mm, height 210 mm), and a programmable
electric stepper motor allowing us to select the speed and direction of
rotation. We placed a transparent polycarbonate cylinder in the centre
(diameter 105 mm, height 165 mm) to restrain the animal’s
movements inside the apparatus. Stimuli were pairs of black and
white stripes displayed on the inner wall of the paper drum. We
calculated and adapted the width of our stripes from 1 to 10 cpd,
according to the diameter of our drum and the native resolution of our
printer (Caves et al., 2020). This rangewas selected based on reported
visual acuity values in reptiles in the literature (e.g. Fleishman, 1992;
New and Bull, 2011; Lev-Ari et al., 2017; Nagloo et al., 2019;
Fleishman et al., 2020). Inaccurate alignments, incorrect width values
of lines or low printer resolution can lead to distortions of the pattern
when printing. To avoid Moiré patterns, we adjusted for all spatial
frequencies and stripe widths to be whole number multiples of a dot
size of 0.021 mm for a printer with a resolution of 1200 dpi (Table 1).
We tested ten spatial frequencies from 1 to 10 cpd, corresponding

to different widths of single stripes, ranging from 1.418 to
0.127 mm (Table 1). This range allowed us to comprehensively
explore visual acuity thresholds without bias toward specific spatial
frequencies. A plain white drum without stripes was used as the
control (0 cpd). The inside of the optomotor apparatus was
illuminated with a non-flickering LED flashlight placed overhead,
delivering a uniform illumination.
During experiments, we maintained a consistent drum speed of 2

rotations per minute (rpm), which is the lowest rotational speed that
reliably elicits a strong OMR while minimising potential artefacts

caused by excessively fast stimulus motion that could overwhelm or
alter the natural tracking behaviour (Caves et al., 2021).

From our optomotor drum measurements, we were able to
calculate the minimum separable angle (MSA), corresponding to
the stripe width used in a particular trial as:

MSA ¼ 2arctan
0:5W

RD

� �
; ð1Þ

whereW represents stripe width and RD the reactive distance, which
is the distance between the eyes of the tested animal and the stimuli
(stripes) displayed on the drum wall, both in the same units.

We performed the experiment from 10:00 h to 18:00 h, 13–18
March 2022, for the nine males, and 21–26 November 2022, for the
ten females. Each lizard was tested twice a day, with two spatial
frequencies tested per day. Over 5 days, this systematic approach
ensured that each animal was tested for all ten spatial frequencies.
Each testing session lasted 2 min, during which four trials were
conducted. Each trial lasted 30 s, with the drum’s rotation direction
alternating between clockwise and counterclockwise every 30 s.
This resulted in two replicates for each rotation direction per spatial
frequency tested per session.

Before each session, the experimental lizard was placed inside the
transparent cylinder at the centre of the circular static platform of the
optomotor apparatus and allowed to settle and acclimate to the
apparatus and lighting conditions for 15 min. A 40 W incandescent
lamp placed on top of the apparatus was turned on during this period
to bring the lizards to their preferred body temperature (i.e. 32±2°C;
Braña, 1991). The animal, spatial frequency, starting rotation
direction and stimulus for each session were fully randomised using
the sample function (Ripley, 1987; Becker et al., 1988) in R v.4.2.1
(http://www.R-project.org/) to avoid bias or order effects. Testing
was conducted twice daily, with all individuals tested sequentially,
once in the morning and once in the afternoon. This approach
provided adequate rest between sessions to minimise habituation or
fatigue and maintain the animals’ engagement with the stimulus
throughout the experiment. Behaviours were recorded using a
GoPro video camera (EZVIZ SPORT S2) mounted above the
apparatus, surrounded by an opaque circular disc with a central hole
accommodating the camera lens. By employing video recording,
we eliminated observer presence effects during trials, minimising
potential bias and ensuring reproducible data collection. At the end
of every session and before the next one, the transparent cylinder
was thoroughly cleaned to eliminate any chemical cues from
previous lizards.

A positive OMR was scored when a lizard moved its head
following the rotating stimulus in the direction of the moving
stimulus in at least two consecutive rotation reversals and ceased
moving its head when the stimulus stopped rotating. Further, to
adopt a conservative approach, we followed the criterion established
by Caves et al. (2020), for which the acuity limit is the highest
stimulus that elicited a positive OMR in at least three out of four
trials within a session. Additionally, we recorded frequencies of
other behaviours such as locomotion, wall scratching (escape
attempts), tongue flicking and tail undulation (an antipredator
behaviour, e.g. Font et al., 2012a), as well as the time elapsed from
the beginning of drum rotation to the first OMRelicited (i.e. latency;
Caves et al., 2020).

Analyses were done with R v.4.2.1 (http://www.R-project.org/).
Because of our limited sample size and as assumptions of normality
and homoscedasticity were not met (Shapiro–Wilk test and Levene’s
test, W=0.41 and F=18.98, respectively, P<0.001), OMRs were

Table 1. Width of stripes for stimuli from 1 to 10 cycles per degree (cpd),
adjusted for a printer with a resolution of 1200 dpi and considering
a diameter of circular striped stimuli of 360 mm

MSA cpd

Width (mm)

Single stripe Stripe pair

1.73 1 1.418 2.836
3.41 2 (1.98) 0.720 1.439
5.27 3 (3.05) 0.466 0.931
6.82 4 (3.95) 0.360 0.720
8.28 5 (4.8) 0.296 0.593
10.54 6 (6.11) 0.233 0.466
11.60 7 (6.72) 0.212 0.423
14.50 8 (8.4) 0.169 0.339
16.56 9 (9.6) 0.148 0.296
19.32 10 (11.2) 0.127 0.254

MSA represents the minimum separable angle calculated considering the
distance between the lizard’s eyes and the stimulus. Stripe width was
calculated based on whole-number multiples of the number of millimetres per
dot the printer could produce and selected for stimuli (indicated in parentheses)
matching the desired cpd as closely as possible.
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compared between treatments (i.e. cpd stimuli) using non-parametric
Fisher–Pitman permutation tests with post hoc Bonferroni–Holm
correction (Holm, 1979). Comparisons of visual acuities between
sexes were done with a non-parametric Mann–Whitney U-test. The
significance threshold was set at P<0.05.

Histology and retinal ganglion cell topographic map
distribution
We prepared six whole-mount retinas from the eyes of six adult
males of P. muralis, coded PM0 to PM5. Of these eyes, five came
from five individuals euthanised for a previous study (Andrade
et al., 2019) and had been fixed in Karnovski’s fixative and stored
first in 0.1 mol l−1 phosphate buffer (PB) with 0.01% azide for
several months and then for 5 years in regularly refreshed clean
0.1 mol l−1 PB. The sixth whole-mount retina was unfixed fresh
tissue from an individual (PM0) euthanised for a separate study on
lizard skin. We acclimated PM0 in the dark for 30 min, before using
an overdose of ketamine HCl to euthanise it (Font and Schwartz,
1989). As soon as the animal ceased responding to pinching of the
legs and tail, the head was removed, and the eyes were extracted
from their orbits. All six eyeballs were cleared of surrounding
tissues and immersed in a solution of 0.1 mol l−1 PB (pH 7.4) for
24 h. Using a microscale embedded in the microscope eyepiece,
we measured each eye’s axial length and marked the iris for
dorsoventral orientation (i.e. transverse and axial lengths) before
proceeding to the whole-mount preparation following the protocol
described in Ullman et al. (2012). Briefly, once removed from the
sclera, retinas underwent post-fixation in 4% paraformaldehyde in a
PB solution 0.1 mol l−1, then were stored in 0.1 mol l−1 PB with
0.01% azide for 48 h. We bleached the pigmented epithelium layer
with a solution of 90 ml of 0.1 mol l−1 PB with 10 ml of 30%
hydrogen peroxide and 80 ml of 1.0 mol l−1 potassium peroxide.
We flattened specimens on gelatinised glass slides and dried them
with 37% formalin vapour. We treated slides using xylene and
absolute alcohol, then rehydrated the retinas with a series of
descending alcohol concentrations before staining them with Nissl
stain (0.1% Cresyl Violet). Subsequently, we rinsed our slides with
distilled water and dehydrated the tissue with a series of ascending
alcohol concentrations, to finally clear them in xylene before
coverslipping with Permount mounting medium (Fisher Chemical).
As Nissl stain is not RGC specific and can also stain other cell

types, such as amacrine and glial cells (Ullmann et al., 2012), we
prepared retinal cross-sections for light and transmission electron
microscopy (TEM) using standard procedures (Brejcha et al., 2019).
This allowed for a detailed examination of the retinal layers and a
thorough analysis of the constituent cell types (Fig. 1; Fig. S1). We
used the right eye of PM0 and three additional right eyes from lizards
euthanised, like PM0, for a separate study on lizard skin, all processed
using the same protocol as the previously described whole-mount
retina samples. TEM imaging provided high-resolution ultrastructural
details, facilitating a more accurate cell- type identification and
ensuring the recognition of RGCs in the other retinas (Fig. 2; Fig. S1).
Glial cells are easily recognisable by their characteristic slender shape
and relatively small size (Ehrlich, 1981). Amacrine cells are small,
round cells with abundant Nissl substance, while ganglion cells have
polygonal nuclei and larger soma that stain irregularly (Ullmann
et al., 2012; de Busserolles et al., 2014; Costa et al., 2020).
To estimate the density of RGCs, we followed the mapping cell

distributionmethod using an eyepiece graticule (Ullmann et al., 2012).
The retinas were observed under a wide-field microscope (Nikon
Eclipse E-800). In addition to brightfield illumination, we also took
advantage of the auto-fluorescence of the samples (FITC 3540C,

excitation 482 nm, emission 536 nm), which allowed us to distinguish
the RGC layer more clearly by reducing interference from the
underlying neural tissue layers. The fluorescent light parameters
enhance cell boundary contrast and clarity, allowing for clear cell
identification, even in densely packed regions (Fig. 2). Micro-
photographs were captured using a digital camera associated with the
microscope and the software NIS-Element B.R v. 5.21.03 (Nikon).
We sampled around 200 sites per retina, employing a counting grid of
295×295 µm and a frame of 75×75 µm to ensure a Schaeffer
coefficient of error (CE) below 0.1 (Glaser and Wilson, 1998), which
was sufficient to capture the key trends and specialisations in the
retinas. We conducted additional samplings within the area of higher
cell density close to the conus papillaris, using a 25×25 µm counting
frame with the same grid. The topographic distribution of RGCs was
assessed using the optical fractionator method (West et al., 1991)
(Table 2). Digital images were imported into ImageJ 1.53k (Schneider
et al., 2012) for marking and counting cells. Using InkScape v.1.1
(The Inkscape Project Developer Team 2004; https://inkscape.org/id/
release/inkscape-1.1.1/) we drew each retina’s outline and isodensity
lines to construct topographic maps of RGC density.

When estimating visual acuity based on anatomical data,
calculations consider RGC peak density and posterior nodal
distance (PND), which is the distance from the centre of the lens
to the retina (i.e. two-thirds of the axial length; Pettigrew et al.,
1988). We obtained a retinal magnification factor (RMF) of
0.0327 mm deg−1 calculated as:

RMF ¼ 2πPND

360
; ð2Þ

which allowed us to calculate the Nyquist limits (fN) of spatial
resolving power (SRP) (Snyder and Miller, 1977; Coimbra and
Manger, 2016; Nagloo et al., 2019) as follows:

fN ¼ 0:5� RMF� 2Dp
3

� �1=2

; ð3Þ

where D represents the peak RGC density, in cells per mm2.

AcuityView and minimum visual detection distance
We used the R package AcuityView (Caves and Johnsen, 2018)
to estimate how visual acuity affects visual perception of the
small ventrolateral motifs (i.e. UV–blue patches) of P. muralis
by conspecifics. This package uses Fourier methods and considers
the animal’s visual acuity, the size of an observed object and the
distance that separates them. We chose a picture of the UV–blue
patches of a male P. muralis. Photographs were taken with a digital
camera (Olympus PENMini).We generated images showing how the
UV–blue patches would be perceived under varying visual acuities
and viewing distances. Each image was resized to dimensions of
1024×1024 pixels to ensure compatibility with AcuityView (Caves
and Johnsen, 2018). We conducted analyses at two distinct viewer
distances: 0.1 and 1 m, and for five different levels of visual acuity:
1, 2, 10 and 60 cpd (the latter representing human visual acuity;
Campbell and Green, 1965; da Silva Souza et al., 2011; Cronin et al.,
2014).

We explored minimum visual detection distance depending on an
object’s size to relate our estimated visual acuity values with their
behavioural significance (Coimbra and Manger, 2016), and obtain
representative cases (e.g. object sizes such as for an average flank
length of an adult lizard of 50 mm, or an average UV–blue patch of
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2 mm), following the formula:

d ¼ obj

tanðMRAÞ ;

where d represents the minimum detection for an object of a given
size (obj) and MRA is the minimum resolvable angle, representing
the smallest angular distance at which a detail can be resolved on the
retina, calculated as the inverse of the SRP divided by two (Gaffney
and Hodos, 2003; Hodos et al., 2012; Coimbra and Manger, 2016;
Coimbra et al., 2019).

RESULTS
Optomotor response
All lizards showed at least one OMR (i.e. head movement in the
direction of the moving stripes) in some of the trials. Lizards
exhibited OMRs at spatial frequencies between 1 and 10 cpd,
although these were more frequent during trials involving 1–2 cpd.
All lizards displayed positive OMRs in all four trials during
the sessions involving 1 cpd (Fig. 3; Movie 1). Considering
the positive response criterion set by Caves et al. (2020), we

estimated an acuity of approximately 2 cpd for this species (n=19;
mean±s.d.=2.053±1.649 cpd; median=1 cpd; range=1–7 cpd)
(Fig. 3), with no differences between sexes (Z=−1.9046, P=0.057).

The frequency of OMRs significantly varied depending on the
stimulus presented to the lizards (χ2=153.47, P<0.0001). Lizards
displayed a high frequency of this behaviour during trials involving
the lowest spatial frequency of 1 cpd (mean±s.d.=36.42±16.66
OMRs; Z=3.972, P<0.0001), significantly decreasing at 2 cpd
(mean±s.d.=2.74±4.08 OMRs; P<0.0001) (Fig. 4). Similarly,
OMRs were induced right after triggering the drum rotation for
1 cpd, while we observed a significant latency for stimuli of higher
value (mean±s.d.=3.59±2.48 s; χ2=110.19, P<0.001). The mean
(±s.d.) latency for 2 cpd was 8.57±4.72 s (Z=−3.805, P>0.06)
(Fig. 4). From 2 to 10 cpd, there was no statistical difference in the
mean of elicited OMRs or in the elapsed time until the first OMR
was recorded (P=0.12). We did not observe a significant difference
in the frequency of other behaviours depending on the stimulus
(P>0.2). Finally, the peak of recorded OMRs corresponded to a
width of a single stripe of 1.418 mm. Considering the parameters
of the optomotor apparatus, we obtained a MSA of 0.578 deg
equivalent to 1.732 cpd.
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Fig. 1. Nissl-stained cross-section of a Podarcis muralis
retina. (A) Semithin section of the retina. Scale bar: 500 µm.
(B) The region indicated by the orange rectangle in A, at
higher magnification. Scale bar: 50 µm. (C) The same region
under transmission electron microscopy (TEM). Scale bar:
10 µm. CP, conus papillaris; R, retina; ON, optic nerve; NFL,
nerve fibre layer (axons); GCL, ganglion cell layer; IPL, inner
plexiform layer; INL, inner nuclear layer (amacrine, bipolar
and horizontal cells); OPL, outer plexiform layer; ONL, outer
nuclear layer; P, photoreceptors; PE, pigmented epithelium;
C, choroid.
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RGC topographic distribution
Brightfield and fluorescence microscopy, as well as TEM, enabled
us to distinguish between amacrine, glial and ganglion cells (Figs S1
and S2). Table 2 shows results of the optical fractionator method.
Topographic maps revealed a heterogeneous distribution of RGC
density in P. muralis retinas (Fig. 5). All individuals presented a
region in the centro-temporal part of their retina with an increased
density of RGCs, identified as an area centralis. However, localised
artefacts during tissue processing, such as uneven flattening or
minor distortions, may occasionally affect the accuracy of
identifying valid regions of cell density concentration. In the case
of PM2, such artefacts were observed, and the topography was

excluded to ensure consistency with the overall pattern observed in
the remaining retinas (Fig. 5).

RGC density peaks ranged from 3333 to 7322 cells mm−2 (n=6
retinas, mean±s.d.=5666±999 cells mm−2) corresponding to spatial
resolving powers from 1.16 to 1.56 cpd (Table 2). In addition,
smaller concentric areas exhibiting high RGC densities were also
identified in the dorso-nasal and dorso-temporal regions (Fig. 5).

AcuityView and minimum visual detection distance
The images generated using AcuityView (Fig. 6) suggest that
P. muralis has limited visual resolution at distances over 1 m. The
small UV–blue patches remain discernible, and each patch appears

NFL
GCL

IPL

INL

OPL

ONL

P

NFL

GCL

IPL

INL

OPL
ONL

P

PE

NFL

IPL

INL

P

PE

Ci iii

iv iv iv

iii

ii

iiii

ii

i

ii

gc

a

5 µm

gc
gc

gc

a

a

g

g

a

a
a

a

a

gc

gc

gc
gc

a
gc

g

g

5 µm

5 µm

10 µm10 µm 10 µm

A

B CA B C

Fig. 2. Podarcis muralis retinal ganglion cell (RGC) regions using different imaging techniques. The figure illustrates three retinal regions (indicated by
the orange rectangles in the respective panels) showing a high (A), medium (conus papillaris; B) and low (peripheral region; C) density of RGCs (peripheral
region). (i) Semithin cross-sections of Nissl-stained retinas under light microscopy. Scale bars: 10 µm. (ii,iii) Ultrastructural details of cross-sectioned retinas
under TEM. Scale bars: 10 µm (ii) and 5 µm (iii). (iv) Longitudinal views of the RGC layer under fluorescence microscopy. Scale bars: 10 µm. Retinal
structures are identified as: NFL, nerve fibre layer (axons); GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer (amacrine cells,
bipolar cells and horizontal cells); OPL, outer plexiform layer; ONL, outer nuclear layer; P, photoreceptors; PE, pigmented epithelium; and C, choroid.
Specific cell types are labelled: gc, ganglion cell; a, amacrine cell; and g, glial cell.

Table 2. Summary of the stereological parameters established using the optical fractionator method to assess the density of ganglion cells and
build the topographic distribution map of retinas in Podarcis muralis

Individual
AL
(mm)

Total sampled
retinal area (mm2)

Counting grid
size (µm)

Counting frame
size (µm)

Objective/numerical
aperture

Site
no. CE

Peak RGC density
(cells mm−2)

Estimated
VA (cpd)

PM0 2.9 19.1 295×295 75×75 100×/1.3 oil
40×/0.75 air

148 0.077 7322 1.56

PM1 3.3 18.7 295×295 75×75 100×/1.3 oil
40×/0.75 air

200 0.076 5000 1.47

PM2 3.0 16.8 295×295 75×75 100×/1.3 oil
40×/0.75 air

184 0.069 6018 1.46

PM3 3.1 18.2 295×295 75×75 100×/1.3 oil
40×/0.75 air

224 0.064 6342 1.55

PM4 3 15.6 295×295 75×75 100×/1.3 oil
40×/0.75 air

244 0.069 5979 1.46

PM5 3.2 15.8 295×295 75×75 100×/1.3 oil
40×/0.75 air

220 0.083 3333 1.16

AL, axial length; CE, Schaeffer’s coefficient of error; RGC, retinal ganglion cells; VA, visual acuity; cpd, cycles per degree.

6

RESEARCH ARTICLE Journal of Experimental Biology (2025) 228, jeb249422. doi:10.1242/jeb.249422

Jo
u
rn
al

o
f
Ex

p
er
im

en
ta
lB

io
lo
g
y

https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.249422
https://journals.biologists.com/jeb/article-lookup/DOI/10.1242/jeb.249422


distinguishable from the others at a distance of 0.1 m. An isolated
2 mm-long object, such as a single UV–blue patch or a small insect,
should be detected at a distance of 40 cm. Under optimal light and
contrast conditions, P. muralis lizards should be able to detect each
other from 9.7 m.

DISCUSSION
Visual acuity affects the ability of an animal to detect biologically
relevant objects in its environment and to resolve fine spatial
details and patterns. Here, we report the first measurement of
visual acuity in a lacertid lizard, which was obtained through two
different procedures that provide similar estimates. Our behavioural
experiment estimated a visual acuity for P. muralis averaging
2.05 cpd. Retinal topographic maps unveiled areas with a high
density of RGCs, including an area centralis in the centro-temporal
region housing a peak density of RGCs corresponding to an acuity
averaging 1.56 cpd. Additionally, smaller areas of high RGC
density were observed in the dorso-nasal and dorso-temporal
regions.

The topographic distribution of RGCs reveals much about an
animal’s visual ecology (e.g. de Busserolles et al., 2014; Caves
et al., 2021, 2024). Horizontal streaks, characterised by an increased
density of RGCs along the naso-temporal axis of the retina, enhance
a sharper panoramic visual field and are commonly found in
animals living in open environments (e.g. coral reef fish, red
kangaroo, arctic fox) (Collin and Pettigrew, 1988a; de Busserolles
et al., 2014; Baden et al., 2020; Caves et al., 2021). Animals living
in complex environments often present an area in their retina that is
particularly dense in RGCs, allowing them to focus on objects
accurately (Walls, 1942; Collin, 1999). A fovea is a pit or depression
characterised by a displacement of inner retinal layers leading to a
high density of ganglion cells and cone receptors (Provis et al.,
2013). This structural modification reduces light scattering
and allows enhanced spatial resolution, particularly in species
requiring high-acuity vision. Likewise, an area centralis, although
lacking this pit structure, features a localised concentric increase in
photoreceptor and RGC density, improving resolution in a specific
region of the visual field – a feature regularly encountered in
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et al. (2020), i.e. the highest stimulus that elicited a
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predatory species (Hughes, 1977; Provis et al., 2013). The presence
of an area centralis in the centro-temporal region of the P. muralis
retina should enhance visual resolution in the central visual
field by providing higher magnification and image stabilisation.
This might increase the perception of fine details, potentially
improving, for instance, the capture of small prey during hunting
(Fite and Lister, 1981). Similarly, the additional small areas highly
dense in RGCs in the dorso-temporal and dorso-nasal regions may
enhance the perception of objects located on the ground, improving
the detection of conspecifics and potential prey in the lower-front
and lower-back areas of the visual field.
Wall lizards, especially territorial males, tend to occupy elevated

perching sites, such as prominent rocks or other elevated objects,
which they use as vantage points that allow them to scan the
environment below and around them (Fig. 7) (Avery et al., 1993).
The areas of high density of RGCs in the dorsal retina may enhance
visual detection of objects located in the lower visual field when
lizards adopt this scan posture and suggest an advantage in
maintaining territory, locating food and scanning the environment
below. Our minimum detection distance calculations indicate that
P. muralis can detect an object the size of a conspecific from
nearly 10 m. This finding agrees with field observations, where
interactions between animals have been noted at distances spanning
the size of their home ranges, which can extend up to 30 m (e.g.
Boag, 1973; Edsman, 1990; Abalos et al., 2020). While most
interactions (male–male, male–female) occur at close range, lizards
seem capable of detecting conspecifics (e.g. territorial intruders)
and responding to other individuals from afar.
Our findings provide insight into how far a receiver could

detect a static communicative signal (i.e. signal active space)
and other stimuli. Podarcis muralis should be able to resolve small
prey (e.g. insects and spiders) or small chromatic signals such as the

ventrolateral UV–blue patches (Abalos et al., 2024) within moderate
ranges of less than 50 cm. However, factors beyond visual acuity,
including differential responses to specific wavelengths and motion
perception, may influence visual detection (Fleishman, 1986, 1992;
Fleishman et al., 1993, 2011; Nava et al., 2009; Fleishman and
Pallus, 2010; Pallus et al., 2010; Fleishman and Font, 2019). For
instance, the UV reflectance of the UV–blue patches probably
makes them more conspicuous to the lizard compared with a
similarly sized insect. Moreover, a moving stimulus often leads to
higher visual acuity than a stationary one (Fleishman, 1986;
Fleishman et al., 2017). The acuity inferred from the OMRs may
reflect the involvement of a visual pathway optimised for reflexive
responses to broad spatial patterns, as opposed to the fine-detail
discrimination required for object detection and other higher-order
visual tasks. In both laboratory and field settings, Podarcis are
particularly responsive to moving stimuli, whether they involve
predators, prey or conspecifics (Desfilis et al., 1993, 2003). They
also react to subtle, low-amplitude movements such as those used
during foot shakes and head bobs (Font et al., 2012a). In contrast to
static acuity, dynamic visual acuity depends on the contrast between
a moving stimulus and its background, and relies on motion-
sensitive cells in the visual cortex, especially in the magnocellular
pathway (Fleishman and Persons, 2001; Fleishman and Pallus,
2010; Pallus et al., 2010; Clark, 2011), processing moving objects
quickly. Yet, stimulus movement generally impairs the ability to
discern fine details, reducing visual acuity as the object’s speed
increases (Quevedo et al., 2018). Our estimated acuity values
also do not consider fine discriminations but only minimum
detection distances under optimal lighting and contrast conditions,
disregarding the effect of background complexity, which can impair
signal detection in the visual field (Robinson, 1966; Fleishman,
1992; Collin, 1999).

Signal efficacy hinges on the signal’s design characteristics, the
behaviour involved in its emission by the sender, and the receiver’s
sensory system (Endler, 1992). Males of P. muralis display their
UV–blue lateral coloration to an approaching conspecific by means
of a raised-body display, which consists of raising the body by
extending the forearms and compressing the flanks (Kitzler, 1941;
Verbeek, 1972; Weber, 1957; Abalos et al., 2016, 2020). This
behaviour exposes a row of UV–blue patches, each averaging
<2 mm in diameter, aligned along each flank and forming either a
continuous or discontinuous line (Pérez i de Lanuza et al., 2014).
Thus, observers would perceive an averaged spatial representation
of the motif (Fleishman et al., 2017), meaning they may interpret
the aggregate visual signal of these patches as a unified pattern
rather than discrete, individual spots, potentially extending the
detectability of the signal. Our AcuityView images illustrate the
challenge P. muralis faces in perceiving details of the UV–blue
patches over varying distances, with limited discriminability of
these patches at short distances (10 cm), and complete blurring at
longer distances (1 m). In addition, while colour is conspicuous at
short distances, it tends to blur and match the background at longer
distances (Fleishman and Persons, 2001; Barnett et al., 2018).
Because of UV light scattering more in the air than light of longer
wavelengths (Lythgoe, 1980; Loew, 1996; Dong et al., 2013),
the signal active space of these patches may be limited to shorter
distances than those of chromatic signals in the human-visible
spectrum, underscoring the role of these chromatic signals in close-
range communication.

We reviewed the available literature on visual acuity in reptiles,
recalculating values if necessary to ensuremethodological consistency
(see Table S1). Available estimates of lizard visual acuity vary widely
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(n=14 lizard species; mean±s.d.=9.52±2.77 cpd; median=8.47 cpd;
range=7.02–14.2 cpd) (Fig. 8; Fig. S2). This diversity is accompanied
by an extraordinary variation in visual signals, from subtle, low
amplitude behavioural displays and/or colour patches to large, highly
conspicuous dynamic displays (e.g. Font andKramer, 1989;Decourcy
and Jenssen, 1994; Cooper and Frederick, 2007; Font et al., 2012a),
intricately tied to each species’ lifestyle and ecological requirements
(Ott, 2005; Kelber and Roth, 2006; Coimbra and Manger, 2016;
Thomas et al., 2020). Large variation in visual acuity values has
similarly been reported in other groups, mainly driven by differences
in eye size and ecology (e.g. birds; Caves et al., 2024).
Our findings indicate that the estimated acuity of P. muralis

matches predictions based on the relationship between acuity and
eye axial length (e.g. Veilleux and Kirk, 2014; Caves et al., 2017,
2018) and is consistent with values observed in other squamate
species (Fig. 8). For instance, Tiliqua rugosa has an axial length
of 9.3 mm (New and Bull, 2011) – over 3 times larger than that
of P. muralis – and exhibits an accordingly higher visual

acuity. However, the correlation between visual acuity and axial
length is not always straightforward, with extrinsic factors exerting a
significant influence. Environmental light, for instance, plays a
pivotal role in shaping ocular features such as axial length and
pupil size, ultimately impacting visual acuity. According to the
resolution–sensitivity trade-off, larger eyes can prioritise sensitivity
over acuity rather than necessarily enhancing acuity (Caves et al.,
2023, 2024; Fleishman, 2024). Compared with diurnal geckos of
the same eye and body size, nocturnal geckos and other lizard
species living under low light conditions have large pupils and short
focal lengths (Kelber and Roth, 2006), which results in a smaller
image for a given axial length and, consequently, lower visual acuity
(Röll, 2001).

Visual acuity in Anolis lizards has garnered significant attention.
Most Anolis species have a dewlap, a foldable gular flap with
varying colours and patterns, and exhibit highly conspicuous
dynamic visual displays (e.g. push-ups, head bobs) in social
contexts (Font and Kramer, 1989; Cook et al., 2013; Driessens et al.,
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2015). Their well-developed visual system, adept at motion
perception (Fleishman, 1986, 1992; Fleishman and Pallus, 2010;
Pallus et al., 2010; Fleishman et al., 2017), and unique double fovea
(i.e. a central and a temporal one; Makaretz and Levine, 1980; Fite
and Lister, 1981), grant them the highest visual acuity recorded
among lizards. Their sit-and-wait predatory strategy, long-range
signalling and arboreal lifestyle in complex environments have
probably driven the evolution of this high acuity visual system
(Moermond, 1981; Fleishman, 1992; Arnold, 1998; Steinberg et al.,
2014; Steinberg and Leal, 2016). Unlike Podarcis, which capture
prey using jaw prehension, Anolis employ lingual prehension,
requiring binocular fixation and precise depth perception for
accurate tongue projection (Bels and Goosse, 1990; Schwenk,
2000). Anolis carolinensis boasts a maximum visual acuity of
12.5 cpd within its fovea, while peripheral acuity is 10 times lower
(∼1.25 cpd) (Fleishman et al., 2020). The peripheral acuity of
A. sagrei ranges from 1.18 to 1.22 cpd depending on lighting
conditions (Fleishman et al., 2017). This variation emphasises how
visual resolution is context dependent, being higher for centrally
focused objects and those at close range, while resolution diminishes

in peripheral vision or at longer distances. The visual grasp reflex
shifts peripheral images to the central fovea to enhance detail.
Although A. carolinensis has an axial length 1.5 times that of
P. muralis, its prominent convex cornea and highly mobile spheroid
eyes (Rasys et al., 2021) adapted for dynamic tracking differ from
P. muralis’s recessed, oblate eyes adapted to semi-open habitats.
These structural differences probably reflect adaptations to their
respective habitats and shape the visual capabilities of each species.
Anolis lizards stand apart frommost diurnal lizards, raising questions
about the extent to which their adaptations can be considered to
represent the typical lizard. While the dual foveal system and visual
grasp reflex of Anolis probably evolved for predatory efficiency,
Podarcis lizards are second to none in their ability to capture
small, fast-moving prey, suggesting that a bifoveate retina is not a
prerequisite for successfully tracking and capturing swift prey.

High visual acuity has also been reported in five Ctenophorus
species (Agamidae) (Nagloo et al., 2019). Although we recalculated
the published acuities considering peak RGC densities rather than
photoreceptor densities to ensure consistency and comparability
with other studies (Fig. 8), the estimated visual acuities for these
species remain among the highest observed in reptiles, ranging
from 6.76 to 9.88 cpd. Fig. S2 shows the original visual acuity
values reported in the literature without recalculation. RGC
topographies reveal that Ctenophorus possess a fovea and a
horizontal streak (Nagloo et al., 2019). The high visual acuities
and retinal specialisations observed in Ctenophorus imply
potential advantages tailored to their ground-dwelling lifestyle in
expansive landscapes, more vast areas and sparsely vegetated terrain
than the semi-open habitats in which P. muralis evolved (Arnold,
1998).

Overall, these results highlight the litany of factors affecting
visual acuity in lizards, including habitat type, life-history traits and
specific ecological requirements. The relatively low visual acuity of
P. muralis compared with that of Anolis and Ctenophorus lizards
may reflect a trade-off in its visual system, prioritising field
coverage and sensitivity over spatial resolution, shaped by various
environmental factors related to its ground-dwelling lifestyle in
relatively vegetated and saxicolous environments, such as boulders
and rocks (Arnold, 1998). However, the interpretation of these
acuity values remains challenging because of the intricate interplay
of these influencing factors.

0.1 1Distance (m)

1 cpd

2 cpd

10 cpd

60 cpd

Fig. 6. Estimated view using AcuityView of the UV–blue patches on the
outer ventral scales of a male P. muralis. Generated pictures were
modelled at 0.1 and 1 m of the distance between the scene and the viewer,
for visual acuities of 1, 2, 10 and 60 cpd (i.e. human), assuming the entire
row of UV–blue patches is 5 cm long.

Fig. 7. Picture of a male P. muralis scanning its environment on top of
a rock. Photo credit: Enrique Font.
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There is a sizeable amount of literature on the visual system of
lacertids from a neuroanatomical perspective, covering topics such
as neural pathways, neuronal types and neurotransmitters (e.g.
Medina and Smeets, 1992; Lanuza et al., 1996; Romero-Alemán
et al., 2012). However, there is a notable gap in our knowledge
regarding the anatomy and function of their eyes. This lack of
detailed information on the visual apparatus leaves a significant area
of their sensory biology unexplored, underscoring the need for
further studies on lacertid eyes. Prior research in this area has been
limited, with only one study suggesting the existence of a shallow
central fovea in Podarcis liolepis (formerly Podarcis hispanica;
Lanuza et al., 1996), which probably corresponds to an area
centralis, as observed in P. muralis in the present study. The low
visual acuity of P. muralis relative to other species might reflect
this species’ unique ecological, morphological and physiological
adaptations. Our approach using both behavioural and cell count
estimates yielded congruent results, and the 0.5 cpd discrepancy
between the two estimates falls within the range of individual
variability. External factors may produce biased results (Abdeljalil
et al., 2005), but in our case, the inclusion of a control enabled us to
minimise these potentially confounding effects. Although we
estimated the acuity of P. muralis at 2 cpd using a threshold
criterion (≥75% response) (Caves et al., 2020, 2021), some lizards
responded to spatial frequencies of up 10 cpd. Responses elicited at
higher spatial frequencies were scattered and probably driven by
experimental artefacts rather than stimulus perception. These
artefacts include subtle shadows or reflections from uneven
illumination, minor vibrations or motor noise generated by the
optomotor apparatus during stimulus rotation, and slight micro-
irregularities at the seam where stimulus sheets were joined. In
contrast, the analysis of OMR frequencies and latencies revealed
markedly higher occurrences and prompt elicitation of OMRs at
1 cpd compared with higher spatial frequencies, strongly supporting
an acuity limit of P. muralis between 1 and 2 cpd. A refined spaced
set of spatial frequencies near the acuity threshold could yield a
more detailed response curve and warrants future exploration.
It is worth noting that the eyes that had been stored for several

years proved effective for whole-mount preparation and subsequent
RGC analyses. This suggests that fresh tissue may not be required
for whole-mount preparation. Challenges in distinguishing
between RGCs and amacrine cells have been reported in previous
studies (Ullmann et al., 2012), some of which categorised them all

as neuronal cells (e.g. Hart, 2002; Theiss et al., 2007), which may
have resulted in inflated values of visual acuity. Neuronal cells also
exhibit variations depending on the species and their distribution
across different regions of the retina (e.g. Hassni et al., 1997;
Costa et al., 2020). In this regard, we leveraged the tissue’s
autofluorescence properties and the light-absorbing characteristics
of Nissl-stained cells, which, unlike brightfield microscopy,
minimised the visibility of layers beyond the focal plane and
allowed precise localisation of cells of interest even in densely
packed regions. Despite its prevalent use in most studies, Nissl
staining may introduce artefacts that compromise sample quality
(Ullmann et al., 2012), impeding cell visibility and identification
(Collin and Pettigrew, 1988b). Future work may benefit from
considering alternative staining procedures that are RGC specific,
such as immuno-histochemistry and/or transcription factors
(Haverkamp et al., 2021; DAPI: Pushchin, 2022; Pushchin and
Aleskerov, 2024).

Altogether, our results should help mitigate anthropomorphic bias
(Rivas and Burghardt, 2002; Caves et al., 2018; Brebner et al., 2024)
when interpreting P. muralis behaviour, particularly considering that
human visual acuity is estimated at 60 cpd compared with the
1.5–2 cpd acuity calculated here for P. muralis. Exploring the myriad
factors influencing visual acuity in lizards reveals an intricate
interplay of evolutionary, ecological, behavioural and physiological
determinants. We believe our findings offer valuable insights into the
visual capabilities of P. muralis, providing the first-ever values of
visual acuity in a lacertid species and expanding our understanding of
its sensory ecology.
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Fig. S1. Crossed sections of a retina of Podarcis muralis under Transmission Electron

Microscopy (TEM) in (a) peak density area, (b) medium density area and (c) low density area in a 

peripheral region. Scale bars = 10 µm. CP: Conus papillaris, R: Retina, ON: Optic Nerve, NFL: 

Nerve Fibre Layer (axons), GCL: Ganglion Cell Layer, IPL: Inner Plexiform Layer, INL: Inner 

Nuclear Layer (amacrine, bipolar, and horizontal cells), OPL: Outer  Plexiform Layer, ONL: Outer 

Nuclear Layer, P: Photoreceptors, PE: Pigmented Epithelium, C: Choroid.
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Fig. S2. Visual acuity (in cpd) relative to axial length (in mm) across different reptile families, using 

original estimates as directly reported in the literature. Acuity estimates were obtained using 

behavioural (square), histological (circle), or visual evoked potential (VEP; diamond) methods. 

Colours correspond to the different reptile families, as indicated in the legend. Table S1 of the 

Supplementary Information provides information on eye morphology and corresponding references 

for each species.
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Table S1. Data used for Fig. 7

References Order Family Species Activity
Visual acuity

[minute of arc]
Technique

Cited visual
acuity [cpd]

Peak GCL
[cells/mm2]

AL
[mm]

PND 
[mm]

RMF*0.5
fN

[cpd]

Hart et al., 2012 Squamata Elapidae Aipysurus laevis nocturnal NA Histological 2.25 8400 4.6 2.62 0.0229 2.252

Makaretz & Levine, 1980; Fleishman, 1992; Fleishman et al., 2017 Squamata Dactyloidae Anolis carolinensis diurnal 4.8 Behavioural & Histological 12.5 or 13.6 290000 4.2 2.8 0.0245 14.203

Fleishman et al., 2017 Squamata Dactyloidae Anolis sagrei diurnal NA Behavioural 1.22 (periphery) NA 4.5 3.02 0.0263 NA

Hauzman et al. 2018 Squamata Dipsadidae Atractus pantostictus nocturnal NA Histological 0.8 16788 1.3 0.68 0.0059 0.821

Hauzman et al. 2018 Squamata Dipsadidae Atractus reticulatus nocturnal NA Histological 1 11992 1.8 0.94 0.0082 0.961

Bartol et al. 2001; 2003 Testudines Cheloniidae Caretta caretta diurnal 5.34 or 12.89 Behavioural 5.60 NA 18.8 12.6 0.1099 NA

Hassni et al., 1997; Lev-Ari et al., 2017; Ketter-Katz et al., 2020 Squamata Chamaeleonidae Chamaeleo chamaeleon diurnal NA Behavioural & Histological 9 13200 9.8 6.57 0.0573 7.071

Hauzman et al., 2018 Squamata Colubridae Chironius bicarinatus diurnal NA Histological 2.9 11623 5.5 2.86 0.0249 2.890

Zamore et al., 2020 Squamata Colubridae Chrysopelea paradisi diurnal NA Behavioural 2.89 NA 5 2.6 0.0227 NA

Nagloo et al., 2016 Crocodilia Crocodylidae Crocodylus johnstoni diurnal NA Histological 8 11375 14 7.98 0.0696 7.977

Nagloo et al., 2016 Crocodilia Crocodylidae Crocodylus porosus diurnal NA Histological 8.8 11083 15.6 8.89 0.0776 8.774

Nagloo et al., 2019 Squamata Agamidae Ctenophorus decresii diurnal NA Histological 20 80000 5.29 3.54 0.0309 9.396

Nagloo et al., 2019 Squamata Agamidae Ctenophorus gibba diurnal NA Histological 22 83167 5.63 3.77 0.0329 10.196

Nagloo et al., 2019 Squamata Agamidae Ctenophorus nuchalis diurnal NA Histological 26 78750 6.59 4.42 0.0385 11.613

Nagloo et al., 2019 Squamata Agamidae Ctenophorus ornatus diurnal NA Histological 19 65000 4.88 3.27 0.0285 7.813

Nagloo et al., 2019 Squamata Agamidae Ctenophorus pictus diurnal NA Histological 20 71667 4.93 3.3 0.0288 8.288

Nagloo et al., 2019 Squamata Agamidae Ctenophorus vadnappa diurnal NA Histological 21 70000 5.21 3.49 0.0304 8.656

Hauzman et al., 2018 Squamata Dipsadidae Dipsas albifrons nocturnal NA Histological 1.5 7933 3.5 1.82 0.0159 1.519

Hart et al., 2012 Squamata Elapidae Disteira major diurnal NA Histological 1.13 7200 2.5 1.43 0.0124 1.133

Hauzman et al. 2018 Squamata Dipsadidae Erythrolamprus aesculapii diurnal NA Histological 2.4 12176 4.5 2.34 0.0204 2.420

Hauzman et al. 2018 Squamata Dipsadidae Erythrolamprus miliaris diurnal NA Histological 2.2 12281 4 2.08 0.0181 2.160

Hauzman et al., 2018 Squamata Dipsadidae Erythrolamprus poecilogyrus diurnal NA Histological 1.7 13381 3 1.56 0.0136 1.691

Canei & Nonclercq, 2020 Squamata Scincidae Eumeces schneideri diurnal NA Histological NA 39489 5.28 3.77 0.0329 7.022

Journal of Experimental Biology: doi:10.1242/jeb.249422: Supplementary information
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Supplementary Information

Hart et al., 2012 Squamata Elapidae Hydrophis curtus diurnal NA Histological 1.56 10800 2.8 1.6 0.0139 1.555

Baker et al., 2007 Squamata Natricidae Nerodia sipedon pleuralis diurnal NA VEP 4.89 NA 4 2.08 0.0234 NA

Hauzman et al., 2018 Squamata Dipsadidae Oxyrhopus guibei nocturnal NA Histological 1.3 8798 2.9 1.51 0.0132 1.326

Hauzman et al., 2014 Squamata Dipsadidae Philodryas olfersii diurnal NA Histological 2.6 15275 4.2 2.18 0.0190 2.530

Hauzman et al., 2014 Squamata Dipsadidae Philodryas patagoniensis diurnal NA Histological 2.8 12009 5.2 2.7 0.0236 2.777

Hauzman et al., 2018 Squamata Dipsadidae Pseudoboa neuwiedii nocturnal NA Histological 1.8 9531 3.7 1.92 0.0168 1.761

Ott et al., 2004 Squamata Phrynosomatidae Phrynosoma cornutum diurnal NA Histological 15.11 NA 5 3 0.0175 NA

Canei et al., 2020 Squamata Scincidae Scincus scincus diurnal NA Histological NA 84449 3.85 2.79 0.0243 7.599

Hauzman et al., 2018 Squamata Dipsadidae Sibynomorphus mikanii nocturnal NA Histological 1.6 7195 3.9 2.03 0.0177 1.612

Hauzman et al., 2018 Squamata Colubridae Spilotes pullatus diurnal NA Histological 3.5 10815 7 3.64 0.0317 3.548

Guan et al., 2022 Testudines Emydidae Terrapene carolina diurnal NA Behavioural 0.43 NA NA NA NA NA

Wong, 1989; Fontenot, 2008 Squamata Natricidae Thamnophis sirtalis diurnal NA Histological 2.3 10000 3.8 2.55 0.0222 2.386

New & Bull, 2011 Squamata Scincidae Tiliqua rugosa diurnal NA Histological 6.8 15500 9.3 6.25 0.0545 7.293

Hauzman et al., 2018 Squamata Dipsadidae Tomodon dorsatus diurnal NA Histological 2.4 14759 4 2.08 0.0181 2.368

Northmore & Granda, 1991 Reptilia Emydidae Trachemys scripta elegans diurnal NA VEP 6.12 NA 4.88 3.27 0.0285 NA

The present study Squamata Lacertidae Podarcis muralis diurnal NA Behavioural & Histological 2.05 7322 2.9 1.94 0.0169 1.558

AL: Axial Length,  fN: Nyquist limits of spatial resolution, GC: Ganglion Cell, PND: Post Nodal Distance, RMF: Retinal Magnification Factor, VEP: Visual Evoked Potential
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Movie 1. Representative video recording of a Podarcis muralis individual exhibiting an optomotor 

response (OMR) during an optomotor apparatus assay. The trial corresponds to a spatial frequency 

of 1 cycle per degree (cpd). 

Journal of Experimental Biology: doi:10.1242/jeb.249422: Supplementary information
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