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Introduction

Several studies have shown that many vertebrates

are lateralized, i.e., have brain hemispheres special-

ized to control specific functions (Vallortigara &

Rogers 2005). As this phenomenon is often

expressed as asymmetries in eye use, it is well evi-

dent in animals with a lateral position of the eyes

(Andrew 1991). This is true for several taxa (Val-

lortigara & Rogers 2005), of both ectotherms and

endotherms, supporting the hypothesis that this

character is inherited from a common vertebrate

ancestor (plesiomorphic character) and is likely

really advantageous for who presents it. Lateralized

animals perform some tasks better than non-

lateralized animals (Fabre-Thorpe et al. 1993; Rogers

et al. 2004; Sovrano et al. 2005). Being lateralized,

in fact, likely could provide several computational

advantages such as avoiding the duplication of

functions present in the brain hemispheres (Levy
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Abstract

Lateralization is the function specialization between left and right brain

hemispheres. It is now ascertained in ectotherms too, where bias in eye

use for different tasks, i.e., visual lateralization, is widespread. The lat-

eral eye position on the head of ectotherm animals, in fact, allows them

to observe left ⁄ right stimuli independently and allows lateralized indi-

viduals to carry out left and right perceived tasks at the same time. A

recent study conducted on common wall lizards, Podarcis muralis,

showed that lizards predominantly monitor a predator with the left eye

while escaping. However, this work was conducted in a controlled labo-

ratory setting owing to the difficulty of carrying out lateralization exper-

iments under natural conditions. Nevertheless, field studies could

provide important information to support what was previously found in

the laboratory and demonstrate that these traits occur in nature. In this

study, we conducted a field study on the antipredatory behavior of

P. muralis lizards. We simulated predatory attacks on lizards in their nat-

ural environment. We found no lateralization in the measure of eye

used by the lizard to monitor the predator before escaping from it, but

the eye used was probably determined by the relative position of the liz-

ard and the predator just before the attack. This first eye used did not

affect escape decisions; lizards chose to escape toward the nearest refuge

irrespective of whether it was located to the lizard’s left or right side.

However, once they had escaped to a refuge, lizards had a left eye–

mediated bias to monitor the predator when first emerging from the

refuge, and this bias was likely independent of other environmental

variables. Hence, these field findings support a left eye–mediated obser-

vation of the predator in P. muralis lizards, which confirms previous

findings in this and other species.
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1977) and avoiding the ‘functional incompatibility’

(Sherry & Schachter 1987) between answers simul-

taneously evoked by different stimuli perceived by

the two different hemi-visual fields (Vallortigara

2000). Consequently, lateralized animals may be

able to process information in parallel, obtaining

the important advantage of carrying out more tasks

simultaneously (Rogers 2002; Dadda & Bisazza

2006).

In fact, whereas the right eye ⁄ left hemisphere

seems involved in controlling feeding cues, for

example in birds (Rogers 1997; Güntürkün & Kesh

1987), anurans (Robins & Rogers 2004; Robins

2006), lizards (Bonati et al. 2008) and fishes (Miklósi

& Andrew 1999; Lippolis et al. 2009), the right

hemisphere is specialized in perceiving antipredato-

ry, exploratory and aggressive cues, from the left eye

input (Lippolis et al. 2002; Robins 2006; MacNeilage

et al. 2009). This is true for birds, lizards, toads

and fishes (Deckel 1995; Vallortigara et al. 1998;

Vallortigara 2000; Reddon & Hurd 2009), which

could forage while simultaneously making predator

vigilance and monitoring without constraining the

performance of both tasks (Rogers 2002; Rogers

et al. 2004; Dharmaretnam & Rogers 2005; Dadda &

Bisazza 2006). This is an important advantage for

survival that could increase the fitness of individuals

that present this specialization. There are not many

studies conducted on sauropsids, but some recent

laboratory works showed that the common wall

lizard (Podarcis muralis) uses preferentially the right

eye ⁄ left hemisphere in looking at the prey and the

left eye ⁄ right hemisphere in predatory evasion and

exploratory tasks (Bonati et al. 2008, 2010; Csermely

et al. in press).

In this study, we investigated whether P. muralis

lizards expressed lateralization of antipredatory

behavior in the field. To assess risk, prey must be

vigilant and observe (i.e., monitor) the predator,

once it has been detected (Lima 1994; Wright et al.

2001; Cooper 2008). Monitoring is important to

decide the approach or flight initiation distance from

the predator when the escape begins (Cooper 2008;

Martı́n et al. 2009), and it could be useful to assess

risk of emerging from refuges (Cooper 1998; Martı́n

& López 2001; Polo et al. in press). Lizards have lat-

erally placed eyes and one central fovea (Röll 2001).

In the lizard Sceloporus virgatus, the approach distance

is shorter in areas of limited acuity or behind and in

front of them than with a lateral detection (Cooper

2008). Hence, lizards should prefer to monitor pre-

dators laterally and may benefit from being lateral-

ized in this task.

All previous studies conducted on lateralization in

sauropsids were made under laboratory conditions,

and no field data exist about it. Thus, usually it is

very difficult to know whether side biases caused by

brain lateralization affect in any relevant way the

behavior of animals in natural conditions (Ventolini

et al. 2005; Koboroff et al. 2008). However, there is

an increasing understanding that perceptual asym-

metries are not confined to the artificial laboratory

conditions, but they may occur in natural conditions

too, especially in animals with laterally placed eyes,

thus improving the study of lateralization in the field

(McGrew & Marchant 1999; Ventolini et al. 2005).

Moreover, field studies not only would support labo-

ratory data, but they are also important because

finding that individuals from a natural population

are lateralized would indicate that lateralization has

been selected because it actually increases fitness of

individuals. Nevertheless, lateralization could just be

a by-product of neural wiring with no real function

and could persist because it is not costly, rather than

being fitness-enhancing.

Here, we simulated predator attacks in the field

and examined (1) whether the eye used by P. mural-

is lizards to look at the predator before escaping

affected escape decisions and refuge use and (2)

whether lizards showed lateralization preferring one

side (eye) in monitoring the potential presence of

the predator before emerging from the refuge.

Methods

The common wall lizard (P. muralis) is a small lacer-

tid lizard [60–76 mm adult snout-to-vent length

(SVL)] widespread in central Europe. In the Iberian

Peninsula, it is restricted to mountain areas of the

center and north of Spain, where it occupies soil

dwellings and rock walls in shaded zones in forests

(Martin-Vallejo et al. 1995). We conducted the study

during Apr. 2009, in a pine forest at Cercedilla, in

the Guadarrama Mountains (Madrid Province, Cen-

tral Spain) at an elevation of 1500 m. The dominant

vegetation consists of Pinus sylvestris forest, with

shrubs such as Juniperus communis and Cytisus scoparius.

We conducted the experiment on several granite

rock artificial walls (each one measuring approxi-

mately 100 m long · 5 m high). At our study site,

active lizards were usually found basking or walking

on the walls and using the numerous crevices

between rocks as refuges.

We searched for lizards by walking the area

between 0700 and 1200 h (GMT). When we

detected a lizard, we observed with binoculars which
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eye of the lizard was oriented toward the experi-

menter direction (‘initial eye’). Then, we immedi-

ately approached the lizard simulating a direct

predatory attack by walking directly and fast

(approximately 140 m ⁄ min) toward the lizard and

looking directly at it. To avoid other confounding

effects that may affect the risk perception of lizards

(Burger & Gochfeld 1993; Cooper 1997b; Cooper

et al. 2003), the same person wearing the same

clothing performed all approaches in a similar way,

while another person motionless helped to record

data with binoculars from a hidden position behind

a hedge of trees or bushes. Lizards typically made a

short flight to the nearest available refuge (into a

rock crevice) and hid entirely from the observer. We

defined the ‘approach distance’ as the distance

between the lizard and the observer when the lizard

first moved (a straight line measured to the nearest

0.1 m). We also determined the distance covered

during active flight until the refuge (‘distance to ref-

uge’) (Martı́n & López 1995; Cooper 1997a). During

approaches, we marked the position of the observer

when the lizard fled by dropping a small marker on

the ground and remembered the location of the

lizard based on characteristic features of the wall. At

the end of each trial, we measured distances with a

metric tape.

When a lizard hid, the experimenter retreated to a

distance of 5–7 m to observe motionless from a hid-

den position (behind a hedge of trees and bushes)

directly in front of the lizard’s refuge. We used this

procedure to avoid that the position of the observer

relative to a lizard emerging from a refuge in a wall

(and therefore the eye facing the observer) was lar-

gely determined by the observer, not by the lizard.

By standing in front of the refuge, we ‘forced’ the

lizard to cock its head one way or the other (Cooper

2008). Lizards usually emerged partially from the

refuge and turned the head or the entire body to

scan outside with an eye before emerging totally.

Thus, we were able to determine and noted the eye

used by the lizard to scan in its first appearance, and

we also recorded the time until the lizard’s head

appeared from the refuge (‘appearance time’). A few

observations where the scanning eye could not be

unambiguously determined, or where the observer

could have influenced scan behavior, were dis-

carded.

Because environmental temperatures can affect

antipredatory behavior by lizards (Martı́n & López

1999a,b; Amo et al. 2003, 2004), we only made

observations on sunny days and when ambient tem-

peratures were optimal for lizard activity (i.e., air

temperatures ranged between 18 and 26�C). Field

body temperatures of active lizards in this area

ranged between 23.3 and 38�C (mean = 32.0�C)

(Martin-Vallejo et al. 1995). Only adult lizards

(approximately SVL > 60 mm) with complete tails

were used in the experiment. Sex was determined

based on intersexual differences in dorsal patterns of

coloration. Given the high lizard density, and

because we avoided sampling the same wall section

twice, the probability of repeated sampling of the

same individual was very low. We therefore treated

all measurements as independent. Data of distances

and times were log-transformed prior to analyses.

We used Pearson’s correlations to examine the

relationships between the variables that characterize

escape behavior (approach and refuge distances and

appearance time). We used two-way analysis of

covariance (ANCOVA) to test whether the initial eye

used before escaping affected approach distance after

removing the effect of covariation with refuge dis-

tances. We used one-way ANOVA to test the effects

of the first eye used on appearance times. These tests

were calculated with the Statistica 6.0 for Windows�

software (StatSoft Inc., Tulsa, OK, USA). We used

the chi-square component ‘z’ index (z) (Bishop et al.

1975) to compare the sample’s total eye choice fre-

quency with the relative expected frequency for left

and right eye.

Results

We obtained data from 140 individual adult lizards

(95 males and 45 females). When lizards were

approached, 71 of them had the left eye oriented in

the direction of the approaching experimenter and

69 had the right eye (initial eye, chi-square compo-

nent ‘z’ index, z = 0.120, p > 0.05) (males: 49 left ⁄ 46

right, z = 0.218, p > 0.05; females: 22 left ⁄ 23 right,

z = 0.105, p > 0.05). This suggested that the initial

eye used depended on the relative position of the

lizard on the wall and the experimenter position

rather than on voluntary movements of the lizard

after detecting the predator.

Approach distances of lizards ranged between

5 and 300 cm (�x � SE = 78 � 5 cm), and distances

to refuge ranged between 0 and 150 cm (�x � SE =

18 � 2 cm). Approach distances were significantly

related to the distance to the refuge, such that liz-

ards that were initially farther from the refuge had

significantly longer approach distances (Pearson’s

correlation, r = 0.40, F = 27.08, df = 1138, p <

0.0001). The initial eye that the lizard was using

before the attack did not have a significant effect on
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approach distances, after removing the effect of

covariation with distance to refuge (ANCOVA, ini-

tial eye: F = 1.09, df = 1137, p = 0.30; distance to

refuge: F = 25.94, df = 1137, p < 0.0001). Appear-

ance times from the refuge ranged between 3 and

96 s (�x � SE = 20 � 1 s). Appearance times were

not significantly related to the previous approach

distances (Pearson’s correlation, r = )0.14, F = 2.80,

df = 1138, p = 0.096) or distances to refuges

(r = )0.09, F = 1.05, df = 1138, p = 0.31). The initial

eye also did not significantly affect appearance times

(one-way ANOVA, F = 0.59, df = 1138, p = 0.44).

When the lizards decided to emerge from the ref-

uge, they typically moved slowly toward the exit,

emerged partially from the refuge (usually only the

head, and always no more than half of the body)

and turned the head or the entire body to scan out-

side with an eye before emerging totally. Lizards

scanned with their left eye more often than their

right eye; they scanned first using the left eye in

93 occasions and the right eye in 47 occasions

(chi-square component ‘z’ index, z = 2.749, p < 0.01;

males: 64 left vs. 31 right, z = 2.394, p < 0.01;

females: 29 left vs. 16 right, z = 1.370, p < 0.05)

(Fig. 1). The eye used was the same during all the

time until the lizard emerged entirely from the ref-

uge in all but two cases where lizards changed their

position inside the refuge before emerging.

The eye used to scan outside of the refuge was the

same as the initial eye used before escaping in 75

occasions and the opposite one in 65 occasions

(z = 0.598, p > 0.05).

Discussion

Our results underline that P. muralis lizards showed

a visual lateralization in antipredatory behavior in

the field. In particular, when coming out from the

refuge after a predatory attack, lizards preferred to

monitor the predator with the left eye, thus process-

ing antipredatory cues with the right brain hemi-

sphere.

Field studies on lateralization are difficult to con-

duct because it is difficult to control the many physi-

cal and environment variables that could influence

the behavior of the individuals studied. However,

field studies may provide important support for labo-

ratory data, revealing that lateralization occurs in

nature and is not simply a laboratory artifact. To

understand the fitness consequences of this trait,

future research should test whether lizards monitor

consistently with their left or right eye over multiple

episodes. Then, it should be tested whether lizards

that monitored with their left eye were better able

to escape predators and survive than those that

monitored with their right eye or with both eyes.

The random initial orientation of lizards when the

experimenter approached may reflect that the initial

position of the lizard was simply determined by the

relative position of the lizard and the experimenter

at the beginning of the attack. Hence, this orienta-

tion was independent of lateralization, but controlled

by external variables. Moreover, because we

approached lizards initially from a random left ⁄ right

position relative to them, it may be confirmed that

the preference shown in scanning with the left eye

when they emerged from the refuge did not depend

on the starting position of the lizards before escap-

ing. This allows us to discard the possibility that

there was an eventual environment influence of the

eye choice when scanning in their first appearance

from the refuge.

The approach distance was not dependent on the

eye used in the first scan of the predator, but it was

largely influenced by the distance to the nearest ref-

uge. This suggests that escape decisions were not sig-

nificantly affected by the eye that the lizards had

initially available to watch the approaching predator

and hence not guided by lateralization, but by the

distance to refuge. In fact, this distance to refuge

was more important in determining an optimal

escape decision because it is likely indicative of the

time it would take to reach a safe place (Ydenberg &

Dill 1986; Cooper & Frederick 2007a). Wall lizards,

like many other animals, escape from predators with

a short flight to the nearest available refuge (Lima &
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Fig. 1: Percentage of male (n = 95) and female (n = 45) common wall

lizards (Podarcis muralis) that used the left (black boxes) or the right

eye (open boxes) to monitor the predator in their first appearance

from a refuge.
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Dill 1990; Martı́n & López 1995, 2000; Cooper

1997c; Amo et al. 2003). Previous field studies

showed that this nearest refuge may be previously

known by the lizard (Amo et al. 2003) such that the

escape response would be immediately directed to

that refuge independently of the position of the

predator. In this case, monitoring the predator before

or during the short flight may not be as important as

correctly estimating the optimal approach distance to

escape in function of distance to available known

refuges. However, sometimes prey have to escape for

longer distances, often in open habitats without

nearby safe refuges (Martı́n & López 2000, 2003), or

have more time to decide when to escape after mon-

itoring a predator that has not yet launched an

attack (Martı́n et al. 2009). In these circumstances,

monitoring the predator while escaping, or while

deciding when to escape, may be more important,

and eye lateralization might have a more prominent

role. In fact, when Sceloporus virgatus lizards are

approached from directions impeding or preventing

predator monitoring, approach distances are shorter

than when approached from the side, which allows

lizards to monitor the predator, establishing a benefit

of monitoring on escape decisions (Cooper 2008). In

a laboratory experiment, P. muralis lizards were

attacked from behind and had to run for longer

without the possibility of entering a refuge. In these

circumstances, they needed to monitor the predator;

so lizards escaped in a direction, the right one,

which allowed watching and processing information

on the predator with the left hemi-field (Bonati

et al. 2010). In addition, in this laboratory experi-

ment, when lizards stopped running and turned the

head to monitor the predator, they preferentially

used the left eye (Bonati et al. 2010). However, it

remains to be analyzed whether there is also laterali-

zation of the eye used by lizards to monitor the

predator in the moments previous to escape.

The eye used by lizards when they were

approached did not affect appearance time from the

refuge. In this and many other ectothermic animals,

time spent in refuges is dependent on risk level dur-

ing the previous attack and on thermal conditions

inside and outside the refuge (Amo et al. 2003; Mar-

tı́n & López 2005). These variables determine the

balance between costs and benefits of refuge use and

lead to an optimal emergence time from the refuge

(Sih 1997; Martı́n & López 1999a,b; Cooper & Fred-

erick 2007b). Nevertheless, it would be interesting to

test whether monitoring the predator with the pre-

ferred eye allowed a lizard to decrease the time

needed to assess risk level. In fact, in other lacertid

lizard species, uncertainty about the predator behav-

ior during the first approach, and consequently

about future risk, increases time spent by lizards

scanning from the refuge before emerging (Polo

et al. in press).

The eye used to scan the predator when appearing

from the refuge changed in almost half of the sample

with respect to the initial eye used when the experi-

menter approached. This result may reflect that the

eye used voluntarily by the lizard to scan for the

predator from the refuge was the preferred one for

this task, independently of the previous field set-

tings, whereas the initial eye used when approached

was just randomly determined by the initial position

of the lizard with respect to the experimenter. For

this reason, the preferential use of the left eye for

monitoring the predator from the refuge found in

the field may be considered as a real indication of a

visual bias that is not influenced by environmental

confounding variables.

The direction of observation found is in accor-

dance with and supports what was previously found

in the same lizard species by Bonati et al. (2010) in

experiments conducted in laboratory, as well as simi-

lar findings in other taxa (see Rogers & Andrew

2002; MacNeilage et al. 2009 for reviews). More-

over, a similar eye bias was observed in an explor-

atory situation created in laboratory and conducted

on the same lizard species. Here, individuals prefer

using the left eye to look outside an open field while

emerging from a box (Csermely et al., unpublished

data). In fact, it is typical in lizards to look outside

the refuge by turning the head or the body and

using an eye for scanning before exiting (Cooper

2008; Polo et al. in press). Therefore, it is not sur-

prising that this daily task, with important future fit-

ness consequences, is guided from lateralization.

Being lateralized could provide the advantage of

more effectively monitoring the predator’s presence

or behavior outside the refuge, influencing lizards’

emergence decision from refuges. On this basis, in a

possible further individual analysis, and after con-

trolling for other environmental variables, lateralized

individuals might be expected to emerge sooner than

non-lateralized ones, thus appearing bolder. Simi-

larly, shorter refuge emergence times of lateralized

individuals were found in the convict cichlid (Archo-

centrus nigrofasciatus), although Reddon & Hurd

(2009) attributed those differences to individual per-

sonalities. These results might suggest that the

degree of individual lateralization might be one of

the factors explaining shy–bold variation in antipre-

datory behavior of lizards (López et al. 2005).
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In our study area, we often observed active forag-

ing predators known to eat this lizard (Martı́n &

López 1990), such as jays (Garrulus glandarius), mag-

pies (Pica pica), great gray shrikes (Lanius excubitor),

buzzards (Buteo buteo), short-toed eagles (Circaetus

gallicus), kestrels (Falco tinnunculus) or little owls

(Athene noctua), as well as abundant feral cats that

frequently chased and killed these lizards in this and

other populations (Boag 1973; Brown et al. 1995).

Brown et al. (2007) found that a high predatory

pressure could be important in increasing the num-

ber of lateralized individuals in a population. Simi-

larly, the presence of a high predator pressure could

have favored lateralization in this population of wall

lizards.
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