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Abstract

Despite evidence that organisms are more likely to exhibit their full range of cognitive abilities under conditions found in nature,
studies evaluating cognition under such conditions remain rare, particularly in vertebrate species. Here, we conducted an
experiment to evaluate problem-solving and motor self-regulation in free-living arboreal lizards, Anolis sagrei, under natural
conditions. We presented lizards with a novel detour problem which challenged individuals to circumvent a transparent barrier in
order to obtain a food reward. Individuals varied in their ability to solve the detour problem. Furthermore, those that solved the
problem were able to improve their performance across trials by modifying the natural response of attempting to strike the reward
through the transparent barrier, providing evidence of motor self-regulation. Solving the problem required individuals to modify
their typical foraging behavior, as approaching the prey in a single burst of movement that culminated with an attack was an
unsuccessful strategy. Contrary to expectations, our findings provide evidence of motor self-regulation in a visually oriented, sit-
and-wait predator under natural conditions, suggesting motor self-regulation is not limited by foraging strategy. Our results also
underscore the need to evaluate the cognitive abilities of free-living organisms in the wild, particularly for taxa that perform
poorly under laboratory conditions.

Significance statement

Studies of animal cognition have a long history in animal behavior, which, in vertebrate species, has been dominated by
experiments conducted under controlled laboratory conditions. Here, we showed that experiments can be taken “outside the
box,” from the laboratory into natural conditions, and by doing so overcome some of the obstacles that have hindered our ability
to study cognition in species unlikely to remain motivated when removed from the wild. We implemented a modified version of
the cylinder task, which provided the stimuli needed for a visually oriented, sit-and-wait foraging lizard to participate in the
experiments. Individuals of Anolis sagrei learned to solve the task by modifying what was previously described as a stereotyped
prey capture behavior. In addition, individuals decreased the number of times they attempted to strike the prey through the
transparent barrier. These findings provide further evidence of behavioral flexibility in anoles and new evidence of motor self-
regulation. The latter demonstrates the need to extend our current understanding of potential forces favoring the evolution of
cognition beyond those that have been proposed in birds and mammals. More generally, our findings demonstrate the importance
of using experimental paradigms that are rooted in an understanding of the natural history of the species of interest.
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(Shettleworth 2010). A recurrent prediction of these studies
is that the demands of a species’ ecology have shaped the
evolution of cognitive traits, including behavioral flexibility
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references therein). Observation of the full range of cognitive
abilities for a species requires studies under conditions where
subjects have access to the full repertoire of stimuli available
in nature (Morand-Ferron et al. 2015; Pritchard et al. 2016).
Thus, in order to observe a species’ full range of cognitive
abilities, researchers have called for more studies under con-
ditions where individuals have access to the full repertoire of
stimuli available in nature. Two approaches have been taken
to achieve this goal. First, and more commonly, experiments
are conducted under semi-natural conditions with captive in-
dividuals, providing an opportunity for the individuals to po-
tentially experience a larger range of ecologically relevant
conditions than under laboratory conditions (e.g., Healy and
Hurly 2003; Noble et al. 2012; Schwarz et al. 2017). Second,
and relatively rarer, are studies conducted with free-living
organisms under natural conditions (e.g., Benson-Amram
and Holekamp 2012; Morand-Ferron et al. 2015; Cauchoix
et al. 2017; Croston et al. 2017). The latter approach provides
an opportunity to measure cognition under the conditions in
which selection has shaped the evolution of these traits and
under which the ability to solve novel tasks is likely to be a
better predictor of behavioral flexibility and innovation
(Shettleworth 2010; Morand-Ferron et al. 2015).

Detour tasks, using transparent barriers, have been common-
ly used to test the ability of animals to access a reward that can
be seen but is not directly accessible. Because transparent sur-
faces are extremely rare in nature, incorporating these surfaces
into the paradigm reduces the possibility that previous experi-
ence with those surfaces directly or indirectly impacts the ability
of organisms to solve the task (Epstein et al. 1984; von Bayern
et al. 2009; Griffin and Guez 2014; Logan 2016). This presents
a novel problem that can provide insight into an organism’s
cognitive abilities (e.g., Boogert et al. 2011; Maclean et al.
2014; Lucon-Xiccato and Bisazza 2017; Szabo et al. 2019). In
order to solve the task, the subject must inhibit the impulsive
behavior of trying to reach the reward through the transparent
surface and instead detour around the barrier to access the re-
ward, what is known as motor self-regulation (Kabadayi et al.
2018). Motor self-regulation underpins self-control and
problem-solving abilities (reviewed in Kabadayi et al. 2018).
For example, corvids’ performance in a detour-reaching task
is associated with absolute and relative brain size (Kabadayi
et al. 2016), which are positively correlated with general cogni-
tion (Sol et al. 2005). Detour tasks have been mostly used with
birds and mammals (reviewed in Kabadayi et al. 2018, but see
Lucon-Xiccato and Bisazza 2017; Szabo et al. 2019) and im-
plemented under laboratory conditions. Furthermore, most of
the species tested consume a significant portion of non-
moving prey items in their diet, because the general expectation
is that motor self-regulation should be selected against in species
that eat moving prey (Shettleworth 2010).

Detour tasks have been conducted using a variety of
methods (reviewed in Kabadayi et al. 2018). A current trend
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for detour experiments employs the cylinder task, stemming
from Boogert et al. (2011), in which subjects are first trained
to retrieve a reward from an opaque cylinder and then tested
on their ability to retrieve a reward from a transparent cylinder.
Trials are only successful in the cylinder task if the subject
does not touch the surface of the cylinder during both the
training and testing phases (Boogert et al. 2011). Multiple
recent studies have employed this procedure (MacLean et al.
2014; Kabadayi et al. 2016; Vernouillet et al. 2016; Szabo
et al. 2019; Johnson-Ulrich and Holekamp 2020). However,
this procedure has only become popular within the last decade
and is far from the only published procedure to test detour
performance. Many published detour tasks, especially those
evaluating learning, have not employed an opaque training
phase (Schiller 1949a; Spigel 1964; Scholes 1965; Scholes
and Wheaton 1966; Santos et al. 1999; Wynne and Leguet
2004; Vlamings et al. 2010; Wilkinson et al. 2010), which is
included to shape the response of subjects to the transparent
cylinder. The requirement of subjects to make no contact with
the apparatus during successful trials was also not present in
previous paradigms of the detour-reaching task (Diamond
1990; Santos et al. 1999; Amici et al. 2008; Vlamings et al.
2010).

In our experiment, we present free-living naive lizards with
a transparent half-cylinder containing a reward, similar to the
apparatus utilized in the studies described above. However,
we do not use a training phase and score any trials in which the
reward is accessed as successful. This is due to the natural
history of Anolis sagrei, a visually oriented, sit-and-wait for-
ager that would be unmotivated to interact with an opaque
cylinder blocking the view of a reward. Because of this, we
expected incremental improvement as lizards learned to de-
tour, and considered lizards to have successfully completed
the task when reaching a pre-defined criterion, as employed in
previous detour studies (Schiller 1949b; Spigel 1964; Scholes
1965; Scholes and Wheaton 1966; Boogert et al. 2011).

Compared with endothermic species, the cognitive abilities
of reptiles have largely been overlooked (Burghardt 2013).
This is surprising when considering their evolutionary history,
species richness, and diverse natural history, which is likely to
provide valuable insights into the evolution of heavily studied
avian and mammalian cognition (Shettleworth 2010). In fact,
recent studies have demonstrated that cognitive abilities of
reptiles are more complex than recognized historically
(Wilkinson et al. 2010; Davis and Burghardt 2011; Leal and
Powell 2012; Burghardt 2013; Noble et al. 2014; Szabo et al.
2019; and references therein), raising questions about previ-
ous hypotheses addressing the evolution of cognitive traits
developed from studies on endothermic animals. For example,
it has been demonstrated that having a complex social struc-
ture or exploiting a diversity of food resources, two of the
main predictors of behavioral flexibility in endothermic spe-
cies are not predictors of behavioral flexibility in the arboreal
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lizard Anolis evermanni (Leal and Powell 2012). In a similar
vein, the ability to learn by observing the behavior of conspe-
cifics has been shown in the skink Eulamprus quoyii, a mostly
solitary lizard, suggesting that the potential for social learning
is not limited to highly social species (see also Wilkinson et al.
2010; Davis and Burghardt 2011; Noble et al. 2014).
Nevertheless, our ability to study reptile cognition has been
hampered by their relatively low metabolic rate, which can
limit the number of trials in training and testing phases when
food is used as reward and the difficulty of creating laboratory
conditions under which reptiles might be expected to behave
naturally (Burghardt 2013; Steinberg and Leal 2018). Thus,
our current understanding is based primarily on a relatively
small sample of the vast diversity of species of reptiles.

In this study, we evaluate if free-ranging individuals of
Anolis sagrei can solve a novel detour problem under natural
conditions. To do so, we administered a modified cylinder
task, in which naive individuals were presented with a trans-
parent tube containing a reward. The task challenged individ-
uals to circumvent a transparent barrier in order to obtain a
food reward, without prior training, providing an opportunity
to evaluate problem-solving and motor self-regulation
(Kabadayi et al. 2018). Furthermore, by working with free-
ranging individuals, we avoid the possibility of previous ex-
perience with transparent surfaces, thus presenting a novel
problem to the individuals. As a novel problem, the expecta-
tion is that motor self-regulation will be exhibited incremen-
tally, as individuals gain experience by interacting with the
transparent surface (Vernouillet et al. 2016). Therefore, we
predicted that individuals of A. sagrei would solve the detour
problem and in doing so would decrease the number of at-
tempts to secure the reward through the transparent surface as
they gained experience with the novel problem.

Materials and methods
Study system

We carried out this study from June 19 through July 21, 2016
in Marsh Harbour on the island of Great Abaco, Bahamas.
Anolis sagrei (Nma1e = 10, Ngemare = 13) were sampled in a for-
est fragment of approximately 7500 m?* located within the
premises of The Abaco Beach Marina, which holds a high
density of lizards.

Anolis sagrei is a small-to-medium-sized, sexually dimor-
phic (females to 39.5 mm; males to 51.9 mm), arboreal, terri-
torial lizard that inhabits open and semi-shaded forest (Losos
2009). Individuals are most commonly observed within 1.5 m
of'the ground on the trunks of trees. From these perches, males
and females signal to conspecifics in the surrounding habitat
and forage for potential prey items, primarily insects
(Schoener and Schoener 1982). Anolis sagrei is a sit-and-

wait forager, and while foraging, individuals typically assume
a survey posture—head-down position with the front limbs
extended and head elevated—while scanning the ground for
the movement of potential prey (Stamps 1977; Schoener and
Schoener 1982). If a prey item is detected, individuals will
sprint to the ground and capture the prey at the end of the
run, which commonly occurs as one sequence of events
(Moermond 1981).

Lizards were located by walking slowly through the forest.
Once a lizard was found, it was captured using a noose and its
snout—vent length (0.1 mm) and weight (£0.1 g) were mea-
sured and recorded (Online Resource 1). It was then marked
by attaching two temporary queen bee tags (Bee Works,
Ontario, Canada) with a small amount of cyanoacrylate adhe-
sive to each shoulder, providing each individual with a unique
color and number combination. Lizards were released at their
site of capture, which was marked with flagging tape. We
conducted experiments from 0800 to 1800 h, excluding pe-
riods of rain. The first trial for each lizard occurred at least
24 h after it was marked.

Testing apparatus

A photo of the testing apparatus is presented in Fig. 1. The
apparatus consisted of an acrylic half-cylinder (11.5 L x 8
W x4 H cm) divided into three segments: a removable trans-
parent center (5 cm) and two equally sized terminal segments
(3 cm) that were attached to a green painted wood platform
(11.5 Lx10.5 W x2 H cm). Both ends of the half-cylinder
were open and provided access to a live fly maggot used as a
reward. The maggot was restrained at the center of the half-
cylinder by tethering it to a small piece of dental floss (ca.
1.5 cm) with cyanoacrylate adhesive and then securing the
other end between two strong magnets at the center of the
platform. The movements of the maggot are very salient to
anoles (Fleishman and Pallus 2010), usually eliciting a forag-
ing response. Lizards were able to easily detach the maggot
from the dental floss.

The terminal pieces of the half-cylinder were covered by
one of two black-white patterns: vertical lines or checkered
(Fig. 1). Those patterns provided cues for the lizards to asso-
ciate a given pattern with access to the reward. However, it
should be noted that the development of an association was
not a requirement to solve the detour task. Nevertheless, pro-
viding this additional cue allows for the evaluation of this
possibility, which has been shown before in other species of
lizards including anoles (Leal and Powell 2012).

Testing
Lizards were located by walking slowly through the forest.

Once a marked lizard was found, we walked slowly towards
the lizard’s perch and placed the apparatus perpendicular to
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Fig. 1 Photos of the detour
problem used in this study. a
Apparatus without the central
section of the half-cylinder. b
Apparatus with the central
transparent section of the half
cylinder (right)

the lizard’s line of sight within a meter of the base of its perch.
The orientation of the patterns was randomly determined for
each trial relative to the lizard’s line of sight; thus, from the
lizard’s perspective, a given pattern and the spatial position of
an entrance were not correlated. Under field conditions, it was
not possible to place the apparatus in the exact same position
for every trial. Instead, the apparatus was placed in proximity
to the focal individual, as described above, which likely
corresponded to the territory of that lizard. Each individual
completed 0-10 trials per day, and lizards were tested until
they were no longer found or they stopped approaching the
apparatus.

Prior to presenting the lizards with the complete half-cylin-
der, lizards were habituated to the painted wood platform and
the pattern sections of the half-cylinder by presenting the appa-
ratus with the reward, but without the central section (Fig. 1a).
This allowed lizards to access the reward unimpeded and con-
trolled for the possibility that lack of participation in the exper-
iment was due to neophobia. A total of 23 lizards completed
this stage of the experiment after grabbing the reward in seven
consecutive trials, exhibiting behavior typical of anoles while
foraging. Individuals directly approached the reward, usually as
part of a sprint that concluded with the lizard striking the re-
ward, all happening as a single event (Online Resource 1).

After the lizards completed habituation, the central section
of the half-cylinder was replaced (Fig.1b), presenting the liz-
ards with the novel detour problem of accessing the reward
behind a transparent barrier (Online Resource 2). We defined
a trial as a success whenever the lizard accessed the reward.
We predicted that the number of touches to the cylinder would
decrease as lizards experienced the obstacle presented by the
barrier and reached our learning criterion. Thus, our experi-
ment is designed to measure problem-solving by trial-and-
error learning with the expectation that motor self-regulation
will be exhibited incrementally (Shettleworth 2010). The cri-
terion to solve the detour problem was to reach the reward in 7
of their previous 8 trials, similar to criteria commonly used in
learning experiments (e.g., Schiller 1949b; Spigel 1964;
Scholes 1965; Scholes and Wheaton 1966; Anderson et al.
2017; Szabo et al. 2019).
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A trial lasted a maximum of 15 min, beginning when the
apparatus was placed in front of a lizard, and ending when the
lizard took the reward or the 15-min period elapsed. Using a
stopwatch and a notebook, we recorded all behaviors exhibited
by the lizard, including the side by which the lizard entered the
apparatus and the number of touches (i.e., the number of times a
lizard placed its snout against the outside of the transparent bar-
rier) made during each trial. To reach the reward, lizards had to
place most of their body inside the apparatus. Trials in which
individuals did not approach the apparatus within one body
length are not included in the analysis. We evaluated the strate-
gies employed by individuals in solving the detour problem by
determining which cues were correlated with an individual’s
access to the reward. Individuals demonstrated preference for
access using spatial (i.e., side) cues, pattern cues, or neither.
We evaluated this by calculating a bias index as performed in
Szabo et al. (2019). The magnitude of the bias index indicates the
strength of the bias towards one cue, either spatial (left or right)
or pattern (checked or striped). A preference was indicated when
the bias index for one cue was greater than the other, and no
preference was indicated when indices for each cue were equal.
Because we were working with free-living lizards and individ-
uals can move outside the forest fragment while the study was
going on, we only counted lizards as having participated in the
experiment if they attempted at least seven detour trials. It was
not possible to record data blind because we conducted focal
observations of animals in the field.

Statistics

All statistical tests are two-tailed and were performed using R
statistical software (R Development Core Team 2008) with
the package nlme (Pinheiro et al. 2019). A linear mixed effects
model was used to test for a decrease in number of touches as
individuals proceeded through the detour task. In particular,
the model evaluated if the number of touches decreased as a
function of trial number, including only individuals that
reached criterion in the detour task. Because each individual
completed a different number of trials to reach criterion, we
scaled trial number for each individual between 0 and 1 by
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dividing each trial number by the number of the last trial for
each individual. Only successful trials in which individuals
accessed the reward were included in this analysis. We used
a linear mixed effects model with the number of touches as the
response variable and scaled trial number as the predictor with
individual as a random effect. Our data conformed to all as-
sumptions of this model. The graph was generated using the
package ggplot2 (Wickham 2009).

Results

Twenty-three lizards completed habituation (Table 1). Of those,
17 lizards participated in the detour problem, and 9 of those
lizards solved the problem. Sex, body size, and mass did not
differ between the lizards that solved the detour problem and
those that failed (two-sided Fisher’s exact test, n=17, P =
0.15; two-sided Wilcoxon signed rank sum test, W =28.5, n =
17,7=0.178, P=049 and W=27.5,n=17,r=0.199, P=0.44
respectively). Lizards used three strategies to solve the detour
problem. Five lizards solved the problem by entering more often
through a given side (i.e., left or right entrance with respect to
their line of sight). One lizard entered the half-cylinder more
often under a given pattern (i.e., striped or checkered) irrespec-
tive of its orientation with respect to the lizard’s perch site. Three
lizards showed neither preference (Online Resource 4).

Lizards that ultimately solved the detour problem improved
their performance by reducing the number of touches commit-
ted during their approach to the reward, rather than through
greater persistence (Fig. 2). The latter would have resulted in
an increase in touches rather than a decrease. A significant
negative fixed effect of scaled trial number on the number of
touches was detected with individual as a random effect (Fig.
2, n="174, estimate + standard error=—15.98+2.91, df=64,
P =0.04), indicating that individuals decreased the number
of touches made during trials as they progressed through the
detour problem and reached criterion.

Discussion

Our findings demonstrate the feasibility of experimentally
evaluating the cognitive abilities of free-ranging lizards in

Table 1 Number of individuals of Anolis sagrei that participated in
each of the stages and the mean number of trials required to complete
each stage. Individuals that failed attempted at least seven trials but did
not reach criterion

Stage Failed Solved Mean trials to solve Range trials to solve
Habituation - 23 7 7
Detour 8 9 11 7-19

nature and of the ability of Anolis sagrei to exhibit motor
self-regulation in response to experience with a transparent
surface, resulting in a decrease in the number of touches made
as they progressed through the detour problem. The ability of
A. sagrei to solve the detour problem provides further evi-
dence that the cognitive abilities of lizards, and more specifi-
cally Anolis, can provide significant insights into potential
factors shaping the evolution of behavioral flexibility and mo-
tor self-regulation (Leal and Powell 2012; Burghardt 2013).
The solution to the problem required major changes to the
highly stereotyped foraging behavior of A. sagrei (Losos
2009), which consists of scanning the habitat for moving prey
and approaching them directly in a single burst of movement
before striking. This was a behavioral strategy that was inef-
fective in our experiment because the transparent section of
the half-cylinder served as a physical barrier between the re-
ward and the lizard. Instead, lizards moved either towards an
entrance before turning to enter the half-cylinder, that is,
approached the apparatus at an angle away from the prey, or
moved toward the prey and detoured away from it after
reaching the apparatus in order to reach an open end.
Therefore, regardless of the approach taken by the lizards,
the prey was temporarily not visible (i.e., out of the line of
sight), potentially resulting in a temporal mismatch between
reaching the reward and decision-making.

Behavioral flexibility has received significant attention as a
trait that contributes to species’ invasive abilities, particularly
in birds (Lefebvre et al. 1997; Sol et al. 2002, 2013), although
there are conflicting ideas regarding the degree of flexibility
needed for successful invasion (reviewed in Wright et al.
2010). Anolis sagrei is the most invasive anole species
(Kolbe et al. 2014), and our findings open the possibility for
further work to evaluate the potential contribution of behav-
ioral flexibility to its invasive ability. Future work, comparing
the cognitive abilities of multiple species of anoles, including
those with different degrees of invasiveness, should shed light
on this hypothesis. Alternatively, a study evaluating problem-
solving abilities between native and invasive populations of
the same species can also shed light on the potential contribu-
tions of cognition to exploit novel habitats (Wright et al.
2010). Also, both A. sagrei and A. evermanni are members
of the Caribbean anole radiation which is characterized by the
independent evolution of ecological forms and convergence in
morphological and behavioral traits across those forms (Losos
2009). Behavioral flexibility has been proposed as a contrib-
utor to the radiation of clades by facilitating the exploration of
novel environments (Sol and Price 2008; Tebbich et al. 2010;
Leal and Powell 2012).

Lizards used three strategies to access the reward. The most
common strategy was for a lizard to preferentially enter the
apparatus through the same side (i.e., right or left with respect
to the individual’s line of sight), regardless of the pattern of the
entrance (Online Resource 2). The apparatus was not placed in
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Fig. 2 The relationship between 304
scaled trial number and the

number of touches made by

individuals of Anolis sagrei that

solved the detour problem. Trial

number was scaled for each

individual between 0 and 1 by 201
dividing each trial number by the
number of the last trial for each
individual. Values are the number
of touches made by one
individual during one trial in 101
solving the detour problem

Touches

0.00

the same spot for every trial, and thus we are unable to disen-
tangle the attendance to allocentric vs. egocentric cues in our
experiment. A less common strategy was a preference for
entering the half-cylinder through an entrance covered by a
given pattern (i.e., vertical lines or checkered) regardless of
the side, suggesting the development of an association be-
tween access to the reward and one of the distinct patterns at
each entrance. Both strategies might be expected of a territo-
rial species, such as A. sagrei, where the ability to associate
particular cues or landmarks with ecologically important in-
formation can contribute to an individual’s fitness (Ladage
et al. 2009; Leal and Powell 2012).

On average, the number of touches to the cylinder made by
individuals of A. sagrei that solved the detour problem de-
creased significantly across trials (Fig. 2). This finding indi-
cates that individuals are not only learning how to reach the
reward by achieving our learning criterion but also to avoid
using a natural behavior (i.e., striking through the transparent
barrier) that is ineffective at securing the reward. Furthermore,
as has been shown in corvid species (Kabadayi et al. 2016),
although individuals of A. sagrei had no previous experience
with transparent surfaces, relatively few presentations were
needed to reduce their motor response and improve their abil-
ity to access a reward behind a transparent surface (Table 1).
This reduction occurred even in the absence of a training
phase with the opaque surface, which can shape the behavior
of individuals as they interact with a transparent surface and
increase the likelihood of accessing the reward without touch-
ing the cylinder (Santos et al. 1999; Vlamings et al. 2010;
Isaksson et al. 2018). It should be noted that a reduction in
the number of touches (i.e., motor self-regulation) is even
more surprising when considering that individuals performed
the tasks while facing all the potential distractions of a natural
environment, including competition for food. The latter
should select for quick, impulsive behavior, which is
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commonly exhibited when multiple individuals are chasing
the same moving prey. However, individuals were able to
modify the required behavior to solve the task. Nonetheless,
as shown in (Fig. 2), individuals varied in their ability to
inhibit striking at the reward through the transparent barrier
(i.e., individual differences in the magnitude of the decrease in
touches), which demonstrates that the paradigm used in this
study can also be used to evaluate individual variation in cog-
nitive performance under natural conditions.

The ability of individuals to inhibit the natural response of
attempting to access a food reward through a transparent bar-
rier has been measured across a diversity of endothermic spe-
cies, and the findings suggest that in primates, dietary breadth
predicts cognitive performance (MacLean et al. 2014;
Kabadayi et al. 2016). However, compared with primates,
the dietary breadth of A. sagrei is relatively narrow, suggest-
ing that other aspects of species ecology are also likely to
contribute to the ability of species to inhibit natural responses.
Furthermore, our findings also challenge the prediction that
species like A. sagrei, for which success of prey capture is
determined by their ability to surprise moving prey, are un-
likely to exhibit motor self-regulation abilities (Shettleworth
2010). This finding provides further evidence of the potential
insights that can be gained by studying lizard cognition.

Two factors that are commonly suggested to contribute to
individual differences in performance on cognitive tasks are
body size and neophobia (Shettleworth 2010; Wright et al.
2010). In lizards, including A. sagrei, body size can be corre-
lated with age, thus potentially influencing previous experi-
ence (Noble et al. 2014). Age has been shown to affect behav-
ioral diversity and neophobia in spotted hyenas, both of which
are associated with increased problem-solving success
(Benson-Amram and Holekamp 2012). The body size of
A. sagrei was not significantly different between those indi-
viduals that solved the detour problem and those that failed.
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Furthermore, all the individuals that participated in the detour
problem had completed the habituation period by grabbing the
maggot from the same apparatus in seven consecutive trials.
Therefore, it seems unlikely that differences in body size or
neophobia account for our results.

Elucidating the shared ecological demands that have favored
the evolution of cognitive traits across species is a long-standing
goal of cognitive ecology. Our findings that A. sagrei exhibits
motor self-regulation provide further evidence that the cognitive
abilities of Anolis lizards, and more generally reptiles, have been
underappreciated, as this ability is commonly suggested to un-
derpin higher cognitive processes such as decision making and
problem-solving (Kabadayi et al. 2016; Vernouillet et al. 2016).
Furthermore, as discussed above, the dietary breadth, foraging
behavior, and social structure of A. sagrei are unlike those pre-
viously associated with the evolution of motor self-regulation,
suggesting that other aspects of species ecology might also con-
tribute to this behavior. One possibility is that motor self-
regulation is necessary for the evolution of other cognitive traits,
such as behavioral flexibility, including reversal learning, which
requires the use of inhibitory responses and has been shown in
multiple species of lizard (e.g., Day et al. 1999, Leal and Powell
2012, Szabo et al. 2019 and references there in). Under this
scenario, selection favoring the ability to modify pre-existing
behaviors would also favor the evolution of motor self-regula-
tion. More studies across a diversity of taxa, particularly with
free-living organisms, are needed in order to develop a cohesive
framework in which to evaluate the interactions between species
ecological demands and the evolution of cognitive traits.

Our findings underscore the potential advantages of
conducting cognitive experiments under natural conditions.
Captivity causes subjects potential stress and presents condi-
tions that greatly differ from those found in nature, both of
which can affect behavioral responses in an unpredictable
fashion (Steinberg and Leal 2018). In the case of A. sagrei,
this approach also provides an opportunity in which unique
factors of the species’ ecology, such as territoriality and spatial
awareness, are more likely to be exhibited and to contribute to
problem-solving ability.

More generally, the most commonly used version of the
cylinder task includes a training phase with an opaque cylinder
(see intro for references). This training step likely reduces the
number of species that can be tested using the method, for
example, sit-and-wait foragers or those that rely on visual mo-
tion cues for the detection of prey are unlikely to be able to
perform the task due to lack of adequate stimulation. Our
modification—elimination of the opaque cylinder phase—
allowed us to use the cylinder task with a visually oriented,
sit-and-wait forager, A. sagrei. Our adaptation of the paradigm
illustrates the utility of using experimental paradigms that are
rooted in an understanding of the natural history of the species
of interest (i.e., their “umwelt”), which is a critical component
for conducting experiments with free-living individuals.

Furthermore, it provides a methodology to evaluate problem-
solving through motor self-regulation by measuring the reduc-
tion in the number of touches made to the cylinder as individ-
uals gain experience by interacting with the transparent surface
(Vernouillet et al. 2016). The apparatus used in this study can
also be used to evaluate associate and reversal learning under
natural conditions in free-living animals by limiting the access
to the reward to a given pattern and/or changing the reward
contingency, providing an opportunity to evaluate performance
of the same individuals across multiple cognitive tasks.

In summary, by implementing a modified version of the
cylinder task, we demonstrate the feasibility of experimentally
evaluating the cognitive abilities of free-living lizards, opening
anew avenue for the study reptile cognition. Lizards have been
mostly studied under laboratory settings (Burghardt 2013), po-
tentially limiting our ability to sample the diversity of taxa
within this clade and consequently hampering our understand-
ing of the cognitive abilities of a diverse group, which is char-
acterized by using distinct niches and showing a wide range of
life-history traits. Therefore, understanding variation in lizard
cognition is likely to shed light on current efforts to elucidate
shared ecological demands contributing to the evolution of cog-
nitive traits across vertebrates. Furthermore, our results demon-
strate that a sit-and-wait forager can modify its foraging strategy
relatively quickly in the face of a novel problem, providing
further evidence of behavioral flexibility in anoles (Leal and
Powell 2012) and of motor self-regulation. Additionally,
A. sagrei does not possess the traits previously associated with
the evolution of motor self-regulation (MacLean et al. 2014;
Kabadayi et al. 2016), suggesting that other aspects of a spe-
cies’ ecology can also contribute to this ability.
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